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ABSTRACT 

The cell wall structure of Selenomonas ruminantium subsp. lactilytica 

Str GA192 and subsp. ruminantium Str PC18 was examined. Whole cell walls 

of strain GA192 contained: _- 11% total carbohydrate; 1% phosphorus; 

rhamnose; fucose; mannose; glucose; galactose; glucosamine; galactosamine; 

muramic acid; and two unidentified amino sugars; while Str PC18 walls 

contained 10% total carbohydrate; 0.9% phosphorus; mannose; glucose; 

galactose; glucosamine; galactosamine; muramic acid and two unidentified 

amino sugars. The peptidoglycan layer of Str GA192 was purified by 

extraction with sodium dodecyl sulphate and phenol. It contained: 

muramic acid; glucosamine; alanine; glutamic acid and diaminopimelic acid; 

indicating that the peptidoglycan structure is similar to that of other 

gram negative bacteria. Lipoprotein does not appear to be a major 

component of this peptidoglycan. 

Two lipopolysaccharides (LPS) were extracted from PC18 cell walls 

with phenol/water. One lipopolysaccharide appeared in the aqueous phase 

(PC18Aq) and one in the phenol phase (PC18Phe). One phenol phase 

lipopolysaccharide (GA192Phe) and one aqueous phase polysaccharide 

(GA192Aq) were extracted from str GA192 walls. All three lipopolysaccharides 

contained mannose, glucose, heptose, 3-deoxy-octulosonic acid, glucosamine 

and galactosamine in common. The main fatty acids were Cll : O' C13 : 0 and 

30H C13 : 0 . Both PC18 lipopolysaccharidescontained a second heptose which 

was not present in GA192Phe •. Sugars unique to each lipopolysaccharide 

were; PC18Aq, two unidentified amino sugars; GA192Phe, fucose. Each of 

the phenol soluble lipopolysaccharidescould be further separated into 

chloroform/methanol soluble. and insoluble fractions. GA192Aq contained 

rhamnose, glucose and two unidentified amino sugars. 



A glycogen/amylopectin type polysaccharide (presumably the main 

storage polysaccharide) was isolated from the cytoplasmic fraction of 

each strain. 

The results are discussed in terms of known LPS structure and 

data previously published for S. ruminantium. 



1. 

CHAPTER 1 

LITERATURE REVIEW 

1 TAXONOMY OF Selenomonas ruminantium 

Selenomonas spp in ruminants were observed by Certes (1889a) who 

named this organism Ancryomonas ruminantium because of its resemblance 

to protozoa of the genus Anc:rYunrmas (Certes, 1889b). Similar organisms 

were again observed by Kerandel (1909) in contaminated blood smears of 

an antelope, and by Woodcock & Lapage (1913) in the rumen of goats. 

All these organisms were crescent shaped with flagella inserted in the 

middle of the concave side of the cell. This distinctive morphological 

character and other differences from protozoa such as transverse division 

and no annular transverse groove, led the latter authors to propose the 

name Selenomastix ruminantium - an organism with characteristics between 

bacteria and protozoa. They believed the organism to be a Pro-Protozoan 

or a Pro-Flagellate. 

The name Selenomonastix ruminantium was changed to Selenomonas 

ruminantium by Wenyon (1926) who noted the similarity of this organism 

td Selenomonas palpitans (Boskamp), illustrations of Selenomonas 

ruminantium from the cecum of guinea pigs appear in his book. Wenyon 

(1926) however, thought that these organisms were protozoa and classified 

them in the family Monadidae, suggesting that they could be a form of 

Callimastix. Selenomonas ruminantium from the rumen was first cultured 

by Huhtanen and Gall (1953) who did not identify it, but it was later 

shown to belong to the species S. ruminantium (Bryant, 1956). Bryant 

(1956) isolated and studied S. ruminantium in detail. The only difference 

between this species, and the human oral species S. sputigena characterised 

by MacDonald (1953) was that S. sputigena did not produce H
2

S (Bryant, 1956). 



2. 

Bryant found that only some strains of S. ruminantium would ferment 

lactate and glycerol, and proposed that these strains be named 

SeZenomonas ruminantium var. Zact-tZyticas because of the importance of 

lactate fermentation in the rumen, but his proposal was not included in 

the 7th edition of Bergey's Manual (Lessel, 1957). 

Hobson et al. (1962) examined serological relationships between 

S. ruminantium, S. ruminantium var. ZactiZyticas and the large Selenomonads 

seen in rumen contents of sheep. The results indicated that O-antisera 

to S. ruminantium var. Zact'iZyticas did not cross react with S. ruminantium. 

Some, but significantly not all, large forms of SeZenomonas cross reacted 

with the S. ruminantium var. Zact"fZytimw antiserum, suggesting a similarity 

between the small forms in cultures and the large forms in the rumen. 

The affinities of the genus SeZenomonas with the family Spirillaceae 

and the order Pseudomonadales appear uncertain. Kingsley (1968) has made 

a detailed examination of the relationships between S. ruminantium~ 

S. ruminantium var. ZactiZyticas, S. sputigena, Spirillum serpens and 

Vibrio comma. While sufficient differences could be found to justify 

separating the species S. ruminantium and S. sputigena, he considered 

that the separation of S. ruminantium into two varieties could not be 

justified. Kingsley concluded from electron micrographs and cell wall 

analysis that S. ruminantium was a bacterium and not a protozoan. 

Kingsley & Hoeniger (1973) noted that the similarity of SeZenomonas to 

the bacteria Vibrio comma and SpiriZZum serpens justified the inclusion 

of the genus SeZenomonas in the family Spirillaceae. Chalcroft et al. 

(1973) however, felt that the classification of SeZenomonas in the order 

Pseudomonadales was justified, but on the basis of flagella structure, 

possession of a flagellar organelle and other unusual morphological 

features, they recommended that SeZenomonas should not be placed in the 

Spirillaceae, Hbwever they suggested that the genus should be placed in a 

separate family. 



3. 

The large forms of Selenomonas present in the rumen have been 

isolated and cultured by Prins (1971) who has shown some of his isolates 

to be different from the previously isolated small strains of S. 

ruminantium and has named them S. ruminantium var bryanti. 

Bryant included S. ruminantium in the section on gram negative 

anaerobic rods as a genus of uncertain affiliation in the 8th Edition 

of Bergey's Manual (Bryant, 1974), and divided the species into the. three 

subspecies:-

Selenomonas ruminantium 

" " 

" " 

subsp. ruminantium 

subsp. lactibjtica 

subsp. bryanti 

The second species listed is Selenomonas sputigena which is separated 

from S. ruminantium largely on the basis of its habitat. A third species, 

S. palpitans, which inhabits the cecum of guinea pigs and which was 

previously the type species, has been omitted by Bryant (1974) on the 

grounds that it may be similar to either of the above two species and has 

not been grown in pure culture. 

2 THE CELL WALL OF GRAM NEGATIVE BACTERIA 

The literature on cell walls of gram negative bacteria is now so vast 

that it is not possible to adequately cover all literature available in 

the space of this thesis. The following review will therefore outline 

the state of knowledge on cell wall structure with emphasis on the better 

known structures of Escherichia coli and Salmonella spp. Heterogeneity 

of lipopolysaccharides will be discussed in greater depth as the results 

presented in the following chapter point to a significant degree of 

heterogeneity in the lipopolysaccharides of Selenomonas spp. 



4. 

(1) Wall Structure 

Gram negative cell walls are typically composed of an 

intermediate layer lying outside the cytoplasmic membrane and surrounded 

by an outer membrane which in thin section appears as a typical "double 

track" membrane (Freer & Salton, 1971). Thin sections of the outer 

membrane usually-display a wavy or convoluted appearance. Freeze 

fracture preparations however show the outer membrane as a smooth layer 

around the bacterial cell, as seen in the electron micrographs in Freer 

& Salton (1971), Verkleij & Ververgaert (1978). 

A number of methods including phenol-water or SDS extraction 

(Weidel et al. 1960, 1963; Nikaido, 1973) and lysozyme digestion (de Petris, 

1967) have been used to show that the intermediate layer observed by 

electron microscopy is composed of peptidoglycan. 

Development of methods to separate the cytoplasmic and outer 

membranes has enabled the outer membrane composition of E. coli and 

Salmonella typhimurium to be determined, the main components of which were 

protein, lipopolysaccharide and phospholipid (Osborn et al. 1972; Yamato 

et al., 1975; Wilkinson, 1977). The S form lipopolysaccharide molecules 

of S. typhimurium are probably located on the outer leaflet of the outer 

membrane (Muhlradt and Golecki, 1975), thereby producing a highly 

asymmetric membrane. 

A lipoprotein has been found attached to the peptidoglycan of 

the cell wall in a number of bacteria (Martin et al., 1972; Braun, 1975; 

Di Rienzo et al., 1978; Katz et al., 1978) and may serve to anchor the 

outer membrane to the peptidoglycan (Yem & Wu, 1978) in those cases 

where it is present. In addition the free.form of the lipoprotein may 

be present in the outer membrane (Inouye;, et al.., 1972} alorigwiththree to four 

"major" proteins and a number of "minor" proteins (Di Rienzo et al., 1978). 
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(2) Lipopolysaccharide 

The basic structure of the lipopolysaccharide present in 

S. typhimurium has now been well established. Since few lipopolysaccharide 

structures are known in as much detail as the structure of this one, it 

has become a model for comparison with other lipopolysaccharides. The 

molecule can be divided into three regions (Fig. 1.1), the O-specific 

side chain, the core and lipid A. Each of these regions can be distinguished 

by their composition, biosynthesis and structure. 

(a) Lipid A: The basic structure of lipid A has been 

established in a number of genera (Rietschel et al., 1977) (figure 1.2). 

It is a Sl-6 glucosaminyl glucosamine unit, (except in Rhodopseudomonas 

viridis and R. palustris (Roppe~ et al., 1975) and Pseudomonas diminuta 

(Wilkinson et al., 1973)) usually carrying a glycosidically bound phosphate 

group and one ester bound phosphate. In Salmonella minnesota the ester 

bound phosphate is bound at the 4' position (Gmeiner, et al., 1969) and 

position 3' is the point at which the polysaccharide portion of the 

lipopolysaccharide is attached via dOclA (Luderitz et al., 1971) (figure 

1.2). The remaining positions on this unit (two amino and three hydroxyl 

groups), areacylated with fatty acids. The amino groups are acylated 

with 3-hydroxy myristic acid and the three hydroxyl groups acylated with equal 

arrounts of lauric, palmitic and 3-Tetradecanoxy-tetradecanoic acid. The specific 

hydroxyl group on which each of these fatty acids is located is not known 

(Rietschel et al., 1972). In other bacteria different fatty acids and 

hydroxy acids may be present but "as a rule, D-3-hydroxy acids (ester and 

amide bound) predominate in the fatty acid moiety of lipid A ..•. Since 

they are in general missing in other cell wall lipids of gram negative 

bacteria, they are unique to lipid A and represent characteristic lipid A 

markers"(Rietschel et al., 1977). Ester bound 3-acyloxy fatty acids may 

or may not be present (Rietschel et al., 1977) but have recently been 

found in Selenamonas ruminantium (Lai et al., 1978). 
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Until recently it was thought that the phosphate groups on 

lipid A could be involved in pyrophosphodiester linkage with lipid A 

of other lipopolysaccharides (Luderitz et al., 1973). However cross 

linking cannot take place in those lipid A structures which lack 

phosphate, e.g. Selenomonas ruminantium (Kamio et al., 1972a), 

Rhodopseudomonas viridis (Roppel etal., 1975) and _Anabaena vflPiabilis 

(Weckesser et al., 1974a). The concept of cross linking of lipopoly-

saccharides through lipid A units has been brought into question by the 

results of recent detailed analyses of lipid A structures. This evidence 

has shown that the phosphate groups may be substituted by saccharides 

or phosphoethanolamine, thereby making crosslinking through these 

phosphate groups impossible (Muhlradt et al., 1977). Similarly, lipid A 

from Chromobacterium violaceum has the glycosidically bound phosphate 

forming a phosphodiester bond with the anomeric carbon atom of glucosamine, 

and the ester bound phosphate in glycosidic linkage with 4-amino-arabinose 

(Hase & Rietschel, 1977). 

It has also been shown that 4-amino-arabinose occurs in the 

lipid A of a Salmonella minnesota Re mutant, but apparently only 10-15% 

of the ester bound phosphate was substituted (Hase & Rietschel, 1977) 

suggesting heterogeneity in the lipid A structure. Lehmann & Rupprecht 

(1977) have also found 4-amino-arabinose linked to an intermediate of 

lipid A in a similar manner in Salmonella typhimuriumi they also showed 

that phosphorylethanolamine was in a pyrophosphate linkage with the 

glycosidic phosphate. The presence of these groups was dependent on the 

substrate on which the cells were grown. Again not all groups were 

substituted, giving rise to heterogeneity within the lipid A molecule. 

In an attempt to obtain information on possible phosphate crosslinking 

between lipopolysaccharide mutants in Salmonella, Muhlradt et al. (1977) 

h rob·· . . 31 ave used a co lnatlon of chemlcal analysls and P NMR. The NMR 

spectra were interpreted by analogy with similar phosphate containing 
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standards, and from selective hydrolysis of the sample. The degree of 

substitution by 4-amino-arabinose and phosphoethanolamine varied 

considerably, even within one strain, and was dependent on the growth 

conditions, again suggesting considerable heterogeneity in this part 

of the lipopolysaccharide molecule. In spite of this, all phospho

diester and pyrophosphodiester bonds could be accounted for in terms of 

the substituents 4-amino-arabinose and phosphorylethanolamine, indicating 

that cross-linkage via phosphates is unlikely in Salmonella spp. 

lipopolysaccharides. Considerable evidence has been presented, however, 

for binding or crosslinking of lipopolysaccharides. These include 

chemical studies (Luderitz et al., 1973), and molecular weight studies 

(Malchow et al., 1969; Romeo et al~, 1970). Muhlradt et al. (1977) 

suggest that such binding could be through hydrophobic or ionic bonding. 

Heterogeneity demonstrated in the mutants and precursors 

above is more likely to reflect true heterogeneity than studies on 

"free lipid A" (released from lipopolysaccharide by mild acid hydrolysis) 

in which more than 40 components could be distinguished, as acid 

degradation can cause considerable changes to the parent molecule 

(Nowotny, 1977). 

(b) Core Structures: The proposed structure for the core 

region of Salmonella typhimurium lipopolysaccharide is shown in figure 1.1. 

This structure is likely to be the same or very similar for all lipopoly-

saccharides of Salmonella spp. (Orskov et al., 1977; Wilkinson, 1977). 

Three dOclA and three heptose residues form the inner core region to 

which is linked an oligosaccharide (outer core) containing glucose, 

galactose and N-acetyl-glucosamine. 
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In contrast to members of the genus Salmonella, 6 different 

core structures have been found in lipopolysaccharides from E. coli 

(Feige et al., 1977). The complete structure of all of these cores 

is not known, but they ~an be differentiated by their sugar content 

(Wilkinson, 1977) and on those partial structures which have been 

determined (Orskov et al., 1977). 

Heterogeneity is known to occur in 90re structures. Substi-

tuents on the inner core structure in Salmonella spp. include phosphate, 

phosphoethanolamine, and pyrophosphoethanolamine (LBderitz et al., 1971). 

These components do not occur in equimolar ratios with the main chain, 

giving rise to heterogeneity (Lllderitz, 1977). Muhlradt et al. (1977) 

h .... d 31 h h ave shown by a comblnatl0n of chemlcal analysls an P NMR t at t e 

degree of substitution of the core by these substituents is quite variable 

but accounted for all phosphodiester or pyrophosphodiester bonds with 

these substituents. They suggested that crosslinking of lipopoly-

saccharide molecules by phosphodiester bonds via heptose residues as 

proposed by Droge et al. (1968), could therefore not be possible in 

Salmonella spp. 

These substituents also occur in lipopolysaccharides of other 

organisms e.g. Shigella spp. (Simmons, 1971), E. coli (Prehm et al., 1975) 

and Pseudomonas aeruginosa (Drewry et al., 1975) and would presumably 

give rise to heterogeneity in these organisms in a similar manner. 

Variation may also occur in other core substituents. Fuller 

et al. (1973) found two and probably three different core structures in 

E. coli 0111.B4. A heptose residue linked to dOclA could be substituted 

by a disaccharide of Glc 1-4 GlcN-, have no substituent; or (probably 

on the -same structure) have a further heptose. Additional heterogeneity 

is also present in the O-antigen side chain of this serotype (Morrison 
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& Leive, 1975). E. coli K12, which is an R mutant of unknown S parentage 

(Orskov et al., 1977), produces a mixture of complete and partially 

complete core structures (Prehm et al., 1976). In addition N-acetyl 

mannosaminuronic acid (a constituent of the enterobacterial common 

antigen) or t'f-acety;tglucosamine may be substituted on the completed core 

sections. The enterobacterial common antigen is believed to be attached 

to lipopolysaccharide in at least some bacteria (Makela & Mayer, 1976) 

and the presence of N-acetyl-mannosaminuronic acid may indicate the 

binding of the enterobacterial common antigen to some of the cores of 

E. coli K12 (Prehm,~t.a.l., 1976). 

The absence of the major inner core components, dOclA and 

heptose,in some bacteria shows that not all core structures are built 

on similar patterns to those of Salmonella spp. and E. coli. Wilkinson 

(1977) lists 22 species that have been reported to lack dOclA or heptose 

or both. However colorimetric assays commonly used for dOclA assay may 

give a negative result if dOclA is substituted through a weak-acid 

stable bond in the 4 or 5 positions (Droge et al., 1970). Colorimetric 

assays for heptose may also give false results, as phenol phase extracts 

of gram positive bacteria (in which LPS heptose is absent) gave positive 

results (Hofstad, 1974) in the cysteine sulphuric acid assay of Dische, (1953). 

Pseudomonas pubescens has been reported to lack detectable 

dOclA but still has an acid sensitive linkage between lipid A and the 

core (Wilkinson et al., 1973). The authors suggested that this linkage 

could be via a galactofuranose residue. The same authors found that 

glucose probably replaced heptose as a phosphate carrier in the 

heptoseless lipopolysaccharide of Pseudomonas pavonacea. Such results 

suggest that at least in some cases the functions of dOclA and heptose can 

be replaced by other residues. 



(c) O-antigen side chains: O-antigen side chains are 

usually attached to the non~reducing end of the core structure. In 

Salmonella typhimurium the glucose residue (Fig. 1.1) serves as the 

12. 

point of attachment of O-specific side chains. These chains are 

generally made up of repeating units which consist of tetra- or 

pentasaccharides (Nikaido, 1973). These structures are usually branched 

or unbranched heteropolysaccharides but homopolysaccharides (Reske & Jann, 

1972) and acid heteropolysaccharides (Dmitriev et al., 1976; 1977) have 

also been found. 
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(ill Heterogeneity: A major problem in studies on lipopoly

saccharide heterogeneity has been the aggregation of lipopolysaccharides 

in solution. Thus ultracentrifugation may give molecular weights in 

excess of their true value (Romeo et al., 1970). Even in the presence 

of SDS; disaggregation may not be complete (Morrison & Leive, 1975). 

Methods used to study lipopolysaccharide heterogeneity have therefore 

relied on; removal of the lipid A portion of the molecule and chromatography 

of the released polysaccharide (MUller-Seitz et al., 1968; Wilkinson et al. 

1973); chromatography of the deacylated lipopolysaccharide (Chester & 

Meadow, 1975); and chromatography (Morrison & Leive, 1975) or electro

phoresis (Jann et al., 1975) in the presence of detergents. 

Removal of iipid A from lipopolysaccharides by mild acid 

hydrolysis has the disadvantage that other bonds in the molecule may be . 

hydrolysed. This is particularly demonstrated by the occurrence of 

D-antigen side chains without some core residues attached, in hydrolysates 

of lipopolysaccharide (Muller-Seitz et al., 1968). However it is generally 

assumed that the presence of unsubstituted core regions in the lipopoly

saccharide hydrolysates, represents unsubstituted core stubs (R lipopoly

saccharide) in the original preparation (Orskov et al., 1977; Wilkinson, 

1977). This assumption is supported by evidence from Jann et al. (1975) 

who have shown that results obtained using the technique described 

above correlated with those obtained from SDS-polyacrylamide gel 

electrophoresis. Analyses of a number of lipopolysaccharides by these 

methods (Koeltzow & Conrad, 1971; Jann et al., 1975; Koval & Meadow, 1977) 

have indicated that S form lipopolysaccharides and unsubstituted R cores 

are often present in the same preparation. 

SR forms (R cores with one O-antigen repeating unit) are 

produced by some mutants deficient in an O-antigen polymerase (Wilkinson 

et al., 1972) and may also be present in some S form lipopolysaccharide 

preparations (Jann et al., 1975; Koval & Meadow, 1977). 
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In some cases more than one S form lipopolysaccharide may 

be present. Jann et al. (1975) found that Citrobacter strain 396 

produced two different lipopolysaccharide populations, differing only 

in the length of the a-antigen side chains. That these were two separate 

populations and not a continuous distribution of chain lengths was shown 

by the sharp separation of these two S form lipopolysaccharides by SDS 

polyacrylamide gel electrophoresis. Discrete populations of lipopoly

saccharides have been observed in several other cases. Morrison & Leive 

(1975) found two S form lipopolysaccharides in E. coli which could be 

separated on Sepharose 4B; or on Sephadex G200 in 0.1% SDS. The two 

lipopolysaccharide fractions differed in the extent of polymerisation of 

the a-antigen side chain, one lipopolysaccharide having an average value 

of 11 repeating units and the other 3 repeating units, based on the 

assumption that two heptose residues were present in the core. More 

recently Di Rienzo & MacLeod (1978) found three types of lipopoly-

saccharide in Alteromonas haloplanktis one of which was probably an R 

form LPS and the remaining two may represent S form lipopolysaccharides 

of different side chain composition. It is possible that up to four 

different lipopolysaccharides are present in some serotypes of Pseudomonas 

aeruginosa (Chester & Meadow, 1975; Koval & Meadow, 1977). Hydrolysis 

in weak acid, or alkaline a-deacylation, and chromatography indicated the 

presence of Rand SR forms of lipopolysaccharide as well as two S forms 

(Koval & Meadow, 1977). In contrast to the results with E. coli above, 

the S form polysaccharide chains of P. aeruginosa strain PACI not only 

differed in size (shown by their separation on gel columns) but also in 

composition (Chester & Meadow, 1975), suggesting that different 

polysaccharides were attached to the core. 
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Smooth and rough forms of lipopolysaccharide may also co-exist 

in Aerobacter aerogenes (Koeltzow & Conrad, 1971) and possibly Proteus 

mirabilis (Gmeiner, 1975a). In the latter organism, the lipopolysaccharides 

could be separated by centrifugation. The R or SR form sedimented at 

100 000 g after phenol/water extraction while the S form remained in the 
\ 

supernatant. The high solubility and low aggregation of the S form 

lipopolysaccharide may have been due to the presence of many charged 

constituents in the a-specific side chain (Gmeiner, 1975a) which include, 

depending on the strain; lysine, galactosamine, and uronic acids; 

glucosamine, ethanolamine and phosphorus; alanine, and uronic acids 

(Gmeiner, 1975a). 

The concept of charged constituents in the a-specific side 

chain causing lower aggregation (as shown by not sedimenting at 100 000 g) 

is supported by results from analysis of E. coli 0124, E. coli 058, and 

Shigella dysenteriae types 3 and 5. One fraction was sedimented at 

100 000 g while the other could be precipitated from the supernatant 

with cetyltrimethyl ammonium bromide (.D.mitriev et al., 1976; 1977). The 

fraction which sedimented at. 100 000 g could be separated by SDS 

polyacrylamide gel electrophoresis into bands corresponding to a small 

proportion of S form and greater amounts of SR and R form lipopolysaccharide. 

S form lipopolysaccharides were present in the supernatant. These S form 

lipopolysaccharides contained the acidic sugars glucolactilic acid 

(4-Q-(1'-carboxyethyl)-D-glucopyranose) in E. coli 0124 and Shigella 

dysenteriae type 3, and rhamnolactilic acid (3-Q-(1'-carboxyethyl)-

L-rhamnose (Dmitriev et al., 1975; 1977). The presence of these acid 

groups may account for these lipopolysaccharides remaining in the super-

natants. 
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One example of a continuous range of lipopolysaccharide chain 

lengths has been provided in the literature (Ryan & Conrad, 1974). When 

lipopolysaccharide from Salmonella newington was chromatographed onDEAE cellulose 

columns in the presence of detergent a broad peak of lipopolysaccharide 

was obtained. Analyses of fractions taken across this peak revealed 

an increasing content· of core sugars and a decreasing content of O-specific 

sugars as elution progressed, suggesting a continuous variation in chain 

length. 

A distinction between lipopolysaccharide types on the basis 

of chloroform solubility has been made by Adams et ale (1968). Extraction 

of Neisseria perflava lipopolysaccharide (which had been purified by the 

phenol/water procedure) with chloroform/methanol/water followed by phase 

separation after addition of chloroform/water, produced a chloroform 

soluble and a chloroform insoluble fraction, each in about 50% yield. 

The two fractions were shown to be qualitatively similar but quantitatively 

different on analysis. The chloroform insoluble lipopolysaccharide had 

more glucose and less rhamnose than the chloroform soluble lipopolysaccharide. 

Lipid A accounted for about 60% of each lipopolysaccharide (suggestive of 

R form lipopolysaccharide) but lipid A from the chloroform insoluble 

fraction was apparently contaminated with what appeared to be an acylated 

glucan probably released during mild acid hydrolysis. Fatty acid analysis 

showed that the chloroform soluble lipopolysaccharide had more hydroxy 

acids and less C
16

:
1 

and C
18

:
1 

acids than the chloroform insoluble 

lipopolysaccharide (Adams et al., 1968). It is notable that C
16

:
1 

and 

C
18

:
1 

acids occurred in these preparations which were considered free of 

phospholipids. The proportions of these two fatty acids decreased 

markedly in lipid A preparations, which would suggest that either 

phospholipids were present, or that these acids were associated with the 

polysaccharide portion of the lipopolysaccharide. Unsaturated fatty 

acids are not common in lipopolysaccharides (Reitschel et al., 1977). 
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A similar fractionation of Neisseria catarrhaZis (BranhameZZa catarrhaZis) 

(Adams et al., 1969), MoraxeZZa dupZex and Micrococcus caZco-aceticus 

(Adams et al., 1970) has been achieved, but after acetylation, extraction 

into chloroform, and deacetylation. Only in Neisseria catarrhaZis were 

both the chloroform soluble and insoluble IPS:fraptionp_analy?_sd; Bifferences 

were again found in the fatty acid content. The main fatty acid present, 

30HC12 :0 , was present in relatively greater amounts in the chloroform 

insclublelipopolysaccharide (69 mole% of total fatty acids) than in the 

soluble lipopolysaccharide (29 mole%). 

Other authors have also reported differences in fatty acid 

content from heterogeneous lipopolysaccharides. Morrison & Leive (1975) 

isolated two lipopolysaccharide fractions from E. coZi 0111, B4 (see above). 

The lipopolysaccharide eluting first from gel columns contained more 

C14 : 0 and less C
12

:
0 

than the fraction eluting later, however the results 

for 30HC14 :
0 

varied. Phenol extracted lipopolysaccharide had more 

30HC14 : 0 in the first lipopolysaccharide than the second, while butanol 

extracted lipopolysaccharide showed the reverse trend. Experience 

gained during preparation of this thesis would suggest that one of the 

two methods used for preparing fatty acid derivatives (transmethylation 

with methanol/benzene/sulphuric acid) may not release all hydroxy acids 

(Le. amide bound fatty acids). High levels of "other" fatty acids 

(which may not be lipopolysaccharide derived), could account for the 

lower C
14

:
0 

values in the second lipopolysaccharide but not for the 

increased level of C12 :
0

. However, heterogeneity with respect to fatty 

acid substitution does, not always occur with heterogeneity of the 

polysaccharide portion of the lipopolysaccharide. Very similar ratios 

of fatty acids were found in two lipopolysaccharide fractions (probably 



rough and smooth forms) obtained from Aerobacter aerogenes (Koeltzow & 

Conrad, 1971) while % wt/wt of the lipopolysaccharide values were 

different. Similarly McIntire et ale (1969) have separated the 1ipo-

polysaccharide of E. coZi K235 into three components by gel chromato-
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graphy in the presence of 1% sodium deoxycholate. While the fatty acid 

content (as % wt/wt of lipopolysaccharide) of the three fractions 

differed considerably with respect to C12 : 0 , C14 : 0 and 30HC14 : 0 , the 

ratios of the three acids when calculated as % of total fatty acid were 

similar. 

(3) Peptidoglycan 

While gram positive bacteria have a variety of structures and 

component amino acids in their peptidoglycan, most gram negative bacteria 

so far examined have a peptidyglocan of common composition (Schleifer & 

Kandler, 1972). The peptidoglycan of gram negative bacteria contains:-

muramic acid, glucosamine, Land D alanine, D-glutamic acid and meso

diaminopimelic acid (A
2 

pm). The amino acids are in the molar ratios 

D-Glu: m-A2pm: D + L Ala, 1:1:1.5-2.0 respectively. Since all the 

peptidoqlycans of gram negative bacteria have similar compositions, it 

is assumed that they all have the same primary structure which is shown 

in Figure 1.3 (Schleifer & Kandler, 1972). In the few instances where 

this primary structure-has been determined,glucosamine and muramic acid 

are bound in alternating sequence by Sl-4 glycosidic bonds (11eijenoort 

et ale 1969) to form glycan chains. These chains carry short peptides 

attached to the lactyl moiety of muramic acid. The peptides have the 

sequence -L-Ala-D-GluYm~2pm-D-Ala-D-Ala. The last D-Ala of this sequence 

mayor may not be present. Many of these peptides are cross linked by 

a peptide bond from the carboxyl group of the penultimate D-Ala to the w 

amino group of diaminopimelic acid (Figure 1.3), to form a cross-linked 

three dimensional network of molecules. 
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Figure 1,3 

Cross-linkage of Gram Negative Peptidoglycan (E, coli) 

------ GlcNAc ----------------- MurNAc GlcNAc 

t 
L-Ala 

t 
D-Glu > (NH2) 

t w 
m-A2pm ~ D-Ala 

~ 1 
(D-Ala) m-A

2
pm .> (NH2 ) 

+ 
from Schleifer & Kandler (1972) 

This type of linkage has been classified by Schleifer & 

Kandler (1972) as an A 1 Y type. 

Some exceptions to the above generalizations have recently 

become apparent, thus Merkel et aI, (1978), have shown that some members 

of the genus Thermus lack diaminopimelic acid and have ornithine as the 

major diamino acid. Alanine, glycine, glucosamine, muramic acid, 

glutamic acid and galactosamine are also present. These authors have 

also found that muramic acid, glutamic acid and diaminopimelic acid occur 

in nearly equimolar amounts in the walls of Thermomicrobium strains. 

Small amounts of ornithine and galactosamine occurred in one of these 

strains while small amounts of lysine and galactosamine occurred in two 

other strains. 

Members of the methanogenic bacteria appear to contain no pep-· 

tidoglycan at all (Kandler & Konig 1978). Those methanogenic bacteria 

which were gram negative, did not contain a peptidoglycan, but had a 

SDS-sensitive surface layer of protein subunits (Kandler & KOnig 1978). 
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(4) Lipoprotein 

Lipoprotein has been most extensively studied in Escheroichia 

coli. In this bacterium lipoprotein is covalently attached to the 

peptidoglycan, one lipoprotein molecule for every ten peptidoglycan 

repeating units. The lipoprotein is attached via the £ amino group 

of a C-terminal lysine to diaminopimelic acid of the peptidoglycan, 

replacing the normal D-alanine substituent. The lipoprotein is composed 

of a short protein of 58 residues terminating in glyceryl cysteine at 

the N terminal, with fatty acids bound to the glyceryl and amino groups 

(Braun, 1975). This lipid portionis~, buried in the outer membrane, 

probably serving to anchor the outer membrane to the peptidoglycan 

(Braun, 1975; Di Rienzo et al., 1978; Yem & Wu, 1978). The same 

lipoprotein also occur~' in unbound form in the outer membrane, 

accounting for two thirds of the total amount of lipoprotein (Inouye 

et al., 1972). 

It has recently been shown (Fung et al., 1978) that bound 

-lipoprotein may be required for complete anchorage of the outer membrane 

to the peptidoglycan. The outer membrane of E. coli, in mutants devoid 

of bound lipoprotein, does not invaginate along with the peptidoglycan 

during cell division. Large blebs are produced instead in the area of 

cell division, suggesting a requirement for bound lipoprotein to draw 

the outer membrane into the area of cell division. 

There is some doubt as to whether bound lipoprotein is present 

in all bacteria. Braun et al. (1970) have observed the bound form in 

E. coli, Seroroatia marocescens and three species of Salmonella, but did 

not find covalently bound lipoprotein in Prooteus miroabilis, Prooteus 

vulgaris, or Pseudomonas fluorescens. However the authors found it 

difficult to remove all protein from the peptidoglycan of the latter 
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three species, but thought it likely that this residual protein was 

intimately associated with, but not covalently attached to, the 

peptidoglycan. Immunological tests have been used to demonstrate the 

presence of lipoprotein in Salmonella, Shigella flexneri, and citrobacter 

sp. (Bo~ch, 1974). 

In contrast to the results of Braun et al. (1970), Gruss et 

al. (1975) have produced evidence for the presence of bound lipoprotein 

in stationary phase cultures of Proteus mirabilis, and recently Katz 

et al. (1978) have isolated the free form of lipoprotein from P. mirabilis. 

They have shown that a bound form of similar composition exists, although 

the peptidoglycan contains five or six times less lipoprotein than 

E. coli. In addition Gmeiner et a1. (1978) have isolated the "covalent

linked" lipoprotein from Proteus mirabilis and found an essentially 

similar amino acid composition to that of E. coli, establishing the 

presence of lipoprotein, free and bound, in Proteus mirabilis. 

The members of Pseudomonadalesi Spirillum serpens and Pseudomonas 

·aeruginosa, were examined for bound lipoprotein by Martin et al. (1972). 

S. serpens had no bound lipoprotein, but P. aeruginosa peptidoglycan 

appeared to contain bound lipoprotein as a minor constituent, the 

globules, visible by electron microscopy on the surface of one layer, 

being less than half the size of those in E. coli. Katz et al. (1978) 

have also found "lipoprotein-like protein" in P. aeruginosa. 

The bound form of lipoprotein appears to be common in the 

enteric bacteria, but of the few members of the Pseudomonadales so far 

examined, lipoprotein is either not present or is present only as a minor 

component. Indeed Martin et al. (1972) have suggested that this difference 

may be Qf taxonomic value. 



3 THE CELL WALL OF SeZenomonas spp 

(1) Ultrastructure 
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Shadowed preparations of SeZenomonas cell walls have shown 

the presence of repeating subunits in two studies. Iterson (1954) 

observed a hexagonal pattern on the cell wall of SeZenomonas paZpitans, 

and Kingsley (1968), and Kingsley & Hoeniger (1973) obse~ved a regular 

repeating pattern on the wall of S. ruminantium str HOI. This repeating 

pattern was implied by Kingsley (1968) to be a protein layer; it was not 

the same as that observed by Iterson (1954) as it appeared only after 

the cells were homogenised (Kingsley & Hoeniger, 1973). 

Thin sections of SeZenomonas spp cells revealed a wall 

structure typical of gram negative bacteria. Both S. ruminantium and 

S. sputigena had a peptidoglycan layer surrounded by a convoluted outer 

membrane (Kingsley & Hoeniger, 1973). The outer layers measured 10-15 nm 

across and the peptidoglycan 9-12 nm across, producing a total wall 

thickness of 19-27 nm, considerably greater than that of E. coZi 

(Kingsley & Hoeniger, 1973). No capsular material was present outside 

the outer membrane in S. ruminantium str HOI but S. sputigena B had some 

loose material adhering to the outer membrane (Kingsley, 1968; Kingsley 

& Hoeniger, 1973).' 

A sim~lar wal~ structure was found by Chalcroft et al. (1973) 

in the large SeZenomonas types obtained directly from the rumen (probably 

S. ruminantiumsubsp. bryanti). These SeZenomonas cells had a typical 

gram negative cell wall, surrounded by a dark fibrous coat (capsule) 

about 55 ~m thick. The presence of this coat is consistent with the 

observation of Cheng & Costerton (1975) and Hobson & MacPherson (1953), 

that capsular material is present on most rumen bacteria growing in vivo. 
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(2) Chemical Structure 

(a) Peptidoglycan: The identity of the peptidoglycan layer 

observed in thin section electron micrographs has been determined by 

Kingsley (1968) and Kingsley & Hoeniger (1973). Incubation of 

S. ruminantium str HOI cells with lysozyme-EOTA caused formation of 

spheroplasts which in thin section had partially degraded peptidoglycan 

layers with areas of breakage. Similarly, penicillin induced lysis and 

spheroplast formation in cultures to which it had been added. The 

peptidoglycan layers of these spheroplasts also had degraded or broken 

areas. The presence of peptidoglycan was confirmed by the identification 

of muramic acid in crude wall preparations of this strain (Kingsley, 

1968; Kingsley & Hoeniger, 1973). No diaminopimelic acid (A
2

pm) was 

found in the walls but the amino acids asparagine, glutamine, alanine, 

glutamic acid, valine, tyrosine, phenylalanine and isoleucine were 

identified in acid hydrolysates. These results should be treated with 

caution as asparagine and glutamine are not recovered from acid hydrolysates. 

Purser & Buechler (1966) were also unable to find A
2

pm in whole cells of 

Selenomonas ruminantium str GA192 but found levels of 0.6-3.4 g A
2

pm/100 g 

total amino acids in other bacteria. 

These studies have shown the presence and location of a 

peptidoglycan layer, but its complete chemical nature has not been 

determined. The failure to find A pm in two separate studies of 
2 

Selenomonas spp indicated that Selenomonas spp may have had a peptidoglycan 

that differed from other gram negative bacteria in its chemical structure. 

(b) Outer Membranes: Outer membranes from Selenomonas spp 

have not been studied in detail. Attempts to define antigenic relation-

ships between various members of the genus have been hampered by either 

low titers of antibodies obtained in the antiserum (Kingsley, 1968, 

Kingsley & Hoeniger, 1973) or cross reactions between H and a antisera 
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(Hobson et al., 1962). Antisera prepared against S. ruminantium var. 

lactilyticas str 6 and 17 agglutinated strain PC18, but not strain GA192 

of the ruminantium subspecies. This suggests that the O-antigens of 

strains PC18 and GA192 are different while similarities exist between 

strains 6, 17 and PC18. Fluorescent conjugated antisera also demonstrated 

similarities between strains 6 and 17, and some of the large Selenomonads 

(probably S. ruminantium subsp. bryanti) of the rumen (Hobson et al., 1962). 

o antisera obtained by Kingsley (Kingsley, 1968; Kingsley & Hoeniger, 1973) 

had too Iowa titer of antibodies to reveal any 0 antigen relationships 

between strains. 

. . 14 14 
Durlng studies on the incorporatl0n of C from C labelled 

valerate into Selenomonas ruminantium subsp. lactilytica, Takahashi's 

group. found that most of the incorporated radioactive label could be 

extracted from whole cells by lipid solvents (Kanegasaki & Takahashi, 

1967). Of the insoluble residue, a large proportion of the label could 

be extracted if the residue was treated with hot trichloroacetic acid 

and then extracted with hot lipid solvent (Kanegasaki & Takahashi, 1967). 

When this extract was chromatographed by thin layer chromatography, 

. -twelve radioactive spots were distinguished. Seventy percent of this 

radioactivity was present in one spot (Kamio et al., 1972a). The content 

of this spot was subsequently shown to be lipid A by treatment of lipo-

-polysaccharide (isolated from the aqueous phase of the phenol/wa,ter 

procedure) with hot trichloroacetic acid and extraction with hot lipid 

solvent (Kamio et al., 1972b). Preparation of the lipid A by dilute acid 

hydrolysis of lipopolysaccharide and thin layer chromatography in the 

same system also produced the same spot. 
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Lipid A prepared by the hot trichloroacetic acid hot lipid 

solvent ~thod above was shoWn by these authors (Kamio et al., 1972a; 

19 72b) to re a ~f31-+6 linked glucosamine disaccharide with 0 and N acyl 

linked fatty acids. The major fatty acids present were C
13

:
2 

and 

30HC13 0' with smaller amounts of C
l 

,C
l 

' C ,C • Of these 
: 1 : a 3 : a 15 : a 17 : a 

fatty acids approximately 43% were 0 linked and 57% were N linked. 

30HC13 :
0 

accounted for about 86% of all amide linked fatty acids while 

most 0 acyl fa~ty acids were accounted for by 47% 30HC
13

:
0 

and 33% 

C13 : 2 • Lai et al. (1978) have recently shown that 3-acyloxy fatty acids 

are also present in the lipid A from this bacterium. 

Previous studies by this group (Karnio et a1., 1970) have 

shown that Selenomonas ruminantium grown on glucose supple~nted with 

valerate, produced phospholipids in which odd-numbered carbon atom fatty 

acids predominated. When caproate was supplied instead of valerate 

even-numbered fatty acids predominated. In accord with these results, 

when S. ruminantium was grown on glucose supplemented with caproate, 

30HCi4:0 was the major hydroxy acid present in lipid A, although a 

considerable amount of 30HC
13

:
0 

was present (Kamio et al., 1972b). 

The methods used to prepare lipid A by these authors do not 

distinguish between lipid A derived from aqueous and phenol soluble 

fractions of the Westphal phenol/water extraction method. Crude lipo-

polysaccharide was isolated from the aqueous phase of this procedure, 

but no attempt was made to examine the phenol phase for lipopolysaccharide 

(Karnio et al., 1972b). 

(c) Whole Cell Walls: An analysis of whole cell walls of 

S. ruminantium subsp ZactiZytica has been reported by Hobson (1965). 

Citing his unpublished results Hobson gave the cell wall analysis of 

strain 6 as set out in (Table 1.1). 



Table 1.1 

Published Compositions (% Dry Weight) of Cell 

, 5 
Walls from Several Rumen Bacterla 
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. . 1 
S. rwn-z-nant-z-wn 

, , 2 
QUln s d

' ,3 - --, 4 
Ea le s Iilnlenb<:l,cterlal 

Total carbohydrate 

Glucose 

Galactose 

Rhamnose 

Ribose 

Heptose 

Other neutral sugars 

Amino sugar/Hexosamine-

Glucosamine 

Galactosamine 

Muramic acid 

Nitrogen 

Lipid 

Total Phosphorus 

Amino acids 

1 

3 

5 

(a) number detected 

(b) Diaminopimelic 
acid 

Hobson (1965) 

Orpin (1976) 

+ present 

absent 

oval 

4.7 

0.9 

1.3 

9.0 

0.9 

+ 

3.6 7.77 

+ 

+ 

10.0 9.82 

28.0 9.92 

0.7 0.54 

12 17 

+ 

2 

4 

Values not stated or determined are left blank. 

oval cell walls 

4.9 

1.2 0.4 

1.6 0.8 

7.3 + 

+ 

2.1 

4.2 + 

6.7 + 

0.8 + 

7.8 

13.2 10-25 

0.45 

16 17 

+ + 

Wicken & Howard (1967) 

HOQgenraad & Hird (1970) 
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No typical bacterial components were identified, e.g. 

diaminopimelic acid or muramic acid. However these results which were 

similar to other gram negative cell walls (ref. to Salton, 1964) were 

used to support the classification of Selenomonas as a bacterium. 

(3) Conclusions 

The cell wall of S. ruminantium appears to be typical of most 

gram negative bacteria. An outer layer of material forming a thin layer 

or 'micro'-capsule may ,or may not be present (Kingsley, 1968; Chalcroft 

et al., 1973; Kingsley & Hoeniger, 1973), but is probably present in cells 

grown in the rumen (Chalcroft et al., 1973; Cheng &.~ Costertou-r ].975); -co_The 

outer membrane has a typical undulating appearance. It contains lipopoly

saccharide which -in one strain of S. ruminantium has been shown to 

partition into the aqueous phase on phenol-water extraction in the 

Westphal procedure. 

The lipid A of this lipopolysaccharide has a structure 

comparable with that of the enteric bacteria, Escherichia coli and 

Salmonella spp. (Kamio et al., 1972b; Rietschel, et al., 1977), but 

differs in its content of odd carbon numbered fatty acids when the 

organism is supplemented with valerate. The presence of an unsaturated 

fatty acid is also unusual as shown in Table 6 of Wilkinson (1977). 

The polysaccharide portion of the molecule has not been examined. 

A peptidoglycan layer sensitive to lysozyme and penicillin 

underlies the outer membrane and is external to the cytoplasmic membrane 

(Kingsley, 1968; Kingsley & Hoeniger, 1973). Apart from muramic acid 

(Kingsley, 1968; Kingsley & Hoeniger, 1973) the chemical nature of this 

layer is unknown. 
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4 CELL WALL COMPOSITION OF OTHER GRAM NEGATIVE RUMEN BACTERIA 

Little attention has been paid to the chemical structure of the 

cell walls of gram negative rumen bacteria. Some studies on the 

contribution of cell wall material to the energy and nitrogen requirements 

of ruminants have produced analyses of cell walls of mixed rumen bacteria 

'lioo9"en.ra~9 & Hird, 1970). Other investigations to establish the bacterial 

nature of rumen microbes have included cell wall analysis (Wicken & 

Howard, 1967; Orpin, 1976). It is not surprising that these studies 

have included the large bacteria of the rumen, e.g. Eadies oval, Quins 

oval and SeZenomonas ruminantium as their size has often prompted 

comparison with yeasts and protozoa. 

Wicken & Howard (1967) analysed cell wall preparations of "Quin~s 

oval" obtained from rumen fluid by differential centrifugation. 

Identification of diaminopimelic acid and muramic acid in wall hydroly

sates indicated that these organisms were bacteria. A total of 17 

amino acids were identified and a quantitative analysis reported (Table 1.1). 

A partially purified peptidoglycan layer, although containing traces of 

all amino acids was enriched in alanine, glycine, glutamic acid and 

diaminopimelic acid. --This-indicated a peptidoglycan structure consistent 

with other gram negative bacteria. 

Orpin (1976) has characterised a similar organism, Eadie's oval, 

and included a cell wall analysis. Again the detection of diaminopimelic 

acid and muramic acid was used to confirm the bacterial nature of the 

organism. A total of sixteen amino acids were detected (Table 1.1). 

Hoogenraad & Hird (1970) have analysed the cell walls of "total" 

rumen bacteria isolated from rumen fluid by centrifugation. Such wall 

preparations would represent an "average" of the rumen bacteria, which 

are predominantly gram negative. The composition of these cell walls 
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would tend to reflect the most common constituents of gram negative 

rumen bacterial cell walls. Capsular material was apparently removed 

from these walls during preparation. 

In these preparations seventeen amino acids were assayed which 

accounted for 29% wt/wt of the cell walls. _ Diaminopimelic acid was 

present at a level of 0.3% wt/wt of the cell walls. Galactose, glucose, 

arabinose and/or mannose, ribitol, fucose, rhamnose, glucosamine, 

galactosamine and muramic acid were identified as carbohydrate 

components (Table 1.1). With the exception of ribitol and arabinose, 

all the carbohydrate constituents are the most common constituents 

found in the cell walls of gram negative bacteria and in lipopolysaccharides 

(Salton, 1964; Luderitzet al., 1971). Ribitol would be expected in gram 

positive cell walls as a teichoic acid component, and has also been 

observed in lipopolysaccharides where it was bound as a phosphate ester 

(Gmeiner, 1975b). It would appear that the most common sugars present 

in the cell walls of rumen bacteria are also present in the walls of 

other bacteria. 



1 GENERAL NOTES 

(1) Drying 

CHAPTER 2 

MATERIALS AND METHODS 
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tjh±essotJlerwi-se~,stated, all samples were dried at 40
0

C or 

less, under vacuum on a rotary evaporator. 

2 BACTERIAL CULTURES 

Two strains of SeZenomonas were used: 

(i) SeZenomonas ruminantium subsp ruminantium str. GA192 

(ii) SeZenomonas ruminantium subsp ZactiZytica str. PClS 

Both cultures were kindly supplied by Dr M.P. Bryant who isolated 

and characterised these organisms. Strain PClS has since been deposited 

in the American Type Culture Collection, No. 19205 (1974) by Dr Bryant. 

These two strains were selected as being representative of the 

two sub-species of SeZenomonas ruminantium. Although no type strain has 

been designated for the species, str. GA192 and str. PClS are reference 

strains for their respective subspecies (Bryant, 1974). They differ in 

morphology and in their ability to ferment lactate. The characteristics 

of these two strains are shown in Table 2.1, taken from Bryant (1956). 



Table 2.1 

Physiological Characteristics of SeZenomonas ruminantium 

str. GA192 and S. ruminantium var Zact. str. PClS 

H
2

S production 

N0
3 

reduction 

Casein digestion 

Growth at 45 0 C 

Minimum pH in glucose 

Acid from trehalose 

Acid from glycerol 

Acid from dextrin 

Acid from inulin 

Hydrolysis of starch 

Fermentation of lactate 

PClS 

+ 

+ 

4.3 

+ 

+ 
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GA192 

+ 

4.4 

+ 

+ 

+ 

+ 

Both strains produce acid from sucrose, mannitol, salicin, esculin, 

xylose, arabinose, galactose, fructose, lactose, maltose and cellobiose 

but not from gum arabic, pectin or xylan. Neither strain hydrolyses 

cellulose. 

3 PREPARATION OF CULTURES 

All cultures were maintained and transferred under sterile anaerobic 

conditions by the method of Hungate (1969) with slight modifications. The 

inoculum medium of Tiwari et al. (1969) (Appendix I) was used as a basis 

for all liquid cultures, and with addition of 1.5% agar for storage deeps. 

All cultures were incubated at 37oC, and all CO
2 

used in preparation of 

cultures was passed over hot copper turnings to remove all oxygen present. 
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(1) Preparation of Tubed Medium (Liquid and Agar) 

Freshly made medium was autoclaved for 15 minutes at 15 psi 

to reduce the medium. On removal from the autoclave 9 ml aliquots of 

medium were transferred by a pipette, to Hungate tubes which were sealed 

with butyl rubber stoppers. The tubes were sterilised in an autoclave 

at 15 psi for 15 minutes after which 0.5 ml each of sterile (15 psi, 

15 min) CO
2 

equilibrated cysteine and sodium carbonate solutions were 

injected into the tubes. These tubes were inoculated by injection of 

liquid inoculum through the stopper with a sterile syringe. If the 

inoculum was from agar medium a loop was used after removal of the 

stoppers under sterile conditions. 

(2) Maintenance of Cultures 

o 
Cultures were stored frozen on agar" II deeps II at -20 C. At 

intervals of six months to one year, the cultures were thawed in a 37
0

C 

water bath and inoculated into a 10 ml liquid medium. The cultures were" 

grown through one to two successive transfers in this medium before 

transfer to a tube of agar medium held at 45
0

C. After mixing and cooling 

the tubes were incubated for 48 hrs and frozen for storage. At each 

subculture samples were taken for a gram stain and examined for contamination. 

(3) Roll Tube Isolation of Single Colonies 

The isolation medium of Tiwari et al. (1969) was used for roll 

tube isolation (Appendix I). This medium utilises mannitol as a substrate, 

restricting growth of many bacteria other than SeZenomonas spp. The 

medium also incorporates FeS0
4 

as an indicator of H
2

S production. The 

medium (Appendix I) was made up using the methods detailed in section 2.1, 

except that large (25 x 142 mm) roll tubes were used instead of Hungate 

tubes. Tube number 1 was inoculated with 0.5 mls of a 10 ml liquid 

culture grown overnight at 37
0

C and thoroughly mixed. 0.1 ml from this 
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tube was transferred to the next tube and mixed. These dilutions were 

continued over a series of ten tubes. Each tube was spun on a horizontal 

axis while being cooled with tap water to form a thin iayer of agar 

around the walls of the tube. These roll tubes were incubated for 48 hrs. 

The most dilute tube with only a few well separated colonies was opened 

under sterile conditions. A single colony was removed with the bent tip 

of a sterile pasteur pipette previously flushed with CO and transferred 
2 

to a 10 ml liquid culture tube. 

(4) Inoculum Cultures 

Inoculum cultures for the large 14 ~ bulk cultures were made 

using the methods of section 2.3.1, except that 140 ml of medium was 

made up in alSO ml round bottom flask and sealed with a rubber bung. This 

medium was inoculated with 1 ml of liquid culture and grown overnight. 

(5) Bulk Cultures 14 ~ 

The medium (Appendix I) was made up in 14 ~ New Brunswick 

fermentor carboys and autoclaved for 1.5 hr at 15 psi. On removal from 

the autoclave the carboys were continuously flushed with CO
2 

until cool, 

when sterile- (autoclaved 15 psi 0.5 hr) CO
2 

equilibrated solutions of 

- cysteine, sodium carbonate, and glucose were added. 

- 0 
The carboys were brought to 37 C in the fermentor water bath 

and inoculated with a 140 ml inoculum culture. During growth the carboy 

was stirred at 100 r.p.m. and sparged with CO
2 

(approximately 50-100 ml/min) . 

Samples were withdrawn at intervals with a sterile pipette and measured 

for absorbance at 650 nm against a control sample taken before inoculation. 
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(6) Harvest of Bulk Cultures 

At the onset of stationary phase the carboys were removed 

from the fermentor and rapidly cooled by addition of 2 litres of crushed 

ice. 
o 

The cultures were stored overnight at 0-4 C. 

Cells were collected in a continuous flow Sharples centrifuge 

at approximately 21 000 r.p.m. and a flow rate of 200 ml/minute at 0-4
0

C. 

The packed cells were washed three times by centrifuging from distilled 

water at 7 000 g for 10 minutes. Heavy material was removed by centrifuging 

once at 80 g for 10 minutes. Cells were finally packed at 7 000 g for 

10 minutes. 
o 

This sediment of "wet packed cells" was stored frozen (-20 C) 

until required for whole wall or lipopolysaccharide preparation. 

(7) Growth of Bacteria 

Cell wall composition has been shown to vary at different stages 

of growth (Work, 1971; Ellwood & Tempest, 1972) so that a reproducible 

point on the growth curve was required for harvesting the cultures. As 

maximum yield was also required, the end of log phase growth was chosen 

for harvesting the cultures. At this point growth rapidly ceased over a 

period of 15 to 30 minutes. 

Figure 2.1 shows the growth curves obtained for SeZenomonas 

ruminantium str. PC18 and str. GA192. In later studies (on lipopolysaccharides) 

with new cultures from the same source, growth ceased at A650 = 0.5. It 

was found that inclusion of a small amount of glucose in the medium during 

autoclaving markedly increased the final A650 obtained. The end of log 

phase growth was again used to harvest these cultures. Cultures harvested 

at these points produced the yields of wet packed cells, shown in Table 2.2. 
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Table 2.2 

yield of Wet Packed Cells from Batch Cultures 

SeZenomonas ruminantium Yield/IO R, Yield/IO R, 
strain glucose absent glucose present 

during during 
autoclaving autoclaving 

PC18 7.4 g 13.3 g 

GA192 11.4 g 25.7 g 



4 PREPARATION OF WASHED CELL WALLS 

(1) Water-Salt Washes 

37. 

The initial method used to prepare cell walls is listed in 

Table 2.3. This method was subsequently modified by inclusion of a 

tris-HCl pH B.O buffer, as listed in section 2.4.2 below. 

(2) Tris-HCl, pH B.O Salt Wash Method 

This method, modified from section 4.1 above, is listed in 

Table 2.4. 

5 PURIFICATION OF PEPTIDOGLYCAN 

The method used to purify peptidoglycan for analysis is listed in 

Table 2.5 and in flow chart form in Figure 2.2. 
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Table 2.3 

P~eparation of Water-Salt Washed Cell Walls 

Step No. 

1 A 20% w/v suspension of cells in cold filtered distilled 

water (F.D.W.) was homogenised in a Braun Cell Homogeniser 

for 10-15 minutes with an equal volume of ballotini beads. 

2 Ballotini beads were removed from the homogenate by 

filtration through a No.1 sintered glass funnel. 

3 The filtered homogenate was centrifuged at 10 000 g for 

10 minutes. 

4 The sediment was resuspended in F.D.W. and centrifuged at 

7 000 g for 10 minutes. 

5 The sediment was resuspended in F.D.W. and centrifuged at 

1 500 g for 10 minutes. 

6 The supernatant was centrifuged at 7 000 g for 10 minutes. 

7 The sediment was resuspended in filtered 0.9% w/v NaCl and 

centrifuged 1 500 g for 10 minutes. 

8 The supernatant was centrifuged at 7 000 g for 10 minutes. 

9 Steps 7 and 8 repeated twice. 

10 The final sediment was resuspended in F.D.W. and centrifuged 

at 7 000 g for 10 minutes. This step was repeated twice. 

11 The last sediment was resuspended in F.D.W. and centrifuged 

at 1 500 g for 10 minutes, and the supernatant centrifuged 

at 7 000 g for 10 minutes. 

12 The final sediment was resuspended in a small volume of 

distilled water and freeze dried. 



Step No. 

1,2, & 3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 
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Table 2.4 

Tris HCl pH 8.0 Salt Washing Procedure 

As for Table 2.3. 

The sediment was resuspended in 0.1 M tris HCl pH 8.0 and 

centrifuged at 7 000 g for 10 minutes. This step was 

repeated twice. 

The sediment was resuspended in 0.1 M tris HCl pH 8.0 and 

centrifuged at 500 g for 10 minutes. 

The supernatant was centrifuged at 7 000 g for 10 minutes. 

The sediment was resuspended in (1 M NaCl and 0.1 M tris 

HCl pH 8.0) and centrifuged at 7 000 g for ,10 minutes. 

This step was repeated once. 

The sediment was resuspended in (1 M NaCl and 0.1 M tris 

HCl pH 8.0) and centrifuged at 500 g for 10 minutes. 

The supernatant was centrifuged at 7 000 g for 10 minutes 

and the sediment resuspended in (1 M NaCl + 0.1 M tris HCl 

pH 8.0) and. centrifuged at 7 000 g for 10 minutes. 

The sediment was resuspended ~n 0.1 M tris HCl pH 8.0 

and centrifuged at 11 000 g·for 10 minutes. This step was 

repeated twice. 

The sediment was resuspended in 0.1 M tris HCl pH 8.0 and 

centrifuged at 1 500 g for 10 minutes. 

The supernatant was centrifuged at 11 000 g for 10 minutes. 

The sediment was resuspended in F.D.W. and centrifuged at 

11 000 gfor 10 minutes. This step was repeated twice. 

The final sediment was resuspended in F.D.W. and freeze 

dried. 
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SUPERNATANT 
(discarded) 

SUPERNATANT 
(discarded) 

SUPERNATANT 
(discarded) 

SUPERNATANT 

FIGURE 2.2 

Flow Diagram of Peptidoglycan preparation 

WET PACKED CELLS 

Suspendsd 
Hcxnogenised. 

1,2,3. Centrifuged 
500 9 10 min. 

4 Centrifuged 
7 000 9 10 min. 

SUPERNATANT 
(discarded) 

SEDIMENT 

Resuspended in 
tris-EDTA pH 8.0 

5 Centrifuged 
? 000 9 10 min. 
Repeated 4::. 

SEDIMENT 

SDS extraction 
6 Centrifuged 

SUPERNATANT 
(discarded) 

10 000 U 10 mi.n. 

SEDIMENT 

Resuspended in 
tris-EDTA 

7 Centrifuged 
7 000 9 10 min. 

SEDIMENT 
(discarded) 

Repeated 1% on sediment. 

SEDIMENT 

8 
Steps 6 & ? 
repeated. 

SEDIMENT 

SUPERNATANT 
(discarded) 

9 

Washed 4a; with 
disti lled uxzter 
centrifuging at 
7 000 9 10 min. 

SEDIMENT 

10 

Pheno l lJater 
extraction 
Centrifuged 
7 000 9 10 min. 

r-------~--------l 
SUPERNATANT SEDIMENT 
(discarded) Washed 2x in 

SEDIMENT 

Dial-Y8ed 
Centrifuged 

13,14 7-000 g 10 min. 
Washed 2.x with 
distiUed water 

SEDIMENT 

11,12 90% phenol 
CentPifuging at 
7 000 9 10 min. 

15,16 
17,18 

Step 6 repeated & sediment 
washed Sx lJith wter. This 
proces8 was repeated 1x. 

SUPERNATANT 
(discarded) 

SEDIMENT 
(Peptidoglycan) 

SUPERNATANT 
(discarded) 

SUPERNATANT 
(discarded) 
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Table 2.5 

Purification of GA192 Peptidoglycan 

All operations were carried out at 0-4
o

C unless otherwise stated. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

4 g of cells were made up as a 20% w/v solution in water and 

homogenised for 10 minutes in a Braun cell homogeniser with 

an equal volume of ballotini beads. 

Ballotini beads were filtered off in a No.1 sintered glass 

funnel and rinsed with cold distilled water. 

The filtrate was centrifuged at 500 g for 10 minutes. 

The supernatant was centrifuged at 7 000 g for 10 minutes. 

The sediment was resuspended in (0.1 M tris HCl pH 8.0 + 0.001 

M EDTA) (tris EDTA) and centrifuged 7 000 g for 10 minutes. 

This step was repeated four times. 

The final sediment was resuspended in 20 ml of distilled H
2

0 

and added slowly to 120 ml of boiling 4% SDS with rapid 

stirring. The solution was allowed to cool for five hours 

while stirring continued and then centrifuged at 10 000 g 

for 10 minutes. 

The sediment was resuspended in tris/EDTA and centrifuged at 

7 000 g for 10 minutes. This step was repeated once more. 

steps 6 and 7 were repeated. 

The last sediment was suspended in distilled water and 

centrifuged at 7 000 g for 10 minutes. This step was repeated 

three times. 

The sediment was resuspended in 25 ml of distilled water and 

heated to 68
0

C in a water bath. 25 ml of 90% aqueous phenol 

at 680 C was added to the wall suspension. The mixed solution 

was kept at 68
0

C for 10 minutes, cooled in an ice bath, and 

then centrifuged 7 000 g for 10 minutes. 

The completely translucent sediment was resuspended in 90% 

phenol and centrifuged 7 000 g for 10 minutes. 

Step 11 was repeated. 

The sediment was resuspended in distilled H
2

0 and dialysed for 

48 hrs against distilled H
2

0 and centrifuged at 7 000 g for 10 mins. 

The sediment was resuspended in distilled H
2

0 and centrifuged 

at 7 000 g for 10 mins. This step was repeated once. 

Step 6 was repeated. 

The sediment was resuspended in distilled water and centrifuged 

at 7 000 g for 10 minutes. This step was repeated four times. 

Continued 



17 

18 

19 

20 

Step 6 was repeated. 

Step 16 was repeated, but centrifuged at 10 000 g for 

10 minutes. 

42. 

The sediment was resuspended in a small volume of distilled 

water and freeze dried. 

yield 6 mg. 
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6 ELECTRON MICROSCOPY 

Thin sections (prepared by Dr Chalcroft) were prepared as follows. 

The samples were treated by the conventional Ryter-Kellenberger fixation 

in Os04 followed by uranyl acetate. They were then dehydrated in acetone, 

embedded in Epon and post-stained with uranyl acetate and lead citrate. 

The sections were examined in a Phillips EM200 electron microscope. 

Shadowed samples were prePared, by placing a drop of the sample 

onto a grid coated with collodion film. Excess liquid was drained off 

and the samples shadowed with gold palladium under high vacuum. These 
I 

samples were examined in a Hitachi electron microscope. 

7 PHENOL/WATER EXTRACTION OF LIPOPOLY8ACCHARIDES AND CTAB PRECIPITATION 

(1) Phenol/Water Extraction 

Extraction of lipopolysaccharides was based on the method of 

Westphal & Jann (1965). Freeze-dried bacteria or crude cell walls were 

added to a beaker of distilled water (volumes given in text) maintained 

at about 68
0

C in a water bath. An equal volume of 90% w/v redistilled 

o 
phenol at 68 C was added to the beaker and the mixture stirred rapidly 

with an overhead stirrer. After 10 minutes the beaker was removed from 

o 
the water bath and cooled rapidly in an ice bath to about 10 C. The 

two phases which formed on cooling were separated by centrifuging the 

mixture at 1 200 g for 30 minutes in a bench centrifuge. The upper 

aqueous layer was drawn off and the lower phenol phase, and insoluble 

fractions, extracted again with the same volume of distilled water as 

originally used. The aqueous layer was again withdrawn and the combined 

aqueous phases dialysed for 48 hours against running tap water, and then 

for 24 hours against 2-3 changes of distilled water. The phenol phase 

was also aspirated off from beneath the interfacial fluff and dialysed 

under the same conditions. 
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(2) CTAB Precipitation 

Acidic polysaccharides were precipitated with cetyltrimethyl-

ammonium bromide (CTAB). The techniques outlined below are those of 

Westphal & Jann (1965) and Scott (1960). To a solution of about 0.5% 

(w/v) polysaccharide in water was added 0.1 volumes of 2% (w/v) CTAB. 

The precipitate which formed wassedimented at 1 200 g for 30 minutes. 

Where material in the supernatant was also required, the supernatant 

was freeze dried. Polysaccharide material was recovered from these 

fractions by dissolving them in 0.5 M NaCl, precipitation with 10 volumes 

of cold ethanol, and dialysis of the redissolved precipitate. 

Fractional CTAB precipitation was achieved by dissolving the 

original polysaccharide material in 0.5 M NaCl and adding 0.1 volumes of 

2% (w/v) CTAB in 0.5 M NaCl. The resulting solution was diluted with 

water until a precipitate formed. This precipitate was removed by 

centrifuging at 1 200 g for 30 minutes. The supernatant was further 

diluted with water, and any more precipitate that formed was recovered 

as above. 

(3) Storage of Polysaccharides 

All final polysaccharide fractions were freeze dried for at 

least 48 hrs (about 24 hrs freeze drying time after all ice was removed) 

over P
2

0
S 

and subsequently stored in a sealed desiccator over P
2

0
S

. 

8 HYDROLYSIS AND ION EXCHANGE OF SAMPLES FOR CHROMATOGRAPHY 

(1) Neutral and Amino Sugars 

o 
1-5 mg of material was hydrolysed in 2 M HCl at 100 C for 

3 hrs in a sealed vial under nitrogen or in a vacuum. After hydrolysis 

the solution was neutralised with Dowex 1 X 8 (HC0
3

)20-80 mesh, filtered 

. + 
and passed through a column (0.6 x 3 cm) of Amber11te CG 120 (H ) 

100-200 mesh and neutral sugars eluted with 10 ml of distilled water. 

The eluate was dried and resuspended in 0.1 - 0.2 ml of distilled water. 
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When required, amino sugars were recovered from the Amberlite 

column by elution with 15 ml of 2 M HCl (made by diluting double 

distilled constant boiling AR HCl). The eluate was dried three times 

from distilled water and suspended in approximately 0.1 ml of distilled 

water. 

The CG120 (H+) Resin was regenerated by washing with 

(i) 10 ml dist. H
2

O 

(ii) 15 ml 2 N NaOH (AR) 

(iii) 10 ml dist. H
2

O 

(iv) 15 ml 2 N RCI (from const. boiling AR HCl) 

(v) 10 ml dist. H
2

O 

(2) Amino Sugars 

For specific analysis of amino sugars, 1-5 mg samples were 

hydrolysed in 4 M RCI (diluted from double distilled constant boiling 

AR HCl) for 3 hrs at 1000c in a sealed vial under nitrogen. After 

hydrolysis the solution was dried three times from distilled water, 

+ . 
transferred to a CG 120 (H ) column, washed wlth 10 ml of distilled 

water, and amino sugars eluted with 15 ml of 2 M HCl as before (section 

2.8.1) . 

(3) Amino Sugars and Amino Acids 

Samples for peptidoglycan analysis were hydrolysed in 

6 N HCl for 18 hours at 1000C under nitrogen. Humin was removed by 

centrifuging at 3 000 g for 5 minutes and the supernatant dried four 

times from distilled water. 

(4) Dilute Acid Hydrolysis of PC18Aq 

o 
PC18Aq was hydrolysed in 0.05M H

2
S0

4 
for 1 hour at 100 C 

in a sealed vial. The lipid A precipitated under these conditions and 

was removed by centrifuging at 1 000 g for 10 minutes. The supernatant 
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was neutralised with barium carbonate, centrifuged to remove the precipitate 

and the supernatant dried. 

9 CHROMATOGRAPHY 

(1) Paper Chromatography 

All chromatograms were run by descending chromatography on 

Whatman No. 1 chromatography paper. 

(2) Preparative Paper Chromatography 

For preparative chromatograms in which sugars were eluted 

from the paper for further analysis, Whatman No. 1 paper was used which 

had previously been washed with 0.1 M HCl and distilled water. Samples 

for preparative separations were applied as a streak along the baseline. 

Additional spots of sample and standards were applied near the edges of 

the chromatogram (guide strips). After chromatography the guide strips 

were cut off and sprayed with reagent. These strips were aligned with· 

the remainder of the chromatogram and lines drawn across the chromatogram 

running above and below the appropriate sample component on the guide 

strips. The marked area on the unsprayed chromatogram was cut out, 

tightly rolled and suspended in a centrifuge tube with a paper clip 

opened out to form a double ended hook. Distilled water was added slowly 

to the upper edge of the roll until the paper was saturated. Water was 

removed from the roll by centrifuging at 1 000 g for 5 minutes. 

The roll was again eluted with water and the combined eluates dried. 

(3) Thin Layer Chromatography (TLC) 

All thin layer plates were run in TLC tanks lined with filter 

paper saturated with solvent. After chromatography the plates were 

dried in a steam of warm air at 30-40
o

C. 
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(a) Cellulose TLC: 15 g of Machery and Nagel MN 300 cellulose 

powder was homogenised with 100 ml H
2
0.for three minutes.before spreading 

onto glass plates previously washed in protosol. The layer was spread 

0.25 rnrn thick, allowed to dry and incubated at 40
0

C overnight before use. 

Plates were stored at this temperature until used. 

(b) Mixed silica-gel-cellulose layers: These layers were 

prepared as described by Turner & Redgwell (1966). 10 g of MN 300 

cellulose and 4 g of silica gel G (Merk) were homogenised for 3 minutes 

in 80 ml of water. The layers were spread 0.25 rnrn thick and dried 

o 
overnight at 40 C. Plates were maintained at this temperature until 

required. 

(c) Silica gel G layers: ·40 g of silica gel G (Merck type' 

60) was thoroughly shaken with 60 ml H
2

0 and spread on clean glass plates 

as a 0.25 rnrn thick layer. When the layer was dry the plates were stored, 

and activated at 150
0

C for 0.5 hours just before use. 

10 ELECTROPHORESIS (Wilkinson & Carby, 1971) 

Amino sugars were run on a Shandon High Voltage Electrophoresis 

apparatus. Strips of Whatman 3 MM paper 13 x 56 cm,which had been 

soaked in pH 5.3 buffer (Appendix II) and blotted with filter paper 

were loaded with .samples, either as spots or strips, approximately 20 cm 

from the anode end of the paper. The paper was clamped between water 

cooled plates and 1 000 - 16000 V were applied for 60-90 minutes. The 

strip was dried in a fume cupboard and sprayed with an appropriate spray 

reagent. Preparative electrophoresis was carried out using similar 

techniques to those of paper chromatography (section (2. 9 .2)). 

In this electrophoresis system muramic acid moves slightly towards 

the cathode, mainly by electro-osmosis. Glucosamine and galactosamine 
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are not'separated from each other but are well separated from muramic 

acid, moving a considerably greater distance toward the cathode. 

11 NINHYDRIN OXIDATION (Work, 1971) 

Equal volumes of sample, and 2% (w/v) ninhydrin dissolved in 4% 

{v/v) redistilled pyridine in water, were mixed in a capillary tube and 

sealed. The tube was heated in a boiling water bath for 30 minutes 

and the contents spotted onto chromatography paper. 

12 DETERMINATION OF TOTAL CARBOHYDRATE 

The method of Dubois et ale (1956) was used. This method can be 

used directly on whole cell walls as the strong acid conditions 

solubilise all the material (Work, 1971). Most sugars except amino 

sugars give a positive reaction in this assay. The method was calibrated 

with a series of solutions made from AR Glucose. 

13 DETERMINATION OF PHOSPHORUS 

To 1 ml of solution containing phosphorus or 1-3 mg of cell wall 

in a 12 x 100 rom test tube was added 0.5 ml of 5 M H
2
S0

4 
.. The tube was 

heated to digest the walls, conc. HN0
3 

being added where necessary to 

complete digestion. Phosphorus in this solution was measured by the 

method of Fiske & SubbarDw (1925). The method was calibrated with a 

standard phosphate solution made from KH
2

P0
4 

heated overnight in an oven 

at 120
0

C and cooled in a desiccator over P
2

0
5

. 

14 DETERMINATION OF 3-DEOXY-OCTULOSONIC ACID (dOclA) 

The method of Weissbach & Hurwitz (1959) as modified by Osborn 

(1963) was used. The method was further modified by extraction of the 

chromogen into acidified butan-l-ol (Droge et al., 1970). Samples of 

about 1 mg were hydrolysed in 0.01 M H
2

S0
4 

for the time stated. Lipid A 
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was not removed after this hydrolysis because partial removal of 

unhydrolysed LPS would occur on centrifuging to remove lipid A. Instead, 

the sample was thoroughly mixed on a vortex mixer. Duplicate 0.2 ml 

samples were transferred to 10 ml conical centrifuge tubes and 0.25 ml 

of (0.04 M H5IO + 0.063 M H SO ) added and the solution vortex mixed. 
6 2 4 

-After standing for 20 minutes at room temperature, 0.5 ml of (0.2 M 

sodium arsenite + 0.5 M HCl) was added. The tube was again vortex 

mixed and stood at room temperature for 2 minutes, when 2 ml of aqueous 

3% w/v thiobarbituric acid was added. The tube was vortex mixed and 

heated in a boiling water bath for 20 minutes, when the tubes were 

cooled in tap water. To the cooled tubes, 5 ml of 5% (v/v) conc. HCl 

in n-butanol was added, and the tubes shaken vigorously to extract the 

chromogen. The two phases were separated by centrifuging at 450 -g for 

5 minutes. The presence of dOclA was indicated by an absorbance p~ak 

at 550 nm when the butanol phase was scanned in the visible spectrum. 

For quantitative analysis the absorbance of the butanol phase 

was read immediately at 550 nm against a water control processed as 

above. Standard solutions for calibration of the method were prepared 

from the dry crystalline ammonium salt of dOclA. 

This method is specific for 2-keto-3-deoxy sugars and -does not 

specifically identify dOclA. However since dOclA is normally the only 

2-keto-3-deoxy sugar present in lipopolysaccharide, this test is usually 

taken as indicating its presence. dOclA is used in this text for 

brevity, but with the knowledge that it is not absolutely identified. 
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15 DETERMINATION OF HEPTOSE 

Heptose was analysed by the spectrophotometric method of Wright 

& Rebers (1972). An absorbance peak or shoulder in the 500-505 nm 

region was taken as indicating the presence of heptose. For quantitative 

analysis a standard curve was prepared from D-Glucoheptose. Heptose was 

also determined by GIC of itsalditol acetate (section 2.18). 

16 DETERMINATION OF URONIC ACID 

Samples containing 1.9 - 5.0 mg of the material being tested, 

were assayed by the carbazole method of Dische (1947) as described by 

Davidson (1966). 

17 AMINO ACID/AMINO SUGAR ANALYSIS 

(1) Sample Preparation 

A preliminary time course hydrolysis with fraction PC18Phe 

showed that glucosamine release was at or near a maximum after 18 hours 

o 
hydrolysis in 4 M HCl at 100 C (figure 2.3). All subsequent samples 

were hydrolysed under nitrogen in sealed vials for 18 hours for the time 

stated in a boiling water bath. After centrifuging the vialsa:t 400 g 

for 5 min to remove liquid from the tips, they were opened and an 

appropriate amount of 1 mg/ml norleucine internal standard added and 

mixed. The solution was dried on a rotary evaporator at 40
0

C and residual 

HCl removed by drying from water a further three times, before dissolving 

the residue in O.Olmol/Ji. HCl for loading on the amino acid analyser. 

(2) Separation on the Amino Acid Analyser 

(a) Amino sugars: A Technicon TSM analyser was used with the 

conditions listed in Table 2.6. 
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FIGURE 2.3 

Time course hydrolysis of PC18 Phe in 4 M HCI at 
100·. Glucosamine released was expressed as a 
percentage of PC18 Phe. 
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Table 2.6 

Amino Acid Analyser Conditions, Amino Sugar Analysis 

Column - the 23.5 cm neutral column for acid hydrolysis was used. 

Resin - Technicon resin type C3 

o 
Column temp. - 60 C 

+ Pre-equilibration and elution buffer - 0.1 M citrate, 0.37 M Na , 

pH 5.25 

Wash fluid - 0.1 M NaOH 

Table 2.7 

Amino Acid Analyser Conditions for Amino Acids 

Acid/Neutral Column Basic Column 

Temperature 47
0

C 63
0

C 

Resin C3 C3 

Citrate buffers 1) pH 2.70+ 4% MCS+0.3 M 
.+ 

Ll. 1) pH 3.80 + 0.50 M 
listed 

2) pH 2.60+3.5% MCS+0.3 M 
.+ 

Ll. 2) pH 5.25 + 0.50 M 

3) pH 3.30+0.30 M 
.+ 

Ll. 3) pH 6.0 + 0.80 M 

4) pH 4.15+0.30 M 
.+ 

Ll. 

* MCS = methyl cellosolve 

Ninhydrin was used for colour development with hydrazine sulphate as 

reducing agent. Absorbance was measured at 570 nm and 440 nm. 

.+ 
Ll. 

.+ 
Ll. 

.+ 
Ll. 
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Under these conditions glucosamine and galactosamine were 

well separated from amino acids and from each other. Acidic and neutral 

amino acids were eluted together at the beginning of the run while basic 

amino acids were eluted much later. 

(b) Amino acids: The Technicon TSM analyser physiologic 

system was used, details of which are outlined in Table 2.7 

(c) Calculation of results: Results were calculated using 

the following formula: 

~ mole of aa in sample 
trace area aa 

standard area aa 
total area Nle 

x trace area Nle 

Nle nor leucine internal standard 

aa amino acid or amino sugar 

Components of the formula were determined as follows. Trace 

areas were calculated from the peak height multiplied by the width at 

half peak height. The standard area of each amino acid was determined 

from standard solutions (Technicon amino acid standard, or a standard 

made from glucosamine and galactosamine) run through the analyser and 

the area of each peak compared to that of norleucine internal standard. 

standard area 

Total area Nle 

trace area aa 
~ moles aa 

total area Nle x 
trace area Nle 

area produced by I ~ mole aa 

area produced by the Nle if all the internal 

standard added to the sample was run through 

the analyser (determined from areas produced 

by known amounts of internal standard run 

through the analyser) . 



54. 

18 -GAS-LIQUID CHROMATOGRAPHY OF CARBOHYDRATES 

(1) Sample Preparation 

Samples of about 5 mg were hydrolysed in 0.1 M HCl (Schmidt 

et al., 1970) at 1000C for 48 hrs or the time stated, under nitrogen or 

in a vacuum in sealed vials. The vials were centrifuged at 400 g for 

5 min to remove liquid from the tips, opened, 2-deoxyglucose internal 

standard added and vortex mixed. The solution was washed into a column 

+ . of AmberliteCG.120 (H ) reSln and eluted with 15 ml of H
2
0. The eluate 

was neutralised with Dowex 1 (HC0
3

) X8 and dried. 

Reduction and acetylation procedures used were those of 

Spiro (1972). To the dried sample, 2 ml of 1% (w/v) sodium barohydride 

was added, th~ solution vortex mixed, and stood overnight at 4
o

C. The 

pH was reduced to approximately pH 4.5 with 5 M acetic acid. The 

+ solution was then passed through an Amberlite CG 120 (H ) column and 

dried. Borate was removed by drying the residue three times from a 

solution of (methanol + a few drops of glacial acetic acid). The 

residue was transferred to a freeze drying vial with water and dried 

on a rotary evaporator •. _Traces of water remaining were removed under 

vacuum overnight. 

Dry pyridine for acetylation was prepared by either: 

(i) refiuxing with 10 g/litre ninhydrin and then distillin~ 

This pyridine was stored in an open flask in a sealed 

jar containing NaOH pellets. 

or (ii) refluxing over KOH pellets and then distilling the pyridine 

off the KOH pellets. This pyridine was stored in a sealed 

bottle over KOH pellets. 
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The alditols were acetylated by addition of 0.25 ml of acetic 

anhydride and 0.25 ml of dry pyridine to the vial, sealing and heating 

in a boiling water bath for 1 hour. The acetylation mixture was then 

o 
dried under a stream of nitrogen at 37 C, transferred to a small capped 

polyethylene vial with pyridine, and dried. Samples were stored in 

these tubes over silica gel desiccant in a deep freeze until required. 

(2) GLC Conditions 

Samples were dissolved in 25-50 ~l of dry pyridine just prior 

to injection into a gas chromatograph (Table 2.8) . 

(3) Calculation of Results 

The area under each peak produced by the GLC was measured 

using the formula: peak area = peak height x width at half peak height. 

Molar response values were calculated in the following manner. 

A standard solution was made from the following sugars which were stored 

in a desiccator over P 05:- b-Glucose (AR), D(+) Mannose (LR), L(-) Fucose, . 2 

L(+) Rhamnose (monohydrate), 2-Deoxy-D-glucose (all BDH chemicals), and 

D-Glucoheptose, (L-gZycero-L-guZo-Heptose) (Sigma chemicals). A sample of 

the standard solution was mixed with internal standard in a hydrolysis vial 

and dried. Duplicate samples were reduced and acetylated either with or 

without prior hydrolysis under the conditions described above. These samples 

were chromatographed on the GLC and the area under each peak measured. The 

response factors were determined from these areas using the equation below. 

~ mole IS* 
Response factor (R) = 

area IS 
x area sugar 

~ mole sugar 
*IS Internal Standard 

When hydrolysed samples were chromatographed and the peak areas 

determined as above, the amount of sugar in each polysaccharide could be 

determined using the following equation: 

~ mole IS area sugar 
~-------- x x 
area IS R x wt sample (l1g) 

wt/wt% sample 
M x 100 

1 

The response values obtained were listed in Table 2.9. Only those values for 

hydrolysed sugars were used in the calculations, the values for unhydrolysed 

sugars being included for comparison only. Lower values for the hydrolyse~ 

sugar response factor allow for degradation of the sugar during hydrolysis. 



Table 2.8 

GLC Conditions for Carbohydrate Assay 

pye series 104 gas chromatograph 

~ inch O.D. x 6' glass column 

56. 

Instrument 

Colunm 

Stationary phase 

N2 carrier gas flow 

Oven temperature 

Injector temperature 

Detector temperature 

Detector 

3% ECNSSM on 100/120 mesh gas chromo Q 

40 ml/minute 

Detector gases H2 

" " dry air 

204
0

C 

Setting No. 4 

250
0

C 

Flame ionisation 

40 ml/minute 

700 ml/minute 

Table 2.9 

Response Values Determined for GLC of Sugars 

Unhydrolysed Sugars Hydrolysed 

Rhamnose 1.13 1.06 

Fucose 1.12 0.98 

Mannose 1.03 0.97 

Galactose 1.07 0.96 

Glucose 1.03 0.91 

D-Glucoheptose 0.93 0.78 

Sugars 
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(4) Sample Analysis 

Schmidt,et al., (1970), have hydrolysed lipopolysaccharides 

under a variety of conditions and found 0.1 M HCl for 48 hours at 1000C 

the most suitable conditions for hydrolysis, as it caused least 

degradation of heptose and was preferred for GLC of this sugar. The 

applicability of 0.1 M HCl hydrolysis to the rather insoluble phenol 

phase polysaccharides extracted from PC18 cell walls was examined. 

PC18Phe was hydrolysed in 0.1 M HCl for 24, 48 and 72 hours, 

and the weight percent of each sugar in the whole polysaccharide 

determined (Table 2.10). These results confirmed that optimum hydrolysis 

occurred at 24-48 hours. Subsequent samples were hydrolysed in 0.1 M 

o 
HCl at 100 C for 48 hours. 

19 ANALYSIS OF FATTY ACIDS 

(1) Extraction of Free Lipids from Lipopolysaccharides 

Free lipids were extracted by the method of Leive et al., 

(1968) with some modifications. About 20 mg of sample was weighed into 

a 15 ml conical centrifuge tube and 2 ml of methanol (redistilled) added. 

The sample was vortex mixed and extracted in a 55
0

C water bath for 

15 minutes with shaking. Redistilled chloroform (4 ml) was then added, 

and the tube shaken for 30 minutes at room temperature after standing 

for at least two hours. Methanol (2 ml) was added to the tube, mixed in, 

and the tube centrifuged for 15 minutes at 1 500 g. The sediment was 

washed once with 2 ml of chloroform:methanol 1:1. The combined extract 

and washings were dried under vacuum. The final sediment was suspended 

in 1-2 ml of chloroform:methanol 1:1 and transferred to a preweighed 

screw cap tube with a teflon lined cap. The solvent was evaporated off the 

before the tube was weighed again to determine the weight of extract. 
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Table 2.10 

Time Course Hydrolysis of PC18Phe for Neutral Sugars in 0.1 M HCl 

Hours at wt/wt % of Total Polysaccharide* 

1000C Mannose Glucose Heptose I Heptose II 

24 6.9 1.7 1.2 0.4 

48 6.9 2.1 1.1 0.5 

72 5.9 1.6 1.0 0.6 

* Not corrected for destruction during hydrolysis 
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(2) Hydrolysis of Fatty Acids (Rietschel et al., 1972) 

Each sample was weighed into a screw cap tube with a teflon-

lined cap and 1 ml of internal standard solution added which was then 

o 
dried under a stream of N2 at 40 C. The contents of the tube were 

suspended in 2 ml of 4 M HCl by vortex mixing. Hydrolysis was then 

carried out in the sealed tubes ina boiling water bath for 5 hours. 

Liquid at the top of the tube was removed by centrifuging it at 500 g 

for 5 minutes. The contents of the tube were extracted four times with 

2 ml of chloroform, centrifuging at 500 g for 5 minutes each time to 

separate the phases. The combined chloroform extracts were transferred 

to a "Quickfit" test tube and dried under a N2 stream at 40
o

C. 

(3) Methylation of Fatty Acids 

The fatty acids were methylated by refluxing in 5 mls of 

(methanol:toluene:conc. H
2

S0
4

, 20:10:1 by vol.) for 1.5 hours. To the 

cooled solution 5 ml each of redistilled petroleum ether and 10% Na CO 
2 3 

were added and the tube gently shaken for three minutes. When the phases 

had separated after standing for a few minutes, the lower aqueous layer 

was aspirated off. The organic layer was then washed twice with 5 ml 

of water, dried over anhydrous sodium sulphate, and the solvent removed 

in a stream of nitrogen at 35
0

C. 

(4) Transmethylation of Fatty Acids 

Lipopolysaccharide was weighed directly into quickfit tubes, 

1 ml of internal standard added and dried under a N2 stream of 40
o

C. 

The sample was dissolved in 5 ml of (methanol:toluene:conc. H
2
S0

4
, 

20:10:1 by vol.) by vortex mixing. The solution was refluxed for six 

hours and the methyl esters extracted as in the previous section (2.19.3). 
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(5) Separation of Fatty Acid and Hydroxy Acid Methyl Esters by TLC 

The methyl ester mixture was applied to a silica gel G TLC 

plate as a band and run in solvent J. After drying, the plate was sprayed 

with Ultraphor and observed under UV light. The upper band containing 

fatty acid methyl esters was scraped off the plate and the scrapings 

eluted twice with 5 ml-of hexane:ether l:l(v/v). The lower band 

containing hydroxyacids was similarly scraped off the plate and eluted 

twice with 5 ml of chloroform:methanol 1:3 (v/v). The extracts were 

then dried. 

(6) Preparation of Trimethy1silyl Derivatives of Hydroxy Acids 

Methyl esters, prepared as in sections 2.19.3 or 2.19.4, 

were trimethylsilylated by the method of Yamakawa and Utea (1964) as 

described by Rietschel, et al. (1972). Chlorotrimethylsilane (0.5 ml) 

(Merck, for GLC) and hexamethyldisilazane (0.5 ml) (Hopkin & Williams) 

were added to dry pyridine (2.5 ml) (dried with KOH, section 2.1B.1), 

and the mixture centrifuged at 1 000 g for 5 minutes. 0.25 ml of the 

supernatant was added to the dry methyl esters, mixed, stood at room 

o 
temperature (approx. 20 C) for 10 minutes, and heated for 2 minutes in 

a boiling water bath- (the vial being sealed with a screw cap). Excess 

silylating reagent was destroyed by addition of 0.3 ml of distilled water. 

The fatty acid methyl trimethylsilyl esters, and fatty acid methyl esters 

were then extracted into 0.5 ml of n-hexane and the hexane layer washed 

four times with 0.5 ml portions of water. The hexane fraction was dried 

over anhydrous sodium sulphate and the solvent removed in a steam of 

. 50 nltrogen at 3 C. 

(7) Bromination of Methyl Esters 

Methyl esters were dissolved in approximately 0.5 ml of 

redistilled diethyl ether and cooled to -lBoC. 20% bromine in diethyl 

o 
ether precooled to -lB C was added to the ester solution until the bromine 
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colour persisted (2-3 drops). The solution was then evaporated to 

o 
dryness under N2 at 30 C. The residue was dissolved in 0.1 ml of dry 

petroleum ether just prior to injection into the gas chromatograph. 

(8) Gas Chromatography of Fatty Acid Methyl Esters 

Methyl esters were dissolved in 0.1 - 0.2 ml of n-hexane or 

redistilled petroleum ether and 1-3 ~l samples injected into the gas 

chromatograph. 

(a) Internal standard: A standard solution of stearic acid 

(Analabs'i99 + mole % pure') was made up in redistilled chloroform which 

was added to samples and standards in 1 ml amounts. Response factors 

were determined on a weight basis and are listed in table 2.11. Relative 

retention times were based on the C
18

:
0 

internal standard. 

(b) Calculation of results: When samples were chromatographed 

and the peak areas determined as in 2.18.3, the amount of fatty acid (FA) in 

each lipopolysaccharide could be determined using the following equation: 

wt/wt% sample 
mg IS 

area IS 
x 

Area FA 
R x mg sample 

x 
100 

1 

(c) GLC conditions: GLC conditions used to separate fatty 

acids are listed in Table 2.12. 

(9) Analysis of Short Chain Fatty Acids 

Samples of 8-10 mg were saponified in 0.5 M KOH for 3 hours at 

1000C in sealed vials. The vials were centrifuged to remove liquid from 

the top of the vial, opened, internal standard (valeric acid) added and 

mixed. The solution was dried and resuspended in 0.05 ml of 50% phosphoric 

acid immediately before injecting 3-4 ~l into the gas chromatograph. The 

internal standard used was a solution of valeric acid (Baker analysed) 

which was not present in samples alone. The acid was made up in 0.1 M NaOH. 
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Table 2.11 

Weight Response Factors for GLC of Fatty Acids 

Response factors - Response factors used 
determined but not determined 

Cll : O 
0.95 C 

13:1 
0.96 

C13 : 0 
0.96 ClS : l 

1.00 

CIS :'0 1.00 C16 : 0 
1.00 

C17 : 0 
1.00 C16 : l 

1.00 

C18 : 0 
1.00 C17 : l 

1.00 

30HC13 : 0 
0.76 All other 

hydroxyacids 0.76 



Table 2.12 

GLC Conditions for Fatty Acid Analysis 

Column Number 1 2 

Instrument Varian Series 3S00 pye Series 104 
Gas Chromatograph Gas Chromatograph 

Column l/S" x 6' stainless steel la" x 6' glass 

Stationary phase 10% EGSSX on Gas 2% SES2 on 
Chromo P Diatomite 

Oxygen free N 
carrier gas ffow 

30 ml/minute 40 ml/minute 

Oven temperature/ a) ° 160°C Isothermal ISO C Isothermal 
Program b) 130°C for 7 mins., then 

programmed at 10°C/minute 
to 190°C and held. 

c) 140°C programmed immediately 
at SOC/minute to 190°C and 
held. 

Detector Flame ionisation Flame ionisation 

Detector temp. 210°C 2S0oC 

Detector Gases 
- H 30 ml/minute 40 ml/minute 2 . 
- dry air 300 ml/minute 700 ·ml/minute 

Injector 
temperature 

230°C Setting" No. 4 

3 

Phillips GCD 
Gas Chromatograph 

la" x 6' glass 

2% SES2 on 
Diatomite 

20 ml/minute 

ISOoC for 6 mins. 
then programmed at 
SOC/minute and held 

Flame ionisation 

300°C 

27 ml/minute 
300 ml/minute 

260°C 

(j'\ 

w 



Table 2.13 

Weight Reponse Values for GLC of Volatile Fatty Acids 

Standard 

Acetic acid 

Propionic acid 

Butyric acid 

Isobutyric acid 

Isovaleric acid 

Response Value 

0.36 

0.57 

0.57 

1.13 

1.20 

64. 
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Response values were determined as in (section 2.18.3). Calculations 

were also made using the formula in section 2.18.3. Weight response 

values were determined from the following standards:- sodium acetate (AR) , 

sodium propionate (LR) , isobutyric acid (LR) and isovaleric acid (LR) 

with the internal standard valeric acid added. Response values obtained 

are listed in table 2.13. 

(10) Preparation of 3-hydroxy-Tridecanoic Acid 

3-Keto-tridecanoic acid methyl ester was synthesised by the 

method of Stallberg-Stenhagen (1945) via the route:-

Fatty acid (C ) + acid chloride + acylacetoacetate + 3-keto-methyl ester (C ) 
11 . 13 

The 3-keto-ester was hydrolysed to the free acid by the method 

of Mitz et al. (1950) and reduced to the 3-hydroxyacid with sodium 

borohydride (Kamio et a1., 1972b). These steps are_outlined schematically 

below. 

Cl Cl 
I I 

R-COOH + O=C-C=O 

o H 0 
II I II 

R-C-C-C-O-CH a 3 
< 

HAC/HCl 

o .. 
+ R-C-Cl 

R ¥ R (1) NaBH4 R-C-y-C-OH ------~--------+) 

H (2) HCl 

o H 0 n I II 
CH -C-C-C-O-Et 

3 • 

yH3 
C=O 

R I R 
R-C-C-C-O-Et 

H 

HOH 0
1 I I I 

R-C-C-C-OH 
I 1 
H H 

Reagents:- Dry benzene was prepared by drying AR benzene with sodium metal. 

Dry ethylacetoacetate was prepared by drying ethylacetoacetoacetate with 

anhydrous sodium sulphate. Reactions in sections a, band c below were 

protected with CaC1
2 

drying tubes. 
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(a) Preparation of the acyl chloride: Ten grams of undecanoic 

acid (Sigma Chemical Co. approx. 99%) was dissolved in 50 ml of dry 

benzene and 6 g of oxalyl chloride added. The mixture was kept at 35
0

C 

for three hours. Excess oxalyl chloride and benzene were then removed on 

o 
a rotary evaporator at 35 C. 

(b) Preparation of the Na derivative of ethylacetoacetate: 

Eight point five grams of dry ethylacetoacetate was added to 1.3 g of 

sodium in 50 ml of dry benzene and the mixture refluxed for 2 hours. 

(c) Preparation of the acylacetoacetate: The acyl chloride 

prepared in (a) was added to the cooled sodium ethyl-acetoacetate (b) 

through a dropping funnel over a period of about 30 minutes and then 

refluxed for 15 minutes. The solution was cooled and poured into very 

dilute sulphuric acid in ice. The liquid phase was poured off the 

excess ice into a separating funnel and the ice rinsed twice with water, 

the rinsings being added to the separating funnel. Fifty millilitres of 

ethanol (AR) was added and the lower aqueous phase drawn off and retained. 

The remaining organic layer was washed three times with very dilute 

ethanol and the washings retained. The combined aqueous phases were then 

extracted with diethyl ether (AR) and the ether extract added to the washed 

benzene fraction. This mixture was dried over anhydrous Na
2

S0
4 

and dried 

o on a rotary evaporator at 35 C. 

(d) Preparation of 3-keto-tridecanoic acid methyl ester: One 

point five grams of Na dissolved in 40 ml dry methanol was added to the 

residue above with magnetic stirring at room temperature for 16 hours 

a,nd ext;r;action with ether. 
before addition to excess very dilute sulphuric acid in ice~ The organic 

phase was separated off in a separating funnel, dried over anhydrous Na
2

S0
4 

o 
and evaporated to dryness on a rotary evaporator at 35 C. The residue was 

dissolved in about 80 ml of acetone (AR) in a conical flask insulated with 

several layers of paper, all contained within a 250 ml beaker. The beaker 
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and contents were cooled in dry ice/ethanol overnight.,.,wrren crystals or 

precipitated material filtered off at dry ice/ethanol temperature by the 

method of Smith (1939). Some difficulty was encountered in obtaining 

good crystallisation and the above process was repeated on the filtered 

material several times until reasonable crystal formation was obtained. 

The melting point of this material was 20-20.5
0

C. According to Stallberg-

Stenhagen (1945) 3-keto-tridecanoic acid methyl ester has M.P. 21.l
o

C. 

(e) Preparation of 3-keto-tridecanoic acid: The methyl ester 

(d) was dissolved in 5 ml of glacial acetic acid and concentrated HCl 

added dropwise until the solution appeared cloudy. Good crystallisation 

of the acid form was achieved after 48 hr at room temperature. The crystals 

o 
(M.P. 80.2 - 80.7 C) were filtered off and dried under vacuum over P

2
0

5 

and NaOH pellets. 

(f) Preparation of 3-hydroxy-tridecanoic acid: 3-keto-

tridecanoic acid (0.42 g) was dissolved in 70% methanol and made alkaline 

by dropwise addition of 2 M NaOH. To this 0.58 g of NaBH was added and 
4 

the mixture stood overnight at room temperature. The solution was then 

. acidified by dropwise addition of 6 mol/t HCl and extracted three times 

with benzene. The combined benzene extracts were washed once with very 

dilute HCl and taken to dryness on a rotary evaporator. The residue was 

further dried under high vacuum for three hours over sodium hydroxide. 

o 
A small volume of warm dry benzene (approx. 60 C) was used to dissolve 

the dried acid and 2 volumes of warm dry n-hexane (approx. 60
o

C) added. 

This solution was placed in a prewarmed vacuum flask, capped and allowed 

to cool overnight. Fine needle-like crystals of 3-hydroxy-tridecanoic 

acid which formed overnight were filtered off on a No. 3 sintered glass 

funnel and recrystallised as above. The final product was dried under 

o 
high vacuum over P

2
0

5 
and had M.P. 20.0 - 20.5 C. According to Shemyakin 

o 
et al. (1967) 3-hydroxy-tridecanoic acid has M.P. 21.1 C. 
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(g) Purity of 3-Hydroxy-tridecanoic acid: The purity of the 

-final product (3-hydroxy-tridecanoic acid) and the intermediate product 

3-keto-tridecanoic acid were established by TLC of their methyl esters. 

3-Hydroxy-tridecanoic acid was methylated for 1.5 hou~s (section 2.19.3) 

and the methyl ester loaded onto a Silica gel G TLC plate along with the 

-3-keto-tridecanoic acid methyl ester (both at two different loadings) 

and a sample of GA192 Phe methyl esters (prepared by 6 hr transmethylation, 

section 2.19.4). The plate was run in solvent J, dried at room temperature 

and sprayed with ultraphor (Appendix 2). 3-Hydroxy-tridecanoic (3-0H 

C
13

:
0

) acid and 3-keto-tridecanoic (3-keto-c
13

:
0

) acid methyl esters each 

produced only a single intense spot when examined under ultra violet light 

while GA192 Phe methyl esters produced two spots (Table 2.14). No other 

-lipids detectable by ultraphorcouldbe seen on the plate. A quantitative 

estimate of purity of the 3-hydroxy-tridecanoic acid was obtained by running 

its methyl ester (prepared as above) on the EGSSX column in the gas 

chromatograph with temperature program b, Table 2.12. One very small peak 

was noted at about the position of undecanoic acid methyl ester and one 

very large peak eluting just after the stearic acid internal standard; no 

other peaks were detected. From a direct comparison of peak areas (not 

using response values), it was estimated that the 3-hydroxy-tridecanoic 

acid preparation was greater than 99.9% p~e. (N.B. This is only in 

respect to any impurities that can be detected on the GLC and under these 

conditions. ) 

20 PREPARATION OF LIPID A AND SOLUBLE POLYSACCHARIDE 

Samples of lipopolysaccharide (4-10 mg) were weighed directly into 

a preweighed hydrolysis tube and suspended in 0.1 M acetic acid (5 ml) 

and sealed (Teflon lined screw cap). The tubes were heated in a boiling 

water bath for a set time, removed from the bath and the outside of the 



69. 

tube thoroughly cleaned. The whole tube was centrifuged at 1 500 g for 

20 minutes, the supernatant transferred to an ultracentrifuge tube, and 

centrifuged at 100 000 g for 3 hr. The sediment was washed three times 

with distilled water. All supernatants were combined in a preweighed 

vial and all sediments were combined in the original vial. These fractions 

were then freeze dried over p
2

0
S 

to constant weight. 

Table 2.14 

~ values of 30H C
l3

:
0 

and GA192Phe hydroxy acid methyl esters on TLC 

GA192Phe 
methyl esters 

0.69 

0.39 

3-keto-C 
13:0 

methyl ester 

0.47 0.47 

3-hydroxy-c
13

:
0 

methyl ester 

0.39 0.39 



CHAPTER 3 

WHOLE CELL WALL RESULTS 

1 PREPARATION OF WHOLE CELL WALLS 

(1) Water-Salt Washes 

Procedures for preparation of clean cell walls use a 
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homogeniser to break open the cells, followed by washes of salt solutions 

and distilled water to remove cytoplasmic material (Salton, 1964). This 

process, using water and 0.9% NaCl washes, was applied to PC18 and 

GA192 cells and is listed in Table 2.3. After three water washes 

(Step 4, Table 2.3), when most of the viscous cell contents had been 

removed, the walls showed a strong tendency to clump, causing sedimentation 

of the walls at very low centrifuge speeds. Heavy material could be_ 

removed from the walls only by scraping the cleaner portion of the pellet 

off the contaminated portion. This led to large losses of material. In 

addition, ribose was found in acid hydrolysates of this material when 

paper chromatograms were run in solvent 1, indicating that RNA was present. 

To reduce losses and obtain a purer product an attempt was made to reduce 

the clumping of walls. 

(2) Reduction of Clumping 

Clumping of walls is known to occur in several species of gram 

positive bacteria (Salton, 1964). In these cases detergents or alkali 

have been used to reduce clumping. These methods could not be used with 

the gram negative cell walls of Selenomonas ruminantium without risking 

loss of lipopolysaccharide from the walls. Similarly, EDTA may remove 

lipopolysaccharide from walls (Roberts et al., 1970), and could not be 

used to reduce flocculation if caused by metal ions. 
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A range of buffers of different pH's was evaluated on the 

assumption that the cause of clumping could be an ionic effect. Cell 

walls from PC18 were prepared up to Step 10 of Table 2.3 and divided 

into three equal portions. These were each suspended in a different 

buffer (listed below) • 

0.1 mol/t sodium acetate - acetic acid buffer pH 4.0 

0.1 mol/t tris HCl buffer pH 8.0 

0.1 mol/t tris HCl buffer pH 9.0 

Acetate buffer pH 4.0 gave a very poor suspension and 

flocculation in this buffer was extensive. However tris HCl buffers 

pH 8.0 and 9.0 both gave a better suspension than distilled water alone. 

(3) Final Procedure 

A revised washing procedure, using 0.1 M tris HCl pH 8 buffer 

and 0.1 M tris HCl pH 8 - 1 mol/t NaCl solutions, was devised from the 

above experiments and is listed in Table 2.4. However the large number 

of washings required in this procedure also resulted in very low yields 

of clean walls for analysis, and they still showed clumping when examined 

by electron microscopy, but the product was free of ribose (Table 3.1). 

(4) Purity of Wall Preparations and Their Structure 

The purity of wall preparations was monitored by phase contrast 

microscopy, and electron microscopy (E.M.). Final preparations were free 

of whole cells as judged by phase contrast-microscopy. 

Clumping of wall samples prevented accurate determination of 

purity by E.M. of shadowed samples. Most walls appeared bound up in 

large clumps obliterating details of the cell walls, even when the wall 

suspension was homogenised immediately prior to deposition on the grid. 

Some improvement was obtained by depositing the walls on the grid from a 

suspension in 0.1 M tris HCl buffer pH 8.0. Figures 3.1 and 3.2 are E.M.'s 
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of shadowed wall preparations showing walls which were free of clumps. 

The purity of gram negative wall preparations such as these is, in fact, 

difficult to determine because the "membranous layers" from the walls 

may peel off and reassociate with the walls (Work, 1971). In both strains 

portions of the outer membrane appear to have been lost, exposing the 

underlying layer. This loss of outer membrane material is consistent 

with the recovery of lipopolysaccharide from the cytoplasmic fraction 

left after preparation of crude walls (section 5.2.12c). 

Thin sections of wall preparations from strain PC18 were made 

to assess the purity of walls bound in clumps; one is shown in Figure 3.3. 

These sections showed that all cytoplasm and cytoplasmic membrane had 

been removed from the walls, indicating that the wall preparation was 

substantially pure. Thin sections of whole cells of both strains 

(Figures 3.4 and 3.5) have been included for comparison. Dr J. Chalcroft 

kindly sectioned walls of strain PC18 and provided E.M.'s of whole cell. 

thin sections. Both strains possess the 'rigid' layer external to the 

cytoplasmic membrane, Figures 3.4 and 3.5, and underlying a wavey, double 

track layer of outer membrane, characteristic of gram negative cell walls 

(Freer and Salton, 1971). Additional amorphous material is also present 

in GA192 on the outer edge of the outer membrane. However microscopic 

examination of intact cells of both strains in india ink indicated that 

these strains do not possess a capsule, in agreement with Bryant (1974). 

2 ANALYSIS OF WHOLE CELL WALL PREPARATIONS 

(1) Neutral Sugars 

Washed walls were hydrolysed for neutral sugars and run on 

paper chromatograms in solvents A and B. These papers were developed with 

silver nitrate or p - anisidine spray reagents. Each component was 

tentatively identified by its mobility relative to a standard and by its 

colour reaction with p-anisidine (Table 3.1). 
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~ J 

Figure 3.3 

Thin Section of S. ruminantium Cel l Wall 

Preparation X 49 000 
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Figure 3 .4 

Thin Section of S . ruminantiwn strain GA192 

Whole Ce ll. X 120 000 . 
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Figure 3 . 5 

Thin Section of S . ruminantium strain PC18 Whole Cell . 

X 170 000 . 
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Table 3.1 

Mobility of Whole Cell Wall Neutral Sugars 

on Paper Chromatography in Solvents A and B* 

GA192 PClS 
Solvent A B A B 

Rhamnose ye 1 low/ 3.61(3.55) 2.65 (2. 67) 
brown 

Ribose Pink (3.22) (2.30) - (2.33) 

Fucose yellow/ 2.14(2.22) 2.00(2.05) 
brown 

Mannose yellow/ 1.39(1.40) 1.14(1.16) 1.20(1.26) 1.24(1.24) 
brown 

Glucose yellow/ 0.9S(1.00) 0.96 (1. 00) 0.97 (1.00) 0.99 (1. 00) 
brown 

Galactose yellow/ 0.73(0.75) 0.93(0.94) 0.93(0.94) 0.S5(0.85) . 
brown 

Mobility expressed as R 1 
g ucose * 

Mobility of corresponding standards in parenthesis 

Table 3.2 

Mobility* of GA192 Whole Cell Wall Amino Sugars in 

Paper Chromatography and Electrophoresis 

Electrophoresis Paper Chromatography Solvent 
pH 5.3 C D 

Unknown Gl 1.00 1.50 

Unknown G2 1.00 1.32 

Muramic acid 0.47 (0.48) 1.15 (1.17) 0.62(0.62) 

Glucosamine 1.00 (1. 00) 1.06(1.00) 0.9S(1.00) 

Galactosamine 1. 00 (1.00) 0.96(0.96) 0.S3(0.83) 

* Mobility expressed as R 1 . g ucosaml.ne 

Mobility of corresponding standards in parenthesis 



78. 

Sugars in the hydrolysates were also identified by co

chromatography in solvents A and B. In each case the sample and its 

corresponding standard co-chromatographed. Attempts to further identify 

rhamnose and fucose in samples with periodate-piperazine spray produced 

inconclusive results because of the small quantities of these sugars 

present on the chromatogram. These two sugars were isolated by preparative 

chromatography and the concentrated sugars spotted onto chromatography 

paper which was sprayed directly with periodate-piperazine reagent. The 

sample corresponding to fucose turned blue indicating a deoxy sugar, while 

that corresponding to rhamnose produced a faint trace of blue. These 

sugars were further characterised by thin layer and gas liquid chromatography 

in lipopolysaccharide fractions of walls. 

(2) Amino Sugars 

Samples of both PCl8 and GAl92 cell walls were hydrolysed for 

amino sugars and separated by preparative electrophoresis. Each of the 

separated fractions contained up to four amino sugars, which were resolved 

by paper chromatography in solvents C and D. Tables 3.2 and 3.3 list 

the electrophoretic and chromatographic mobilities of the sugars. Each 

amino sugar gave a dark spot with silver nitrate spray reagent, and a 

pink-violet colour with ninhydrin spray. 

(a) GAl92 wall amino sugars: Muramic acid, glucosamine and 

galactosamine were tentatively identified in the walls (Table 3.2). Two 

unidentified amino sugars (GI, G2) were also present, but were only just 

visible. The small amounts of these two sugars prevented further analysis 

of them. 

(b) PCl8 wall amino sugars: Glucosamine, galactosamine and 

muramic acid were tentatively identified in these walls (Table 3.3). 

Three unidentified amino sugars were also found. One of these sugars (E2) 

was later found to be a mixture of two incompletely hydrolysed products 
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Table 3.3 

Mobility* of PClS Whole Cell Wall Amino Sugars in 

Paper Chromatography and Electrophoresis 

Electrophoresis Paper Chromatography Solvent 
pH 5.3 C D 

Unknown G3 1.00 1.37 

Unknown El 1.15 1.27 

Muramic acid 0.55(0.56) .... 1.09(1.08) 0.6S(O.68) 

Glucosarnine 1.00(1.00) 1.00 (1. 00) 0.99 (1. 00) 

Galactosamine 1.00(1.00) 0.91(0.91) 0.S4(O.86) 

Unknown E2 0.S3 0.7S 

* Mobility expressed as R 1 . 
g ucosarnlne 

Mobility of corresponding standards in parenthesis 

Table 3.4 

Mobility* of Ninhydrin Oxidised Amino Sugars From 

Whole Cell Wall Electrophoretogram R 1 =1.00 Fraction in Solvent E 
Eh:cN 

GA192 
GleN/GaIN 

Band 

Ribose (1.25) 

Lyxose 1.12 (1.13) 

Xylose (1.08) 

Arabinose 0.97(1.00) 

PClS 
GleN/GaIN 

Band 

(1.37) 

1.27(1.26) 

(1.11) 

1.01(1.00) 

* Mobility expressed as R ab' (PClS and GA192Aq were run on separate 
ar lnose 

papers. ) 

Mobility of corresponding standards in parenthesis. 
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(section 5.2.3c). The small amounts of unidentified sugars again 

prevented further analysis of them. 

(c) Ninhydrin oxidation: Samples from the electrophoretogram 

fraction with R 
GlcN 

1.00 of PC18 and GA192 were oxidised by ninhydrin. 

Chromatography of the products in solvent E (Table 3.4) produced two 

spots with the mobility of arabinose and lyxose, for both GA192 and PC18, 

supporting the identification of glucosamine and galactosamine in the 

samples, as under these conditions only galactosamine and talosamine are 

degraded to lyxose, while glucosamine and mannosamine are degraded to 

arabinose. 

(3) Total Carbohydrate and Phosphorus Content 

Analysis of the cell wall preparation for carbohydrate and 

phosphorus content produced the results listed in Table 3.5. 

3 SUMMARY AND DISCUSSION OF CELL WALL ISOLATION AND COMPOSITION 

The cell walls of Se"lenomonas showed a strong tendency to clump when 

semipurified. This clumping could be due to hydrophobic association of 

~he walls through the hydrophobic phenol soluble lipopolysaccharide, 

either directly from wall to wall, or by lipopolysaccharide being 

stripped off the wall and associating into insoluble aggregates aggluti-

nating the walls. The later observation of large amounts of glycogen 

present in whole cells (section 5.2 12.b) also raises the possibility 

of glycogen binding to the walls and causing clumping. However the low 

total carbohydrate content of about 10% suggests that contamination by 

glycogen in the final preparation must have been very small. The use of 

enzymes such as a amylase was avoided during wall. preparation largely 

because the structure of wall components was unknown and consequently 

the effect of such enzymes on wall components was unpredictable. The 

observation that some outer membrane has been stripped off the walls, 
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and recovery of lipopolysaccharide from the cytoplasmic fraction after 

wall isolation (section 5.2.12), supports the view that lipopolysaccharide 

may be partly stripped off and reassociate with the walls. This also 

happens in other bacteria (Roberts et al., 1967; Work, 1971). 

Table 3.6 shows the composition of PC18 and GA192 whole cell walls 

determined in this section. Neutral sugars have been tentatively 

identified by the following means: 

(a) Chromatography and co-chromatography in two different solvents. 

(b) Specific colour reaction with silver nitrate, p-anisidine, 

and periodate-piperazine reagents. 

The amino sugars glucosamine and galactosamine have been tentatively 

identified from their identical behaviour with the corresponding standards 

in:- electrophoretic mobility, mobility in two chromatography solvents, 

reaction with two chromatography spray reagents, and the nature of their 

ninhydrin degradation products. unidentified amino sugars were detected 

in both strains. Analysis of these sugars was severely restricted by 

their very low concentration in the sample and the very small amounts of 

walls available for analysis. It is likely however, that the unidentified 

amino sugars, Gl, G2 and G3, are the unidentified amino sugars found later 

in wall polysaccharide fractions (section 5.2.3.c). 

All sugars (except one) identified in this section were later found 

in the peptidoglycan or polysaccharides extracted from the walls, which 

were analysed by TLC, GLC and by ion exchange on am amino acid analyser. 

In all these cases the identified sugars had properties corresponding to 

those of the standards used. 
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Table 3.5 

Cell Wall Carbohydrate and Phosphorus Content 

of strains PC18 and GA192 

Strain 

PC18 

GA192 

1 
% Carbohydrate 

10 

11 

% wt/wt of freeze dried walls 

Table 3.6 

GOlllpounds presentc~.ilEl. Se Zenornona,s Wa,ll~ 

GA192 

Rhamnose + 

Fucose + 

Mannose + 

Glucose + 

Galactose + 

Glucosamine + 

Galactosamine + 

Muramic acid + 

Total carbohydrate 11% 

Total phosphorus 1.0% 

Unknown amino sugars + 

82. 

1 
% Phosphorus 

0.9 

1.0 

PC18 

+ 

+ 

+ 

+ 

+ 

+ 

10% 

0.9% 

+ 



CHAPTER 4 

PEPTIDOGLYCAN RESULTS 

1 PREPARATION OF STRAIN GA192 PEPTIDOGLYCAN 

(1) Purification 
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Peptidoglycan from gram negative bacteria has been purified 

by extraction of crude wall preparations by both phenol and boiling 

sodium dodecyl sulphate (SDS) (Weidel, et al., 1960, 1963; Braun, et ale 

1970). Extraction of crude GA192 walls with boiling 4% SDS, followed by 

two washes with (0.1 M tris HCl pH 8.0 + 0.01 M EDTA), resulted in 

material which contained cell walls when observed with phase contrast 

microscbpy, but which by electron microscopy, appeared as large clumps 

of material with little evidence of cell walls, or peptidoglycan. A 

combination of both SDS and phenol extraction was finally used for 

purification of the peptidoglycan. This procedure is detailed in Table 2.5 

and Figure 2.2. 

(2) Purity of Peptidoglycan Preparation 

Samples were taken at intervals to estimate purity by 

examination of shadowed preparations in the electron microscope. 

Additional SDS extractions were repeated until a reasonably pure prepara

tion was obtained. Shadowed EM's of the final peptidoglycan preparation 

are shown in Figures 4.1, and. 4:: 2. The purity of this preparation 

compares well with that of an Aerobacter cloacae preparation (Salton, 1964). 

Hydrolysis and analysis of the peptidoglycan preparation 

revealed only normal peptidoglycan components, section 4.2.1. No 

galactosamine was present which has been shown to be a component of whole 

walls and lipopolysaccharide (section 5.2.3), and only traces of non

peptidoglycan amino acids could be detected on heavily loaded TLC plates. 



Figure 4.1 

Shadowed Preparation of S . ruminantium Strain GA192 

Peptidogl ycan . X 12 000 . 
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Fi ure 4. 2 

Shadowed Preparation of S . ruminantium Strain GA192 

Peptidoglycan . X 38 000 . 

85 . 
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The ~ack of non-peptidoglycan constituents indicated that the preparation 

was substantially pure. In particular, the absence of non-peptidoglycan 

amino acids suggests that bound lipoprotein is not a major component of 

the peptidoglycan prepared here. 

2 ANALYSIS OF PEPTIDOGLYCAN 

(1) Amino Sugars and Amino Acids 

The peptidoglycan was hydrolysed for 18 hours at lOOoC in 

6 M HCl, and the hydrolysate subjected to two dimensional chromatography 

on a mixed cellulose-silica gel TLC plate. The plate was' run in solvent F 

once and then twice in 'solvent G at right angles to solvent F. Only five 

ninhydrin-positive spots could be detected and all these co-chromatographed 

with the five standards:- glucosamine, muramic acid, alanine, diaminopimelic 

acid (A
2

pm) and glutamic acid. However this method will not separate 

glucosamirie and galactosamine. The hydrolysate and standards of glucosamine, 

galactosamine and muramic acid were therefore run on a cellulose TLC plate 

in solvent C
l

' and sprayed with AgN0
3 

reagent. The sample contained only 

glucosamineand muramic acid. Hydrolysates run on cellulose TLC plates 

in solvent H (Esser, 1965) and sprayed with ninhydrin again produced only 

five spots all of which matched the five standards. 

(2) Analysis of Neutral Sugars from SDS Supernatants 

SDS washes of crude walls were expected to extract lipopoly

saccharides, so that analysis of this fraction should indicate the lipo

polysaccharide composition. Supernatants from the SDS extraction steps 

were combined, dialysed against changes of distilled water and reduced 

to small volume on a rotary evaporator before freeze-drying. Two milligrams 

of the dried product was hydrolysed for neutral sugars (methods) and the 

hydrolysate run on a cellulose TLC plate in solvent I (Table 4.1). A 

sample was also run twice in solvent A on a cellulose TLC plate. Although 



Table 4.1 

Mobility* of SDS Supernatant Sugars on TLC in Solvent I 

Rhamnose 

Ribose 

Fucose 

Mannose 

Glucose 

Galactose 

*Mobility expressed as R 
glucose 

Mobility of standards in parenthesis 

1.87 (1.87) 

(1.61) 

1.61 (1.61) 

1.19 (1.22) 

0.98 (1.00) 

0.90 (0.92) 

87. 
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sugars streaked on this plate it did show that fucose was present and not 

ribose. 

3 SUMMARY AND DISCUSSION 

The peptidoglycan layer of the Selenomonas ruminantium cell wall 

has been isolated. Analysis of the layer has shown the presence of those 

amino acids that make up the peptidoglycan of gram negative cell walls, 

namely glucosamine, muramic acid, alanine, diaminopimelic acid (A
2

pm), 

and glutamic acid. The presence of only traces of other amino acids 

indicated that the preparation was substantially pure, and that only 

small amounts of bound lipoprotein were present if at all. The preparation 

was examined by electron microscopy to establish the purity of the 

preparation. A close study of the photographs in Figure 4.2 

shows that a considerable amount of structure is present in the supporting 

collodion film and that this structure shows through the peptidoglycan 

layers. This structure prevents resolution of fine detail on the surface 

of the layers. However a visual comparison of Figure 4.2 with 

published photographs of E. coli peptidoglycan layers at similar or lower 

magnification (Weidel et al., 1960; Salton, 1964, p.82; Martin et al., 

1972; Braun, 1975) indicates that lipoprotein globules of the size present 

in E. coli are not present in S. ruminantium. The presence of smaller 

particles cannot be excluded however. 
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Freeze Dried Cells 

PhenoZ/water extraction, 
1 centrifuge separate phases and 

diaZyse. Freeze dry. 

Dialysed 
Aqueous 

Phase 

Interfacial 
fluff 

(discard) 

Phenol Phase 
(discard) 

Resuspended as a conc. 
2 soZution centrifuged 

80 000 g 8 hr 

Supernatant Sediment 
(discard) 

3 
Resuspended 
100 000 g. 

Supernatants Sediment 
(discard) 

& centrifuged 
Wash 2x 

Freeze dried 
4 Resuspended 

Add CTAB 

Precipitate Supernatant 
(RNA, Di scard) 

Supernatant 
(discard) 

5 
NaCZ + EtoH 
precipitation 

Sediment 
(lipopolysaccharide) 

FIGURE 5.1 

Insoluble 
sediment 
(discard) 

Extraction of Lipopolysaccharide by the Phenol/Water 
method. (Westphal & Jann, 1965). 
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CHAPTER 5 

LIPOPOLYSACCHARIDE RESULTS 

1 EXTRACTION AND PURIFICATION OF LIPOPOLYSACCHARIDE 

Methods used are out~ined in the text and the flow diagrams. Details 

of the methods used are listed in the tables accompanying the flow diagrams. 

(1) Extraction of Whole Freeze Dried Cells 

Figure 5.1 summarises the extraction procedure used (Westphal 

& Jann, 1965) in flow chart form. This method was selected because it 

has been used for the isolation of most lipopolysaccharides, including R 

lipopolysaccharides, and the results obtained would be directly comparable 

with those published for other bacteria. The method involves extraction 

of the freeze-dried bacteria (or cell walls) with hot 45% aqueous phenol 

(a monophasic solution). After cooling and centrifuging this mixture 

separates into:-

(i) an upper aqueous phase 

(ii) a lower phenol phase 

(iii) an insoluble layer at the phenol-water interface 

(iv) an insoluble sediment at the bottom of the centrifuge tube. 

Lipopolysaccharide is usually present in the aqueous phase 

which is freeze dried. This preparation is dissolved in water and 

centrifuged at 80 000 g for 6-8 hours. Lipopolysaccharide sediments under 

these conditions and is washed several times with water at 100 000 g. 

Contaminating RNA is removed from the sedimented lipopolysaccharide by 

precipitation with cetyltrimethylammonium bromide (CTAB). 

Initial attempts to extract lipopolysaccharide from whole freeze

dried cells by this method failed. From 1.89 g of freeze-dried bacteria 

(strain GA192) almost no lipopolysaccharide was obtained after the final 
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removal of RNA by CTAB. A similar extraction of freeze-dried cells of 

strain PC18 yielded only 2.7 mg of lipopolysaccharide from 4 g of dried 

cells. These yields were very low (0% and 0.7% of dry weight respectively) 

compared to those obtained from other bacteria: 1-4% of bacterial dry 

weight (Luderitz et al., 1971). Several possibilities were considered as 

causes of this low yield. 

(i) The aqueous phase obtained from GA192 after phenol water 

extraction (step 1, Fig. 5.1) yielded solid material after freeze drying 

which could not be fully dissolved in water, Only 50% of the solid 

dissolved. This led to considerable losses of material. 

(ii) Hydrolysis of the final product from strain PC18 for 

neutral sugars and chromatography in solvent I on cellulose TLC showed 

that the material contained mostly glucose with small amounts of mannose, 

and fucose or ribose. This suggested that the product was composed 

mainly of a glucan, possibly of cellular origin. 

(iii) Lipopolysaccharide could have fractionated into any of 

the other three fractions obtained after phenol/water extraction, i.e. 

the phenol phase_, interfacial fluff, or insoluble sed-iment. 

(2) Extraction of Crude Cell Wall Preparations 

To avoid contamination with cellular glucans a preparation of 

crude cell walls was used. These walls were prepared by a shortened 

version of that listed in Table 2.4 (Fig. 5.2, steps 1 and 2). The use 

of a wall preparation also had the advantage that any major lipopoly

saccharide or polysaccharide fraction obtained, would be derived from the 

cell wall. 
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Wet Packed Cells Str. GA192 

1 

Supernatant 

Homogenised 
Centrifuged 

Sediment 

2 
Washed 2x Tris HCl pH 8.0 

3x H
2

0 

Sediment 
(Crude Cell walls) 

Freeze dried 

Supernatant 
( discarded) 

Phenol water 
3 extraction. 

Dialysed 

Dialysed 
Aqueous Phase 

Dialysed 
Interfacial 

fluff 

Dialysed 
Phenol Phase 

Dialysed 
Insoluble sediment 
(dried & retained) 

4 
CTAB 
precipi
tation 

6 
oonoentra-
ted 7 
oentrifuged 
120 g 

conoentrated 
oentrifuged 
120 g 

Sediment Superna- Sediment 
Superna- (discarded) 

tant 

Supernatant 

5 

tant Sediment 

EtoH 
Preoipitation 

( discarded) 
8 

Centrifuged 
? 000 g 

Sediment Supernatant 
(polysaccharide) 

Whi te sediment 
(LPS) 

Supernatant 
(discarded) 

FIGURE 5.2 

Modified Phenol/Water Extraction Method for Strain GAl92 
Wall Polysaccharides. Table 5.1 lists details of each 
step. 
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Table 5.1 

Modified phenol/water extraction method for strain GA192 

t wall polysaccharides S ep No. 

(1) Preparation of Crude Cell Walls 

Wet packed cells were suspended as a 20% suspension in 0.1 M 

tris HCl pH 8.0 and homogenised in a Braun cell homogeniser 

with an equal volume of No. 11 Ballotini beads for 15 mins~ 

The beads were filtered off through a No. 1 sintered glass 

funnel and rinsed with buffer. The cell wall fraction was 

collected by centrifuging the filtrate at 7 000 g for 10mins. 

(2) The sediment was suspended in 0.1 M tris HCl pH 8.0 and washed 

twice with buffer and three times with distilled water. The 

final sediment was freeze dried. (Product = crude cell walls). 

(3) Extraction of Crude Cell Walls 

(4,5) 

The freeze dried sediment was extracted by phenol/water as 

listed in the methods. After the aqueous and phenol phases 

had been withdrawn the interfacial fluff was decanted off the 

insoluble sediment. The insoluble sediment was subsequently 

rinsed from the centrifuge tube with distilled water. All 

fractions were dialysed as listed in methods for aqueous and 

phenol phases. 

Treatment of Aqueous Phase 

Material in the dialysed aqueous phase was either directly 

precipitated with CTAB or fractionally precipitated from 

CTAB/NaCl solution (Methods). 

(6) Treatment of Interfacial Fluff 

The dialysed interfacial fluff was reduced to small volume on 

a rotary evaporator. Insoluble material was sedimented by 

centrifuging at 120 g for 10 minutes, and the sediment retained. 

(7) Treatment of Phenol Phase 

The dialysed phenol phase was reduced to small volume on a 

rotary evaporator. A small amount of solid material was 

removed by centrifuging at 120 g for 10 minutes and discarded. 

(8) White material in the supernatant was sedimented at 7 000 g 

for 10 minutes and retained for analysis. 
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The extraction method was modified to accommodate the above 

possibilities. The aqueous phase was not freeze dried but concentrated 

on a rotary evaporator, and all fractions from the phenol/water 

extraction were retained and examined for lipopolysaccharide. Since most 

lipopolysaccharides contain heptose, these fractions were qualitatively 

examined for heptose by the ,colorimetric method in an attempt to 

locate the lipopolysaccharide. 

(a) GA192: Application of the above methods to strain GAl92 

(steps I to 3, fig. 5.2) produced the four dialysed fractions:- aqueous 

phase, interfacial fluff, phenol phase and insoluble sediment. Each of 

these phases was cleaned as in Fig. 5.2 and all phases except the aqueous 

phase were freeze dried. All fractions which were discarded (Fig. 5.2) 

were first taken to dryness on a rotary evaporator, to ensure that no 

significant amounts of material were present in them. Results of 

heptose/hexose analysis of the four cleaned fractions are shown in Table 5.2. 

These results indicated that the white material in the dialysed 

phenol phase was probably a heptose-containing lipopolysaccharide, while 

the aqueous phase-contained a polysaccharide. These two fractions were 

therefore analysed for their sugar content. The aqueous and phenol 

extracts were freeze dried and hydrolysed for neutral sugars and amino 

sugars were recovered from the ion exchange resin. Neutral sugars were 

run on cellulose TLC plates in solvent I and amino sugars in solvent CI , 

Table 5.3. 

The presence of traces of mannose,and fucose or ribose, in the 

aqueous phase suggested that this phase was contaminated with small amounts 

of material from the phenol phase. Both the aqueous and phenol phases 

were scanned in the UV region. Only very small amounts of protein/nucleic 

acid were present in the aqueous phase. Neither was present in the phenol 

phase. 



Table 5.2 

Heptose/Hexose Analysis of Strain GAl92 Wall Fractions 

Aqueous phase 

Phenol phase 

Interfacial fluff 

Insoluble sediment 

Table 5.3 

Heptose 

+ 

Trace 

Trace 

Hexose 

+ 

+ 

+ 

+ 

Neutral and Amino Sugars in GAl92 Wall Fractions 

Phenol Phase Aqueous 

Rhamnose + 

Fucose/Ribose + trace 

Mannose + trace 

Glucose + + 

Galactose + + 

Unknown amino sugar I + 

Unknown amino sugar 2 + 

Glucosamine + 

Galactosamine + + 

95. 

Phase 
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(b) Further purification of GA192 aqueous phase. CTAB 

precipitation: A further extraction of crude cell walls was performed 

as before (Fig. 5.2, steps 1-3), and the aqueous phase reduced to small 

volume. A portion of this preparation was precipitated with CTAB and 

material in both the supernatant and sediment recovered (steps 4 and 5, 

Fig. 5.2). Most materiaLwas present in the CTAB sediment fraction. 

Both dried products were hydrolysed for neutral sugars and chromatographed 

on cellulose TLC plates in solvent I. Insufficient material was present 

to detect sugars in the CTAB supernatant fraction. The eTAB sediment 

fraction contained the neutral sugars glucose, galactose, and rhamnose, 

showing that the traces of ribose/fucose and mannose had been removed. 

The bulk of the aqueous phase preparation above was fractionally 

precipitated from CTAB/NaCl solution. A precipitate formed in the region 

0.085-0.075 M NaCl which -indicated that only ale,weekly acidic polysaccharide 

was present. RNA, which precipitates in the region of 0.3 M NaCl (Westphal 

& Jann, 1965) was not present in sufficient concentration to form a 

precipitate. Analysis of the recovered fractions (precipitate and 

supernatant) for carbohydrate by the method of Dubois et al. (1956) (see 

methods) showed 86% of the- : __ "_~~~~« __ c;;- sugar (glucose equivalent) present in 

the CTAB sediment. 

(c) Purity of the CTAB precipitated aqueous phase polysaccharide: 

The purity of the polysaccharide obtained by the above method was 

determined on a Sephadex G200 gel column (Fig. 5.3). Nearly all (94%) of 

the carbohydrate appeared in a large peak eluting at the void volume of 

the column. The polysaccharide eluting in this peak must have a molecular 

weight in excess of 200 000 the exclusion limit of the gel for dextrans. 

The material eluting in the void volume peak could not be sedimented by 

centrifuging it at 100 000 g for 1 hour. As it also did not contain 

heptose it was unlikely to be a lipopolysaccharide. 



",. 

o .~ 0 0 
g ~ ~ ~ 
NOI.l:>"~.:I.~3d S.lN3'VAln03 3S0:>n'~ 6rf . 

FIGURE 5.3 

Elution pattern of GA192Aq from Sephadex G200 
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o 
CO 

CHROMATOGRAPHY CONDITIONS: Column, Pharmacia 100 x 1.6 cm; Gel, Sephadex 

G200; Bed height, 30 cm; Pressure head, : 20 cm; Fraction size, 48 drops 

: 1.6 ml measured on an Isco drop counter; Eluent, O.l M Tris HCl pH 7.5; 

.Sample, 1.8 ml of GA192Aq containing 1,53 mg of glucose equivalents; 

Analyses for total carbohydrate were by the method of Dubo~s et al. (1956); 

Column characteristics, Blue dextran eluted at fraction 24 (void volume); 

chromate eluted at fraction 80; ~ = void volume. 
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(d) PClS: Crude PClS walls were extracted with phenol-water 

and the phases dialysed as for GA192 (steps 1-3, Fig. 5.4). The aqueous 

and phenol phases were retained and further purified (steps 4, 5, 6, 

Fig. 5.4). Examination of the cleaned fractions in a UV spectrophotometer 

showed that no nucleic acid or protein was present. Portions of the two 

cleaned preparations (aqueous phase and phenol phase) were hydrolysed 

for neutral sugars, and amino sugars were also recovered. The hydrolysates 

were chromatographed on cellulose TLC plates in solvent I for neutral 

sugars and in solvent C for amino sugars, Table 5.5. The sugar composition 

of these two fractions indicated that two different polysaccharides or 

lipopolysaccharides were present in the walls. 

All discarded fractions were first dried on a rotary evaporator 

to ensure no significant amount of material was present in these fractions. 

The aqueous supernatant fraction (from step 5, 'Fig. 5.4) contained a small 

amount of material which had the same sugar content as the aqueous sediment 

and was presumed to be a small amount of incompletely sedimented polysac

charide. 

(3) Preparation of Polysaccharides for Analysis 

The extraction methods devised above were, as far as possible, 

combined into one extraction scheme for both strains (Fig. 5.5). 

The fractions obtained from this scheme (PClS arid GA192 heavy 

aqueous fractions, PClSAq, GA192Aq, PClSPhe, GA192Phe) were all retained 

for analysis (yields in Table 5.S). The heavy aqueous fraction should 

correspond to "normal" lipopolysaccharide as lipopolysaccharides from 

most bacteria sediment at this point. This fraction however, was later 

found to contain mostly glucose and is probably a glycogen/amylopectin 

type glucan with a small amount of lipopolysaccharide present (section 

5.2 .12 a) . 
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Dialysed 
Aqueous Phase 

Wet Packed Cells Str PCIS 

Dialysed 
Interfacial 

fluff 
( discarded) 

steps 1, 2, 3 
as in Fig. 5.2 

Dialysed 
Phenol Phase 

4 
Centrifuged 
10,000 g 

6 

Filtered 
Concentrated 
Centrifuged 
10 000 g 
Washed 3x 

Sediment 
(discarded) 

Supernatant 

5 

Sediment 
(LPS) 

Centrifuged 
100 000 g 
Washed 3x H

2
0 

Supernatant 
( discarded) 

White sediment 
(LPS) 

FIGURE 5.4 

Supernatant 
(discarded) 

Insoluble 
sediment 

( discarded) 

Modified Phenol/Water Extraction Method for Str. PClS wall 
Polysaccharides. Details of each step are listed in Table 5.4. 



Step 

(1, 2, 3) 

( 4) 

(5) 

(6) 

Table 5.4 

Modified Phenol/Water Extraction Method 

for Strain pelS Wall Polysaccharides 

As for Table 5.1 

Treatment of Aqueous Phase 

100. 

The dialysed aqueous phase was concentrated on a rotary 

evaporator and centrifuged at 10 000 g for 30 minutes 

to remove a small amount of insoluble material. 

The supernatant was centrifuged at 100 000 g for 3 hours 

producing a large transparent pellet (later preparations 

would not sediment under these conditions). This pellet 

was washed three times by resuspending it in distilled 

water and centrifuging at 100 000 g for 3 hours. 

Treatment of Phenol Phase 

The dialysed phenol phase was filtered through Whatman No. 1 

filter paper and n~duced to small volume on a rotary 

evaporator. White material in the filtrate was sedimented 

at 10 000 g for 10 minutes. The sediment was washed three 

times with distilled water by resuspending and centrifuging 

at 10 000 g for 10 minutes. 



Table 5.5 

Neutral And Amino Sugars in pelS Wall Fractions 

Mannose 

Glucose 

Galactose 

*Unknown amino sugar (1) 

*Glucosamine 

*Galactosamine 

*Unknown amino sugar (2) 

*Unknown amino sugar (3) 

Aqueous Phase 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

* Amino sugars are listed in order of decreasing Rf. 

101. 

Phenol phase 

+ 

+ 

+ 

+ 
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Wet Packed Cells Strs GA192 & PClS 

1 
Homogenised 
centrifuged 

Sediment Supernatant 
Freeze dried & 

retained for analysis 
see Fig. 5.7 

21 Washed 2x Tris HC~ pH s". a ,--l--, 3x H20 

Sediment Supernatant 
(crude cell walls (discarded) 

freeze dried) 

PhenoL/water 
3 Extruction 

Dia~ysis 

Dialysed 
Aqueous Phase 

Dialysed 
Interfacial fluff 

Dialysed 
Insoluble Sediment 

4 
Centrifuged 

10 000 g 

Dialysed 
Phenol Phase 

8 

Concen
trated 
Centri
fuged 
500 g 

Sediment Supernatant 
(discarded) Supernatant Sediment 

(di scarded) 
5 

Centrifuged 
100 000 g 

9 

Sediment Supernatant 

Centrifuged 
100 000 g sed. 
re6U6p, cent. 
2x 10 000 g 
supernatant 
centrifuged 
100 000 g 

Seejiment 
J'Beavy Aq~e0ui:l 
L Fractl.On.J 

6 

(7a) 

PC1B 
Dried 

resuspended 
cen tri fuged 

100 000 g 
washed. 

supernatant 
(discarded) 

Supernatant 
(discarded) 

(7b) 

GA192 

Supernatant 
(discarded) 

Centrifuged 100 000 g 
supernatant pptd with 
eTAB recovered EtOH 
pptn. Dia~y8ed. 

Sediment 
Ifa) PC18Aq 1 
~b) GA192l\~ 

FIGURE 5.5 

Centrifuged 
10 000 g 

Sediment ra ) PCIBphe J 
~b) GA192Phe 

Extraction Method Used for Preparation of Wall Polysaccharides for Analysis. 
Details of each step are listed in Table 5.6. Table 5.8 lists the fractions 
and quantities obtained. 
Abbreviations - sed. sediment, resusp. resuspended, cent. centrifuged, 

pptn./d. precipitation/ed. 
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Table 5.6 

Extraction Method Used for Preparation of 

Wall Polysaccharides for Analysis 

step 

(1,2, & 3) Preparation and Extraction of Crude Cell Walls 

(4) 

(5) 

(6) 

(7a) 

(7b) 

(8) 

(9) 

As for table 5.1 except that at step 3 the insoluble sediment 
and interfacial fluff were extracted a second time by the 
phenol/water method. All aqueous phases and all phenol phases 
were combined after dialysing for three days against running 
tap water and 2 days against several changes of distilled 

o 
water at 4 C. 

Treatment of Aqueous Phases 

The dialysed aqueous phase was concentrated on a rotary 
evaporator and centrifuged at 10 000 g for 10 minutes to 
remove any insoluble material. 

The supernatant was centrifuged at 100 000 g for three hours. 

The sediment from step 5 was resuspended and washed once with 
distilled water, centrifuging at 100 000 g for 5 hours. The 
pellet was resuspended in distilled water and heavy material 
removed by centrifuging twice at 10 000 g for 10 minutes. 
Material from the supernatant was recovered by centrifuging 
at 100 000 g for 5 hours. The sediment from this step was 
retained for analysis and called the Heavy Aqueous Fraction. 

PC18. The supernatant from step 5 was dried and resuspended 
in distilled water. The fine bead like material was sedimented 
at 100 000 g for 5 hours and washed three times with distilled 
water by resuspending and centrifuging at 100 000 g for 5 hours. 
The sediment was labelled PC18Aq. 

GA192. The supernatant from step 5 was dissolved in water and 
centrifuged again at 100 000 g for 5 hours. A very small 
seqiment was discarded and the supernatant freeze dried. The 
dried product was dissolved to 1% w/v in 0.02 M NaCl and two 
volumes of 2% CTAB in distilled H

2
0 added. An oily precipitate 

formed which was sedimented at 1 800 g for 10 minutes to produce 
an oily layer at the bottom of the tube. This layer was 
redissolved in 0.5 M NaCl and precipitated twice from ethanol. 
The precipitate was dialysed for 2 days against changes of 
distilled water and freeze dried. This fraction was labelled 
GA192Aq. 

Treatment of Phenol Phases 

The dialysed phenol phase was concentrated on a rotary evaporator 
and centrifuged at 500 g for 10 minutes. The sediment was washed 
4 times with distilled water and the sediment discarded. 

The combined supernatants from step 8 were centrifuged at 
7 000 g for 10 minutes and the sediment washed four times with 
distilled water by resuspending and centrifuging at 7 000 g 
for 10 minutes. 
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In the previous preparation (Fig. 5.4) nearly all the 

polysaccharide in the PC18 aqueous phase was sedimented at 100 000 g 

but in this preparation, and all subsequent preparations, a relatively 

small sediment (Heavy Aqueous Fraction) was obtained at this step. The 

reason for this difference is not known. The sedimentation rate may 

be affected by the degree to which the extract is concentrated. It was 

also noted that the 100 000 g supernatant above (from step 5, Fig. 5.5) 

would form a bead-like suspension if the solution was concentrated to a 

viscous solution or dried on a rotary evaporator and then resuspended. 

This property was used to obtain .the polysaccharide from the 100 000 g 

supernatant (step 7a, Fig. 5.5). 

The four major fractions obtained, PC18Aq, PC18Phe, GA192Aq, 

GA192Phe, were examined for UV absorption in a spectrophotometer. No 

absorption in the region 250-290 nm due to nucleic acid or protein could 

be found. 

The purity of the GA192Aq preparation was established by 

chromatographing a portion of the sample on a Biogel A5M agarose gel 

column. All the carbohydrate present eluted as one large peak behind 

the column void volume indicating that only one polysaccharide species 

was present (figure 5.6) . 

(4) Homogenate Fraction 

The supernatant obtained from the cell homogenate after removal 

of wall material was freeze dried and extracted by the phenol/water 

method (steps 1 & 2, Fig. 5.7). 

(a) Phenol £raction: This fraction was treated by similar 

methods as wall fractions. Material sedimenting at 10 000 g for 30 minutes 

was collected, washed and freeze dried. These fractions were labelled 

PCl8 Homog. Phe and GAl92 Homog. phe (steps 4-6, Fig. 5.7). 
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Elution pattern of GA192Aq from Biogel ASM 

lOS. 

CHROMATOGRAPHY CONDITIONS: Column, Pharmacia 2.6 x 40 cm; Gel, Biogel ASM 

(Bio-Rad Laboratories); Bed height, 31 cm; Pressure head, : 20 cm; 

Fraction size, 128 drops: 4 ml counted on an Isco drop counter; Eluent 

0.1 M Tris HCl pH 8.0; Sample, 10 mg GA1~2Aq in 2 ml-of eluent; Analysis 

of fractions, O.S ml samples were analysed for total carbohydrate by the 

method of Dubois et al, (19S6); Column characteristics, Blue dextran 

eluted at fraction 16 and chromate eluted at fraction 43; ~ = void volume. 
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Wet Packed Cells 

Homogenise
1 

Centrifuge 

supernatant sediment 
(Homogenate (cell walls 
freeze dried) used in Fig. 5.5) 

Phenol/water 
2 Extraction 

Dialysis 

Dialysed Interfacial Dialysed Insoluble 
Aqueous Phase fluff Phenol Phase sediment 

(discarded)(discarded) 
Centrifuged Centrifuged and54 500 g 8 hr 4

3 washed 1000 g 15 min.Wash 3x 

Supernatant Sediment Supernatant Sediment 
(discarded) ffe18 homog Ag:l (discarded) 

~A192 hqmog AsY Centrifuged5 
10 000 g 30 min. 

Sediment Supernatant 

Centrifuged
6 1 000 g 15 min. 

Supernatant Sediment 
Freeze dried 

fEC18 homog Phel 
~Al92 homoSl Ph£J 

FIGURE 5.7 

Extraction method used for preparation of homogenate fractions. Detail, 
of each step are listed in Table 5.7. Table 5.8 lists the fractions an
quantities obtained. 
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Table 5.7 

Extraction Method Used for Preparation of Homogenate Fractions 

Step 

(1) Preparation of Cell Homogenate (Cell contents minus cell walls) 

This step was the same as step 1, table 5.6. The supernatant 

from this step was freeze dried. 

(2) Extraction of Cell Homogenate 

The freeze dried supernatant of step 1 was extracted with phenol/ 

water as in step 3, table 5.1. The phenol and aqueous phases were 

dialysed against running tap water for 4 days and against changes 

of distilled water at 40 C for 2 days. 

(3) Treatment of Aqueous Phase 

Dialysed Aqueous Fraction. When this fraction was concentrated 

and centrifuged at 10 000 g for 30 minutes a pellet formed but 

appeared to be incompletely sedimented. Centrifugation at 54 500 g 

for 8 hours sedimented most of this translucent material. The 

sediment was washed three times with distilled water and freeze 

dried. The combined supernatants were concentrated and centrifuged 

at 54 500 g for 8 hours to recover more material. The supernatant 

produced only a small sediment similar to the 54 500 g sediment, when 

centrifuged at 100 000 g for 3 hours. This sediment was discarded. 

(4) Treatment of Phenol Phase 

The dialysed phenol phase was centrifuged at 1 000 g for 15 minutes 

and the sediment washed three times with distilled water by resus

pending and centrifuging at 1 000 g for 15 minutes. The sediment 

was discarded. 

(5) The combined supernatants from step 4 were centrifuged at 10 000 g 

for 30 minutes and washed three times with distilled water. 

(6) The sediment from step 5 was resuspended in distilled water and 

centrifuged twice at 1 OOOg for 15 minutes to remove brownish 

material. The supernatant was freeze dried. 
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(b) Aqueous fraction: This fraction was obtained primarily 

by centrifuging the dialysed aqueous phase at 54 500 g for B hours and 

retaining the sediment. This material was later shown to be a glycogen/ 

amylopectin type polysaccharide. yields are listed in Table 5.B. 

(5) Summary and Discussion of Extraction Methods 

The phenol/water method of Westphal & Jann (1965) was selected 

for the extraction of lipopolysaccharide because it has been used in the 

isolation of most lipopolysaccharide and results from this extraction 

procedure could therefore be compared directly with published research on 

other bacteria, as well as being a method applicable to a wide variety of 

bacteria. 

The complications encountered in extraction of whole organisms 

of both strains were unexpected. Low yields in this case were primarily 

due to most of the lipopolysaccharide fractionating into the phenol phase. 

Additional complications would have been caused by the homogenate aqueous 

polysaccharide (later shown to be a glycogen/amylopectin type polysaccharide, 

section 5.2.12.b) - sedimenting under the same conditions as lipopoly

saccharide, producing a pellet in both cases containing mainly glycogen, 

RNA, and in pelB aqueous phase, lipopolysaccharide. 

The final extraction of the four polysaccharides from large 

amounts of packed cells enabled some of the minor fractions to be 

recovered and examined for loss of lipopolysaccharides or the presence 

of small amounts of different polysaccharides. For this reason the 

"Heavy" polysaccharides sedimenting at 100 000 g from the aqueous phases 

were retained. 

Low yields of lipopolysaccharides and a whitish appearance 

of the homogenate fraction, similar to that of the phenol phase fractions, 
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Table 5.B 

Fractions and Their Yields from Crude Cell Walls and Homogenate 

Weight of crude 
freeze dried walls 

Phenol extract 
(GA192Phe, PClBPhe) 

Aqueous extract 
(PClBAq, GA192Aq) 

"Heavy" aqueous 
extract (100 000 g 
sediment) 

Homogenate aqueous 
phase 

Homogenate phenol 
phase 

GA192 

4.31 g 

0.517 g 

0.24 g 

0.070 g 

7.417 g 

0.422 g 

% wt/wt of 
dry wall 

11.9 

5.6 

PClB 

6.59 g 

0.392 g 

0.242 g 

0.133 g 

5.BOB g 

0.045 g 

% wt/wt of 
dry wall 

5.9 

3.6 
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prompted an examination of this fraction for lipopolysaccharide lost 

during homogenisation. The white material in the homogenate was purified 

in the homogenate aqueous fraction but was later found to be glycogen. 

Some phenol phase polysaccharide was , however, isolated from 

the homogenate. 

Two polysaccharides were isolated from the walls of each strain. 

Three of these contained heptose indicating that they were probably 

lipopolysaccharides. The fourth polysaccharide, GAI92Aq, did not contain 

heptose, or sediment in the ultracentrifug~.f/,suggesting that it was not a 

lipopolysaccharide. PC18Aq was unusual in not sedimenting at 100 000 g 

and in its formation of insoluble beads after drying and resuspension. 

Few lipopolysaccharides have been reported which do not sediment at 100 000 g. 

2 ANALYSIS OF MAIN CELL WALL POLYSACCHARIDES 

(1) Neutral and Amino Sugars TLC 

The fractions PC18Aq, PC18Phe, GA192Aq, and GA192Phe, were 

hydrolysed for neutral sugars, and amino sugars were recovered from the 

ion exchange column. The hydrolysate was chromatographed on cellulose 

TLC plates, neutral sugars in solvent I and amino sugars in solvent C
l

, 

(Table 5.9). 

The content of the polysaccharides agreed with the content 

analysed during development of extraction procedures with few exceptions. 

Variations in results for galactose are partly due to its low concentration 

in hydrolysates and poor separation from glucose and heptose making 

measurement of small amounts of galactose, relative to glucose, difficult. 

A small amount of galactose was present in early preparations but very 

little was present in these fractions. 
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Table 5.9 

Sugar Components of Cell Wall Polysaccharides 

PCl8Aq PCl8Phe GAl92Aq GAl92Phe 

Rhamnose + 

Fucose + 

Mannose + + + 

Glucose + + + + 

Galactose trace trace trace + 

*Unknown amino sugar I (GAI92) + 

*Unknown amino sugar 2 (GAI92) + 

*Unknown amino sugar I (PCI8) + 

*Glucosamine + + + 

*Galactosamine + + + 

*Unknown amino sugar 2 (PCI8) + 

*Unknown amino sugar 3 + 

11< Amino sugars are listed in order of decreasing Rf. 

Unknown amino sugars GAl92 2 and PCl8Aq I had very similar Rf's. 
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(2) Neutral Sugars (GLC) 

Neutral sugars were identified by the relative retention times 

of their alditol acetates on the GLC. These values are listed in Table 5.10. The 

sUJars were the same as those identified by pape.r anC thin layer chromatography, 

but in addition two peaks with relative retention times similar to 

D-Glucoheptose were present inPC18Aq and PC18Phe. GA192Phe produced 

only one peak eluting in the heptose region, while GA192Aq contained no 

heptose. In all polysaccharides ex~ept GA192Aq the neutral sugars 

accounted for only a small proportion of the total polysaccharide, 

Table 5.11. 

(3) Amino Sugars and Amino Acids 

(a) Amino sugars: Each amino sugar was characterised by its 

retention time on the amino acid analyser (Table 5.12). Glucosamine 

and galactosamine were identified by comparison of retention times with 

standards. The identity of the unknown amino sugars (1 and 2) in Table 

5.12 were correlated with those separated on TLC plates (Table 5.9) by 

running the purified unknown sugars (separated by preparative cellulose 

TLC in solvent C
l

) on the analyser under the same conditions. Results 

of quantitative analysis are listed in Table 5.13. 

(b) Amino acids: Samples of polysaccharide were hydrolysed 

in 6 M HCl for 18 hrs at 1000C and run on physiologic columns of the 

amino acid analyser. GAl92Aq was not run as insufficient material was 

available at the time. Results are listed in Table 5.14. 

Small amounts of amino acids were present, never amounting to 

more than 4% of the total polysaccharide. Of these serine and glycine 

were present in considerably greater amounts, on a molar basis, than other 

amino acids (Table 5.14). These two amino acids accounted for 50-90 mole % 

of all amino acids present in the samples. Valine could not be determined 

as glucosamine and galactosamine eluted in this region. 
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Table 5.10 

Relative Retention Times of Sugars Separated by GLC on ECNSSM at 204
o

C* 

Standard PC18Aq PC18Phe GA192Phe GA192Aq 

Rhamnose 0.40 0.38 

Fucose 0.43 0.43 

2-Deoxyglucose 1.00 1.00 1.00 1.00 1.00 

Mannose 1.51 1.49 1. 49 1.40 

Galactose 1. 74 1.71 1. 70 

Glucose 1.96 1.91 1.90 1.91 1.97 

Heptose I 3.52 3.53 

Heptose II 4.14 4.17 4.13 

D-glucoheptose Co-chromatographed with Heptose II 

*Retention time expressed relative to 2-Deoxy-glucose. 

Table 5.11 

Amounts of Neutral Sugars Present in Wall Polysaccharides 

% of Whole Polysaccharide 
Sugar 

~ 
PC18Aq PC18Phe GA192Aq GA192Phe 

Rhamnose 21. 7 

Fucose 6.4 

Mannose 8.4 7.4 0.7 9.1 

Galactose 0.4 0.5 2.1 

Glucose 6.4 2.4 59.0 3.4 

Heptose I 6.6 1.4 

Heptose II 2.4 0.6 2.9 
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Table 5.12 

Retention Times of Amino Sugars on the Amino Acid Analyser 

pH 5.25 System* 

Std PC18Phe PC18Aq GA192Phe GA192Aq 

Glucosamine 32 34 32 32 

Galactosamine 39 40 38 39 

Unknown 1 58 60 

Unknown 2 55 

Unknown? 43 

*Retention time minutes after elution of norleucine. 

Table 5.13 

Amounts of Amino Sugars Present in Wall Polysaccharides 

% of Dry Polysaccharide 
PC18Phe PCIBAq GA192Phe GA192Aq 

Glucosamine 19.3 9.B 17.4 

Galactosamine 9.0 7.9 10.4 

GA192Aq unknown 1 22.0* 

GA192Aq unknown 2 9.3* 

PCIBAq unknown 1 5.3* 

PCIBAq unknown ? 1.2* 

* expressed as glucosarnine equivalents. GA192Aq values are approximate 

as these two peaks were not completely separated. 



TABLE 5.14 

AMINO ACID COMPOSITION OF LIPOPOLYSACCHARIDES 

PClSPhe PClSAq GA192Phe 

Mole Ratio % Sample Mole Ratio % Sample Mole Ratio % Sample 

Lys 0.22 0.26 Tce Tce 

His 0.04 0.06 Tce Tce 

Arg 

Asp 0.12 0.47 0.03 0.05 0.23 0.06 

Thr 0.17 0.16 0.01 0.02 0.07 0.02 

Ser 1.00 0.S4 1.00 1. 5S 1.00 0.22 

Glu 0.30 0.36 0.04 O.OS 0.33 0.10 

Pro 0.09 O.OS 

Gly 0.65 0.39 0.S2 0.93 2.10 0.33 

Ala 0.36 0.26 0.31 0.06 

Cys 

Val 

Met 0.01 0.01 

Ile 0.10 0.11 0.01 0.02 0.04 0.01 

Leu 0.21 0.22 0.01 0.02 

Tyr 0.09 0.13 

Phe 0.11 0.14 

Glucosamine } rrom sep~atJ 13.6 19.3 3.7 9.S 46.6 17.4 ~ 
~ 
U1 

Galactosamine analysl.s 6.3 9.0 2.9 7.9 27.9 10.4 
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(c) Relationship of polysaccharide amino sugars to those 

found in whole walls: Both GAl92Aq and PC18Aq contained unidentified 

amino sugars. Amino sugars with similar properties had been isolated 

from the corresponding whole cell walls (section 3.2.2.), so an attempt 

was made to show that both sets of sugars were the same. 

(i) Unknown E
l

: this sugar appeared on electrophoreto-

grams of hydrolysates of Pel8 whole wall, and PC18Aq amino sugar hydro-

lysates, suggesting that its presence in whole walls was due to their 

PC18Aq content. Unknown El (Table 3.3) was only just visible on 

electrophoretograms when the glucosamine area appeared as a very dark 

spot, suggesting, that El was a minor component, a breakdown product 

formed on hydrolysis, or an amino sugar which is extensively decomposed 

on hydrolysis. 

(ii) Unidentified amino sugars G
l

, G
2

, G
3

, PC18 1, pe18 2: 

Amino sugars in hydrolysates of PC18Aq and GA192Aq were separated by 

preparative electrophoresis and then further separated on cellulose thin 

layer plates in solvent C
l

• The results showed that the unidentified 

amino sugars in PC18Aq and GA192Aq had the same electrophoretic properties 

and similar chromatographic properties when compared with the corresponding 

unidentified amino sugars found in whole cell wall preparations. The 

relationship between these sugars (G
l

, G
2

, G
3 

of whole cell walls, Tables 

3.2, 3.3; and unknowns PC18 1, GA192 1, GA192 2; Table 5.9) is shown in 

Table 5.15. 

(iii) Unidentified amino sugars E
2

, PC18 2, PCl8 3: 

Electrophoresis of hydrolysates of PC18 whole wall and PC18Aq amino sugar 

hydrolysates showed that the amino sugar E (Table 3.3) was also present , 2 
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in PC18Aq amino sugar hydrolysates. When the E2 fraction of PC18Aq 

amino sugar hydrolysates was eluted from a preparative electrophoretogram 

and run in solvent CIon cellulose thin layer plates, it was resolved 

into two spots corresponding to PC18Aq unknown amino sugars 2 and 3 

(Table 5.9). This relationship is shown in Table 5.15. 

It was noted during the work above that the E2 spot on electro-

phoretograms of PC18Aq hydrolysates was more intense when less severe 

hydrolysis conditions were used, i.e. 2 M HCl for 3 hours at 1000C 

compared with 6 M HCl for 18 hours at 100oC. This suggested that E2 

could be a product of incomplete hydrolysis. Amino sugars from a 4 M 

HCl 3 hr hydrolysate were separated by preparative electrophoresis and 

the E2 band eluted. The eluate was run preparatively on a cellulose 

thin layer plate in solvent C
l 

and the bands corresponding to unknowns 

2 and 3 eluted separately, dried and hydrolysed in 6 M HCl for 18 hours 

o 
at 100 C. The hydrolysates were each chromatographed in duplicate on 

two halves of a cellulose thin layer plate in solvent Cl . One half of 

the plate was sprayed with ninhydrin and the other with silver nitrate 

reagent. After this treatment unknown 2 was absent but glucosamine was 

present along with 7 - 8 ninhydrin positive spots, similar in pattern 

to those obtained from 6 M HCl 18 hour hydrolysates of the whole PC18Aq 

lipopolysaccharide (section 5.2.3.b.). Similarly, unknown 3 was 

absent, but unknown 1 was present along with 7 - 8 ninhydrin positive 

spots as above. 

FC18Aq unknowns 2 and 3, which together correspond to PC18 

whole wall unknown E
2

, are therefore incompletely hydrolysed products 

containing glucosamine (in unknown 2) and unknown amino sugar 1 (in 



Table 5.15 

Correlation between Amino Sugars found in Whole 

unidentified amino sugars 
in whole cell wall preparations 
(Tables 3.2, 3.3.) 

G
l 

(GA192) 

G
2 

(GA192) 

El (PC18) 

G
3 

(PC18) 

E2 (PC18) 

Walls and LPS/Polysaccharide Hydrolysates 

Corresponding amino sugar in LPS/Polysaccharide 
preparations 
(Table 5.9) 

I 

Unidentified amino sugar 1 (GA192Aq) 

Unidentified amino sugar 2 (GA192Aq) 

Not detected on TLC plates but present on 
electrophoretograms of PC18Aq hydrolysates 

Unidentified amino sugar 1 

Unidentified amino sugar 2 

Unidentified amino sugar 3 

(PC18Aq) Glucosamine 

) --- . (PC18Aq ~ . acids/prote1n ~Am1no 

Unidentified amino 
/" sugar 1 (PC18Aq) 

(PC18Aq) 
............... Amino acids/protein 

f-' 
f-' 
co 
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unknown 3). These are probably linked to amino acids, peptides .or 

proteins, as hydrolysates of PC18Aq (section 5.2.3.b.) which contained 

the amino acids listed in Table 5.14, and hydrolysates of unknowns 2 and 

3 produced the same patterns of ninhydrin positive spots on thin layer 

chromatography. 

Table 5.15. 

The relationship between these sugars is shown in 

(4) Heptose 

(a) Colorimetric analysis: Results of heptose analysis 

are listed in Table 5.16. The reaction product was also scanned in the 

visible spectrum. All samples except GA192Aq had a broad peak in the 

region 500 - 530 nm due to heptose, a peak or shoulder at 400 - 415 nm 

due to hexose and an additional peak with absorption maximum at 372 nm 

due to glucosamine and galactosamine. GA192Aq produced only a single 

hexose peak with absorbance maximum at 405 nm. 

These values (Table 5.16) conflict with those obtained by 

gas chromatography, being less than half of the gas chromatograph 

values. This is most likely due to the standard used in the assays. 

Wright & Rebers (1972), noted that different heptoses give different 

extinction coefficients. The extinction coefficient for D-gZycero-L

manno-heptose was less than half that of D-gZycerO-D-guZo-heptose 

(calculated from their results). This difference can largely 

account for the discrepancy in results, and may apply here as the 

standard used, and probably one of the heptoses analysed, are 

enantiomorphs Of the above two heptoses, Gas chromatograph 



120. 

results are unlikely to be affected by differences between heptoses as 

detector response is based primarily on the amount of carbon in the 

heptose. 

(b) Identification of heptoses: PC18Aq was hydrolysed in 

0.1 M HCl for 48 hr and subsequently treated as for neutral sugars. The 

hydrolysate was subjected to preparative chromatography in solvent K for 

30 hrs, and guide strips sprayed with the heptose spray (appendix). 

The heptose area was eluted and run by preparative paper 

chromatography in solvent L for 30 hours. A large area of heptose with 

a mobility slightly slower than glucose was identified when portions of 

the guide strips were sprayed with the heptose spray or silver nitrate 

spray. This area appeared to be composed of two merged spots and was 

cut into two separate halves and eluted (upper half: fraction A, lower 

half: fraction B). Half of each eluate was chromatographed on paper in 

solvent L for 30 hrs. The paper was sprayed with heptose spray (glucose 

and mannose strips with silver nitrate reagent). Each fraction produced 

one large spot, the mobilities of which are listed in Table 5.17. 

The remaining half of each eluate was converted to the alditol 

acetate derivative and chromatographed on the ECNSSM column in the gas 

chromatograph under the same conditions as used for sugar analysis. 

Fraction A produced only one peak in the heptose region corresponding to 

heptose I (Table 5.10) while fraction B produced two heptose peaks of 

about equal area corresponding to heptose I and heptose II (Table 5.10) . 

The presence of heptose II only in fraction B showed that the 

two heptoses were at least partly separated by paper chromatography and 

that heptose II had a lower mobility in solvent L than heptose I. 
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Table 5.16 

Heptose Content of Wall Polysaccharides* 

Sample % of Polysaccharide 

GA192Aq 0.0 

GA192Phe 1.2 

PClSAq 3.3 

PClSPhe 0.4 

* Relative to D-glucoheptose (L-glycerO-L-gulo-heptose) 

Table 5.17 

Mobility of Heptose Fractions on Paper Chromatography in Solvent L* 

Sample 

Mannose 

Glucose 

Fraction A 

Fraction B 

D-glucoheptose streaked. 

* Mobility expressed as R 
glucose 

Table 5.1S 

Standards Hydrolysate 

1.43 

1.00 

0.97 

0.76 

dOclA Content of Wall Polysaccharides 

Sample % of Polysaccharide 

GA192Aq 0.0 

GA192Phe 2.3 

PClSAq 2.3 

PClSPhe 2.9 
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Without appropriate standards, it was not possible to identify 

the two heptoses. However the order of migration of the heptoses on paper 

chromatography, and the GLC elution order on ECNSSM, was consistent with 

heptose I being D-glycero-D-manno-heptose and heptose II being L-glycero-

D-manno-heptose, (or their optical enantiomorphs) although their R 1 
G c 

values in solvent L are higher than others reported in the literature 

(Adams et al., 1967). 

(5) dOclA 

Samples of PC18Aq, PC18Phe and GA192Phe were hydrolysed at 

intervals from 0-50 minutes, to determine the optimum hydrolysis time 

for each polysaccharide. The point of maximum release was extrapolated 

back to zero time, to determine the amount of dOclA in the polysaccharide 

(Table 5.18, Figure 5.8). No dOclA was detected in GA192Aq after a 

20 minute hydrolysis. 

(6) Uronic Acid 

Uronic acids in hydrolysates would have been removed along 

with dOclA from chromatography hydrolysates by the Dowex I (bicarbonate) 

used to neutralise samples. In view of the weak acidic nature of GA192Aq 

(shown by precipitation with CTAB) and the occasional occurrence of 

acidic sugars in lipopolysaccharide (Wilkinson, 1977), the wall poly-

saccharides were assayed for uronic acids by the carbazole method 

(Davidson, 1966). This assay gave negative results indicating that less 

than .01% uronic acid was present. 

(7) Dilute Acid Hydrolysis of PC18Aq 

Acid hydrolysates of PC18Aq all had a brown colour, suggesting 

that some decomposition had taken place.PC18Aq was hydrolysed in 0.05 M 

H
2
S0

4 
for 1 hour at 1000c and the hydrolysate chromatographed on cellulose 

TLC plates in solvents C
l 

and I. Only small amounts of glucose could be 
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detected when the plates were sprayed with silver nitrate or ninhydrin 

spray reagents. No traces of dideoxy sugars such as abequose or tyvelose, 

or of amino uronic acids were found. 

(8) Lipid A and Soluble Polysaccharide Content 

The hydrophobic nature of the two phenol phase polysaccharides 

and their low sugar content implied that these polysaccharides contained 

lipid A with only short carbohydrate chains attached. The proportion of 

these components was determined gravimetrically after hydrolysis. A time 

course hydrolysis in 0.1 M acetic acid at 1000C was run, centrifuging the 

released lipid A and unhydrolysed polysaccharide out of solution afterwards 

(Table 5.19), as lipid A could not be readily separated from unhydrolysed 

polysaccharide. 

At complete hydrolysis a constant weight of lipid A was expected 

with longer hydrolysis times. GA192Aq did not produce a precipitate under 

these conditions. 

These results indicated a roughly constant percentage of 

lipid A after 9 hours hydrolysis. Lipid A comprised approximately 50% 

of the weight of the two phenol phase polysaccharides and only 20% of 

the aqueous phase polysaccharide. GA192Aq did not produce lipid A, as 

expected from its lack of dOclA. 

(9) Composition of Lipid A and Soluble Polysaccharide 

Samples were taken from lipid A and soluble polysacchar~de 

fractions after 9 hours hydrolysis (section 5.2.8). These samples were 

hydrolysed for amino sU9ars, and neutral sugars eluted from the ion 

exchange columns were also recovered. These hydrolysates were chromato

graphed on cellulose TLC plates in solvent C
l

. In all cases lipid A 

contained glucosamine with traces of other sugars found in the unhydrolysed 

polysaccharides, while the soluble polysaccharides contained glucosamine 

and other sugars normally present in the complete polysaccharides (Table 5.20). 
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Table 5.19 

Time Course Hydrolysis of Polysaccharides in 

0.1 M Acetic Acid to Determine % Lipid A in Lipopolysaccharide 

% wt/wt of Total Polysaccharide 

PC18Phe PC18Aq GA192Phe 
Lipid A Sol Ps* Lipid A Sol Ps Lipid A Sol Ps 

Hydrolysis Time + + + 
Hours unhydrol* unhydrol unhydrol 

LPS LPS LPS 

3 62 24 30 59 74 32 

6 62 23 32 66 63 29 

9 57 27 23 63 49 36 

12 58 28 22 66 45 39 

*501. Ps = Soluble Polysaccharide 

*Unhydrol LPS = Unhydrolysed Lipopolysaccharide 

Table 5.20 

Sugar Composition of Lipid A and Soluble Polysaccharide Fractions 

Lipid A Soluble Polysaccharide 

PC18 PC18 GA192 PC18 PC18 GA192 
Sugar 

Phe Aq Phe Phe Aq Phe 

Glucosamine + + + + + + 

Galactosamine Tce Tce Tce + + + 

Unknown amino sugar I + 

Rhamnose 

Fucose Tce + 

Mannose Tce Tce + + + 

Glucose Tce Tce Tce + + + 

Galactose Tce Tce Tce + 

Tce trace 
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(10) Fatty Acid Analysis 

(a) Qualitative Analysis 

Up to 17 peaks were resolved when the methyl esters of samples, 

prepared as in section 2.19.4 were run on the GLC (Table 5.21). Many 

of these esters could be identified by comparison of the relative 

retention times of each peak with its corresponding primary or secondary 

(cod liver oil, coconut oil) standard on each of the two columns (peaks 

No.1; 2,- 3, 5, 7, 8, 9, Table 5.21). Some of the peaks for which standards 

were not available (peaks No.4, 6, 10) were tentatively identified 

from their position on double log plots (Figure 5.10) and carbon number 

plots (Figure 5.9) (Ackman, 1969). 

The identity of the above peaks was further supported by a 

combination of TLC and GLC. Fatty acid methyl esters and hydroxy acid 

methyl esters were separated by preparative TLC (see methods) and each 

of these fractions chromatographed separately by GLC (column 1 temperature 

program (a), Table 2.12). Peaks no. 1-10 (Table 5.21) were present in 

the fatty acid methyl ester fraction, supporting their identification 

as normal fatty acid esters. One small unidentified peak (peak 13a, 

Table 5.21) was also present. This peak had previously been masked by 

peak 13b. The unsaturated nature of peaks No.4, 6, 8, 10 (Table 5.21) 

was confirmed by brornination of the fatty acid fraction and GLC of the 

products under the same conditions as above, when peaks 4, 6, 8, 10 

(Table 5.21) disappeared. 

When the hydroxy acid fraction was chromatographed on the 

GLC (column 1 temperature program (a), Table 2.12), only peaks No. 

12, 13b, 14, 15, 16, 17 (Table 5.21) were present, indicating that these 

peaks were produced by hydroxy acid methyl esters. Brornination of the 

hydroxy acid fraction and GLC under the same conditions as before, 

produced only peaks No. 12, 14, 16 (Table 5.21) indicating that these 

peaks were saturated hydroxy acid esters and that peaks No. 13b, 15, 17 
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Table 5.21 

0) of Fatty Acid 

Methyl Esters on EGSSX and on SE52 (in parenthesis) 

Chromatography conditions as in Table 2.12 (column 1 temperature program a, 

and column 2). 

Jeak Fatty Acid Cod Liver Coconut oil PC18Phe PC18Aq GA192phe primary 
No. 	 Ester Oil Standard 

C8 0.05 

C10 0.10 (0.03) 

1 Cl1:0 0.13(.043) '0.13(.044) 0.13(.043) 0.13 


2 C12:0 0.17(0.07) 0.17(0.07) 0.17(0.07) 0.17(0.07) 


3 C13 :0 0.23(0.10) 0.22(0.11) 0.23(0.10) 0.23(0.10) 


4 C13:1 0.26(0.09) 0.26(0.10) 0.26(0.09) 


C14:0 0.31(0.16) 0.31(0.17) 

5 C15:0 0.41(0.26) 0.41(0.25) 0.41(0.26) 

6 C15:1 0.48(0.23) 0.49(0.22) 

7 C16:0 0.56(0.40) 0.55(0.41) 0.55(0.38) 0.54(0.40) 

8 C16:1 0.67(0.37) 0.65(0.37) 0.64(0.35) 

9 C17:0 0.70(0.65) 0.70(0.64) 0.73(0.64) 

10 	 C17:1 0.86(0.57) 0.86(0. 

11 	 C18:0 1.00(1.00) 1.00(1.00) 1.00(1.00) 1.00(1.00) 1.00(1.00) 1.00(1.00) 

C18:1 1.19(0.87) 1.18(0.88) 

C18:2 1.48(0.81) 

C18:3 2.17 

12 30H C13:0 1.28(0.21) 1.27(0.21) 1.28(0.20) 

13a Unknown 

13b 30H CI3:1? 1.43 1.46 

14 30H C14:0? 1. 73 1.72 1.71 

15 30H C14:1? 1.96 1.99 

16 30H C15 :O? 2.29 2.28(0.52) 2.27(0.55) 

17 30H C1S:1? 	 2.68 2.63(0.47) 2.62(0.52) 
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(Table 5.21) were unsaturated hydroxy acid esters. The main peak in 

this extract (peak No. 12, Table 5.21) was identified as 3-hydroxy

tridecanoic acid (30H C
13 

:0) methyl ester by co-chromatography with 

methylated authentic 30H C
13

:
0 

(see methods for synthesis and purity) 

on the EGSSX and SE52 columns (Table 5.21a). When the methyl esters 

Gf the sample and standard were trimethylsilylated (TMS) they again 

co-chromatographed on the EGSSX column. In this case the TMS derivatives 

of the hydroxyacids all eluted before C
18

:
0 

(Table 5.21a). Both 

derivatives of peak number 12 (Table 5.21) in PCl8Aq and GA192Phe were 

also found to co-chromatograph with the appropriate derivative of 

30H C
13

:
0 

(Table 5.21a) . 

The identity of the minor hydroxy acid ester peaks (Peaks Nos. 

13b-17, Table 5.21) could not be established without appropriate standards. 

However it is possible to speculate on their identity from their positions 

in the plots of Fig. 5.9 and 5.10. 

Peaks No. 12 and 16 were both saturated and produced a straight 

line parallel to the other series of fatty acids in Fig. 5.10. In the 

same figure the unsaturated peak 17 occupied a similar position relative 

to the saturated hydroxy acid ester series as do the monounsaturated fatty 

acid esters to the saturated fatty acid ester series, suggesting that 

peak 17 isa monounsaturated ester. 

The saturated hydroxy acid ester series can be formed into a 

straight line based on 30H C
13

: 0 , parallel to other series in Fig. 5.9, 

giving peaks 12, 14 and 16 (Table 5.21) the carbon numbers 13, 14 and 15 

respectively. A similar series of the unsaturated hydroxyacid esters can 

also be drawn parallel to other series in Fig. 5.9, if it is assumed 

that all the unsaturated esters are monounsaturated and that the mono

unsaturated ester of a given carbon number is eluted from EGSSX just 
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Table 5.21a 

Relative Retention Times of Hydroxyacid Esters on 

EGSSX and SE52 

EGSSX (1) SE52(2) 

Fatty Acid PC1SAq PC1Sphe GA192Phe PC1SPhe 

30H 

30H 

30H 

( 1) 

(2) 

Me Ester Me TMS Me Ester Me TMS Me Ester Me TMS Me Ester 
Ester Ester Ester 

C13 : 0 
1.03 0.61 1.04 0.64 1.03 0.62 0.63 

C15 : 0 ? 1. 32 0.S4 1.35 0.S5 1.33 0.S4 

C15 : 1 ? 1.41 0.S7 - - - 0.S7 
-. 

Determined with the following temperature program. 130
0

C for S minutes 

then programmed SOC/min. to lSOoC. 

Determined on the pye GCDgas chromatograph with the following 

50.0/ . temperature program. 1 0 C for 6 IDlnutes then programmed S C IDln. 

o 
to 220 C. 

- . 
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after the saturated hydroxy acid of the same carbon number (as is the case 

with normal fatty acid esters, ego Table 5.21). This arrangement gives 

peaks 13b, 15 and 17 the carbon numbers 13, 14 and 15 respectively. It 

is therefore probable that peaks 13b - 17 are 30H C
13

:
1

, 30H C
14

:
0

, 

30H C14 : 1 , 30H C15 : 0 , 30H C15 : 1 respectively. 

(b) Quantitative analysis: Quantitative analysis was performed 

on samples which were hydrolysed and then methylated. The resulting esters 

were separated on the EGSSX column (temperature program C, Table 2.12). 

In each sample a new peak appeared in addition to those observed in 

section 5.2.10. This unknown peak eluted immediately before C
15

:
0

• It 

is known that 3-hydroxy fatty acids degrade during hydrolysis in strong 

acids to produce, 2,3 unsaturated acids (Rooney, et al., 1972; Rosenfelder, 

et al., 1974). This new peak probably represents the corresponding 

degradation product of 30H C
13

:
0 

as it was not produced in the milder 

transmethylation procedure. It has been labelled C in tables 5.22, 
x 

5.27, 5.2S. The areas of other peaks which were too small to be accurately 
measured and identified were canbined and listed in Table 5.22 as "other" fatty acids. 

Both phenol phase lipopolysaccharides contained a ~ide range 

of fatty acids which ,is unusual in lipopolysaccharide and can be due to 

phospholipids present in the preparation (e.g. Weckesser et al., 1974b). 

Each sample was extracted with chloroform:methanol 2:1 to remove lipids, 

90-100% of the PClSAq sample being recovered after extraction. However 

only 45-50% of the phenol soluble lipopolysaccharides (PClSPhe and 

GA192Phe) were recovered, the remainder of the material appearing to be 

soluble in the solvent. Each of the extracted and unextracted samples 

was analysed for fatty acids, the results of which are listed in Tables 

5.22 and 5.27. 



C11 : 0 

C13 : 0 

C13 : 1 

C 
x 

C1S : O 

C1S : 1 

C17 : 0 

C17 : 1 

30H C13 :
0 

30H C1S : O? 

30H CIS: I? 

Others 

·Table 5.22 

% wt/wt Fatty Acids and % Total Fatty Acids in PC18 and GA192 Lipopolysaccharides 

PC18Aq PC18Phe GA192Phe 

Unextracted Extracted Unextracted Extracted Unextracted Extracted 

1.3 (9.0) 1.3 (10.4) 1.5 ( 6.6) 1.5 (12.0) 2.0 ( 9.9) 3.6 (16.9) 

0.5 (3.4) 0.4 ( 3.2) 0.7 ( 3.1) 0.4 ( 3.2) 1.0 ( 4.9) 1.2 ( 5.6) 

0.4 (2.7) 0.3 ( 2.4) 0.3 ( 1. 3) 0.4 ( 3.2) 0.2 ( 1.0) 0.4 ( 1. 9) 

0.5 (3.4) 0.4 ( 3.2) 0.4 ( 1. 8) 0.3 ( 2.4) 0.5 ( 2.5) 0.7 ( 3.3) 

- - 0.6 ( 2.7) 0.1 ( 0.8) 1.0 ( 4.9) 0.3 ( 1.4) 

- - 3.3 (14.6) 0.5 ( 4.0) 0.8 ( 3.9) 0.3 ( 1.4) 

- - 0.4 ( 1.8) 0.2 ( 1.6) Tce Tce 

- - 1.8 ( 8.0) 0.3 ( 2.4) 1.3 ( 6.4) 0.2 ( 0.9) 

9.9 (68.3) 8.7 (70.2) 11.9 (52.7) 7.5 (60.0) 10.5 (51.5) 11.7. (54.9) 

0.7 (4.8) 0.4 ( 3.2) 0.7 ( 3.,1) 0.4 ( 3.2) 0.8 ( 3.9) 0.9 ( 4.2) 

0.4 (2.7) 0.4 ( 3.2) 0.6 ( 2. 7) 0.5 ( 4.0) 1.1 ( 5.4) 1.4 ( 6.6) 

0.8 (5.5) 0.5 ( 4.0) 0.4 ( 1.8) 0.4 ( 3.2) 1.2 ( 5.9) 0.6 ( 2.8) 

% of total fatty acids in parenthesis. 

I 
I 

I-' 
W 
W 
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Low recoveries of the phenol .phase lipopolysaccharides could 

be explained by partial solubility of the phenol phase lipopolysaccharides 

in chloroform:methanol 2:1 (or 1:1). This is supported by the detection 

of considerable amounts of 30H C
13

:
0 

(5 and 7% from PC18Phe and GAl92Phe 

respectively), in the chloroform/methanol extracts after they had been 

dried and transmethylated for 6 hours. These results may be an under-

estimate as this method does not detect all 30H C . Hydrolysis of the 
13:0 

chloroform/methanol extracts for neutral sugars and chromatography on 

cellulose TLC plates in solvent C
l 

showed that the neutral sugars present 

in the lipopolysaccharide were also present in these extracts, again 

supporting the notion that some lipopolysaccharide is soluble in 

chloroform/methanol. 

(11) Analysis of Short Chain Acids 

Short chain fatty acids were analysed by gas chromatography 

and were identified by comparison of relative retention times with 

standards. Table 5.23 tabulates these results. 

(12) Analysis of Minor Fractions from Cell Walls & Cell Contents 

(a) Heavy aqueous extracts: Polysaccharides sedimenting at 

100 000 g (before drying) from the aqueous phases after phenol/water 

extraction, were recovered (section 5.1.3, Fig. 5.5) and analysed by the 

same methods as the major polysaccharides (Table 5.24). The high levels 

of glucose in these samples probably arises from contamination by glycogen 

(which sediments rapidly at 100 000 g) as a 1% solution of this fraction 

from PC18 gave a strong red colour with iodine solution and lost this 

property after incubation with human saliva at room temperature for ten 

minutes. 
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Table 5.23 

Volatile Fatty Acids 

% wt/wt of Total Polysaccharide 

Acid Relative Retention PCIBPhe PCIBAq GA192Phe 
Time 

Acetic 0.32 6.7 B.O 5.1 

Propionic 0.42 Tce Tce Tce 

Isobutyric 0.47 0.2 0.3 0.2 

Butyric 0.62 

Unknown 0.67 0.6 

Isovaleric 0.74 0.2 0.7 0.6 

Vale ric 1.00 

Table 5.24 

Sugar Composition of "Heavy" Aqueous Fractions 

Sugar "Heavy" PCIBAq "Heavy" GA192Aq 

Fucose 3.5 

. Mannose O.B loB 

Galactose 0.2 0.6 

Glucose 59.B 44.3 

Glucosamine + + 

Galactosamine + + 

Unknown amino sugars 

Heptose 1.6 0.76 

dOclA 0.34 0.75 
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(b) Homogenate fraction aqueous phases: These fractions have 

been tentatively identified as a glycogen-amylopectin type polysaccharide. 

on the basis of the following tests. 

(i) Neutral and amino sugars 

The material was hydrolysed for neutral sugars, and amino 

sugars also eluted off the ion-exchange resin. Both eluates were run on 

cellulose TLC, neutral sugars in solvent I and amino sugars in solvent 

C
l

. Only glucose was present in each sample. 

(ii) dOclA 

The sample was assayed for dOclA after a 15 minute 

hydrolysis. No pink colour indicating dOclA was produced while an 

equivalent amount of PC18Aq produced a strong pink colour. 

(iii) Heptose 

Only a trace of heptose (if any) could be detected when 

samples were analysed for heptose by the colorimetric method. 

(iv) Iodine test 

On addition of iodine in potassium iodide to solutions 

of the samples a deep red colour characteristic of glycogen developed. 

(v) Enzyme degradation 

On incubation with human saliva at 37
0 

the opalescent 

solutions became clear and gave a negative iodine test. 

(c) Homogenate fra-ction phenol phases: Each sample was 

hydrolysed for neutral sugars and amino sugars also recovered £romthe 

ion exchange column. The hydrolysate was chromatographed on cellulose 

TLC plates, neutral sugars in solvent I and amino sugars in solvent Cl 

(Table 5.25). These fractions appeared to be equivalent to the 

corresponding phenol soluble polysaccharides from these organisms and 

were not investigated further. 
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Table 5.25 

Sugar Composition of Homogenate Phenol Phase Extracts 

PCl8 Homog. phe GAl92 Homog. Phe 

Rhamnose + 

Fucose/Ribose + 

Mannose + + 

Glucose + + 

Galactose + 

Unknown amino sugar 1 ( ±) 

Unknown amino sugar 2 + ( ±) 

Glucosamine + + 

Galactosamine + + 

(±) only traces present 
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3. SUMMARY AND DISCUSSION OF LIPOPOLYSACCHARIDE ANALYSIS 

Two lipopolysaccharides have been isolated from Selenomonas 

ruminantium strain PC18, one of which is extracted into the aqueous 

phase and one into the phenol phase on extraction with phenol-water. 

In contrast, only one lipopolysaccharide was found in strain GA192 

and this was extracted into the phenol phase. A water soluble poly-

saccharide was, however, isolated from the aqueous phase. A summary 

of the analysis of these polysaccharides is presented in tables 5.26, 

5.27, 5.28. 

(1) Lipopolysaccharides 

(a) Properties and purity: Of the weight of each lipopoly-

saccharide, 70-80% has been accounted for. There are several reasons 

why the theoretical value of about 110% has not been approached, the 

most important of which is the retention of some water in freeze dried 

preparations of lipopolysaccharides, similar to those prepared here in 

(section 5.1.3). Chiu & Nowotny (1964) found that 20% of the weight of 

a freeze dried endotoxin preparation from Serratia marcescens could be 

o lost by drying in a vacuum of 0.1 rom Hg at 100 Cover P
2

0
5 

to constant 

weight. Thus up to 20% by weight of such preparations could be due to 

water which is not lost under normal drying conditions. In addition, all 

possible components of lipopolysaccharide have not been measured. These 

include ethanolamine and ethanolamine phosphate which may be bound to 

lipopolysaccharide. The organic bases spermine, spermidine and putrescine 

may also be associated with lipopolysaccharide preparations (Galanos & 

Luderitz, 1975). Also the analysis of unknown amino sugars in PC18Aq 

and GA192Aq is only approximate and some components may remain undetected. 

It is significant in this respect that all HCl hydrolysates of PC18Aq 

appeared dark brown, implying degradation of some components. Aminouronic 
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acids degrade rapidly under the conditions used (Perkins, 1963) but 

Weckesser et al. (1973) still observed aminouronic acids in acid 

hydrolysates (4 M HCl 18 hr) when run on an amino acid analyser. 

However no such components were detected when hydrolysates of PCl8Aq, 

PC18Phe or GA192Phe were run on the amino acid analyser; or on 

chromatograms from 0.1 M HCl hydrolysates. 

PC18Aq was unusual in not sedimenting at 100 000 g, but could 

be sedimented at higher g forces. (Subsequent work has shown that most 

PC18Aq will sediment at 230 000 g over 24 hours without predrying) • 

Lipopolysaccharides with similar properties have been isolated from 

Proteus mirabilis (Gmeiner, 1975a), E. coli and Shigella dysenteriae 

(Dmitriev et al. 197b, 1977). All three of these lipopolysaccharides 

contained acidic components which could account for them not sedimenting· 

at 100 000 g, but examination of PC18Aq for uronic acids by the carbazole 

assay produced negative results. Amino uronic acids give negative 

results in this assay (perkins, 1963) and the extent to which such 

substances as glucolactylic acid may react is unknown. However negatively 

charged sugars were not detected in 4 M HCl hydrolysates on electro

phoretograms. The presence of two amino sugars (amounting to 6.5% of 

the lipopolysaccharid~ in addition to those of PC18Phe could contribute 

extra charge to the PC18Aq and cause increased 'solubility'. However a 

decrease in the amount of glucosamine relative to PC18Phe results in 

about the same amount of amino sugar constituents present (24-28% wt/wt 

of the lipopolysaccharide) as in the other two phenol soluble lipopoly

saccharides. 

(b) Sugar content: All three lipopolysaccharides contained 

glucosamine, glucose, mannose, dOclA and heptose as common constituents. 

However the amount of heptose present in PC18Aq was more than four times 
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Table 5.26 

Carbohydrate Composition of strains PClS and GA192 Lipopolysaccharides 

and Strain GA192 Polysaccharide 

PC1SAq PClSPhe GA192Phe GA192Aq 
% wt/wt % wt/wt % wt/wt % wt/wt 

Rhamnose 21.7 

Fucose 6.4 

Mannose S.4 7.4 9.1 0.7 

Galactose 0.4 2.1 0.5 

Glucose 6.4 2.4 3.4 59.0 

Heptose I 6.6 1.4 

Heptose II 2.4 0.6 2.9 

Glucosamine 9.S 19.3 17 .4 

Galactosamine 7.9 9.0 10.4 

Unknown amino 
sugar I 5.3 ~22.0 

Unknown amino 
sugar II 1.2 ~9.3 

dOclA 2 .. 3 2.9 2.3 
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Table 5.27 

Fatty Acid Composition (% wt/wt) of Strains PC18 and GA192 Lipopolysaccharides 

Before (A) and After (B) CHC1
3

/MeOH Extraction 

PC18Aq PC18Phe GA192Phe 

A B A B A B 

Cl1 : O 
1.3 (1. 3) * 1.5 (1.5) 2.0 (3.6) 

C13 : 0 
0.5 (0.4) 0.7 (0.4) 1.0 ( 1.2) 

C13 : 1 
0.4 (0.3) 0.3 (0.4) 0.2 (0.4) 

C 0.5 (0.4) 0.4 (0.3) 0.5 (0.7) 
x 

C15 : 0 
0.6 (0.1) 1.0 (0.3) 

C15 : 1 
3.3 (0.5) 0.8 (0.3) 

C17 :0 
0.4 (0.2) Tce 

C17 : 1 
1.8 (0.3) 1.3 (0.2) 

30H C13 : 0 
9.9 (8.7) 11.9 (7.5) 10.5 (11. 7) 

30H C15 : 0 ? 0.7 (0.4) 0.7 (0.4) 0.8 (0.9) 

30H C15 : 1 ? 0.4 (0.4) 0.6 (0.5) 1.1 (1.4) 

Other fatty acids 0.8 (0.5) 0.4 (0.4) 1.2 (0.6) 

* CHC1
3

/MeOH extracted lipopolysaccharide in brackets. 



Component 

Fucose 

Mannose 

Galactose 

Glucose 

Heptose I 

Heptose II 

Glucosamine 

Galactosamine 

Unknown I (amino 

Table 5.28 

Molar Ratios of Lipopolysaccharide 

Constituents Relative to dOclA 

PC18Aq PC18Phe 

4.6 3.2 

0.2 

3.7 1.0 

3.0 0.5 

1.1 0.2 

5.6 8.3 

4.4 3.8 

sugar) 3.0 

Unknown II (amino sugar) 0.7 

dOclA 1.0 1.0 

Fatty Acids 

Cll : O 
0.7 0.6 

Cl3 : 0 
0.2 0.2 

Cl3 : 1 
0.2 0.1 

C 
x 

C15 : 0 
0.2 

C15 : 1 
1.1 

C17 : 0 
0.1 

C17 : 1 
0.5 

30H Cl3 : 0 
4.3 4.0 

30H C
15

:
0

? + + 

30H C15 : l ? + + 
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GA192Phe 

4.0 

5.1 

1.0 

1.9 

1.4 

9.7 

5.8 

1.0 

1.1 

0.5 

0.1 

0.4 

0.3 

0.5 

4.6 

+ 

+ 
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the amount in PC18Phe. Both these lipopolysaccharides contained two 

heptoses (heptose I and heptose II). In each case heptose I accounted 

for approximately 70% of the total heptose present. Strain GA192 

contained only one heptose (heptose II) at a similar level to that in 

PC18Aq. Each lipopolysaccharide contained about the same amount of 

dOclA (2.3 - 2.9%). 

(c) Amino acid content: Amino acids were present in all 

three lipopolysaccharides but never accounted for more than 4% of the 

lipopolysaccharide, a level commonly present in lipopolysaccharides 

prepared by phenol/water extraction (Nowotny, 197Ia). It should be 

noted here that the method of Galanos et ai.' (1969), which uses an' extraction 

medium of phenol/chloroform/petroleum ether, can be used to extract 

lipophilic lipopolysaccharides and results in preparations essentially 

free of protein. An attempt was made to purify the two phenol soluble 

lipopolysaccharides (PCI8Phe and GAI92Phe) by this method. Although 

the lipopolysaccharides were soluble in the solvent, they were only 

partially precipitated on addition of water, resulting in very poor 

yields. 

Serine and glycine were present in levels considerably higher 

than other amino acids (Table 5.14). It is not possible to determine, 

from the results obtained, whether these amino acids are bound to lipo

polysaccharide or not. However the isolation of amino sugars apparently 

bound to protein in PCl8Aq suggests that the amino acids are derived 

from proteins linked to the polysaccharide, or from glycoprotein associated 

with it. 

(d) Fatty acid content: Phospholipids may contaminate 

lipopolysaccharide preparations, e. g. Weckesser et al. (1974b). The 

occurrence of unsaturated fatty acids and a wide range of fatty acids 

.. 
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in PC18Phe and GA192Phe suggested that these lipopolysaccharides may 

have been contaminated with phospholipids, as unsaturated acids are 

rare in lipopolysaccharides and most lipopolysaccharides contain only 

1-3 saturated fatty acids and 1-3 hydroxyacids •. Extraction of the two 

lipopolysaccharides with chloroform/methanol by standard procedures 

yielded material with a fatty acid content comparable with that of other 

lipopolysaccharides. However a close check on recovery after extraction 

showed that only 50% of the original lipopolysaccharide was recovered. 

Qualitative tests on the chloroform/methanol soluble fraction indicated 

that both 30H C
13

:
0

, and lipopolysaccharide sugars were present, showing 

that a considerable proportion of the lipopolysaccharide was extracted 

into chloroform/methanol. 

The extraction of some lipopolysaccharide into chloroform/ 

methanol made it difficult to assess the original level of phospholipid 

contamination. However the difference in fatty acid content before and· 

after extraction (Table 5.27) reveals a drop in the amount of C15 : 0 , 

C15 : 1 , C
17

:
0

, C
17

:
1 

which could be due to removal of phospholipids. 

Changes in hydroxyacid content are unlikely to be due to their removal 

as components of phospholipids as 3-hydroxyacids are not common components 

of the other lipids of bacteria. (Rietschel et al. 1977, and Kamio. et al. 1970) 

have not found hydroxyacids in phospholipid fractions of S. ruminantium. 

If the decrease in fatty acid content due to C15 : 0 -CI7 : 1 fatty acids 

is summed, a decrease of no more than 5% wt/wt (Table 5.·27) is obtained, 

indicating that if phospholipids were present they amounted to no more 

than 5% of the preparation. 

The fatty acid content of the extracted lipopolysaccharide 

showed that the main fatty acids present were 30H C13 :0 and CII :O with 

small amounts of other odd carbon number fatty acids. In PCI8Aq, 

30H C
I 

accounted for 70% of total fatty acids while in PCl8Phe and 
3:0 
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GA192Pheit accounted for 50-60% of total fatty acids (Table 5.22). The 

fatty acid content of the chloroform soluble lipopolysaccharide is 

unknown. However the large decrease in 30H C
13

:
0 

content of PC18:Phe 

(Table 5.27) on extraction suggested that the corresponding chloroform/ 

methanol soluble lipopolysaccharide had a higher 30H C13 : 0 content than 

the extracted lipopolysaccharide. Also, if the decreased fatty acid 

content of extracted lipopolysaccharide due to C
15

:
0 

- C
17

:
1 

fatty acids 

is not caused by phospholipid extraction, then it follows that the 

corresponding chloroform/methanol lipopolysaccharide must also contain 

higher proportions of these fatty acids. 

Mild acid hydrolysis of the lipopolysaccharides revealed 

that lipid A accounted for about 50% of the weight of the phenol-soluble 

lipopolysaccharides and about 20% of PC18Aq. These values may include 

some contribution from phospholipids associated with lipid A preparations 

but this would be small if the changes in fatty acid content of PC18Aq 

and GA192phe after extraction accurately reflect extraction of phospholipids 

by chloroform/methanol. This difference in lipid A content of phenol

soluble and water-soluble lipopolysaccharides was reflected in their 

fatty acid content, 14.5% for PC18Aq versus 22.6 and 21.3% for PC18Phe 

and GA192Phe respectively, before extraction with lipid solvents. 

(e) Mole ratios: The components of the lipopolysaccharides 

can be compared on a mole ratio basis. For this purpose either heptose 

or dOcLA is useful as a base, for they normally occur in"the lipopoly

saccharide core which is less susceptible to heterogeneity, as, for 

example, in variable chain length of O-specific polysaccharides. Of 

these two sugars dOcLA is less reliable than heptose because of its 

rapid degradation on hydrolysis and consequent difficulty in obtaining 

an accurate analysis. A further complication is the effect of 
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phosphorylation of heptose and dOclA, and substitution of dOclA, on 

the analysis. Phosphorylation of heptose could reduce its response 

in the cysteine/sulphuric acid assay and any heptose with attached 

phosphate remaining after hydrolysis would be removed by ion exchange 

during preparation of derivatives for gas chromatography. This would 

result in artificially low heptose values. Similarly, the thiobarbituric 

acid assay is dependent on free hydroxyl groups at positions 4 and 5 of 

the dOclA molecule. Substitution at the 5 position by a phosphate or 

methyl group results in only a weak reaction in the thiObarbituric acid 

assay, the molar absorption coefficients being reduced by 10 (Sarfati 

et al., 1977) and 7 (Charon & Szabo, 1972) times respectively. Droge 

et ale (1970) found that dOclA substituted at the 5 position by heptose 

prevented reaction with thiobarbituric acid in this .assay. The conditions 

used in this assay will therefore only measure dOclA which is not 

substituted at these positions. For example, heptose is glycosidically 

linked to position 5 of dOclA in both E. coli and Salmonella (Droge et ale 

1970; Prehm et ale 1975). If such a residue was present in Selenomonas 

an undetected dOclA molecule would be present. 

Of the two sugars dOclA has been used as a basis for mole 

ratios as it is not clear whether the two heptoses occupy different 

positions in the molecule, or represent a partia~ replacement of one 

heptose molecule by the other, as for example in some Salmonel~ typhimurium 

mutants (LehMnnet ale 1973). The typical mild acid sensitivity of the 

lipopolysaccharide studied here, suggests that dOclA forms the ketosidic 

link between polysaccharide and lipid A, implying that it is a core 

component. Mole ratios based on dOclA are listed in Table 5.28. 
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(2) GA192Aq 

Analysis of GA192Aq showed it to be a heteropolysaccharide 

containing mainly glucose, rhamnose and two unidentified amino sugars, 

with small amounts of mannose and galactose. These sugars were in the 

molar ratios 1.0:2.4:0.9:0.4 for rhamnose, glucose, unknown I and 

unknown II respectively. 

(3) Other Fractions 

Material which sedimented at 100 000 g was obtained from the 

aqueous phases of both S. ruminantium strains,. section 5.1. 3, fig. 5.5. 

This material should correspond to "normal" lipopolysaccharide. The 

presence of large amounts of glucose and a positive iodine test indicated 

that a large amount of glycogen/amylopectin type polysaccharide was 

present. Small amounts .of lipopolysaccharide were also present, as shown 

by the presence of dOclA, heptose and other characteristic lipopoly~ 

saccharide sugars in neutral sugar hydrolysates. 

A glycogen/amylopectin type polysaccharide has been isolated 

from the cell contents fraction after homogenising whole cells. This 

material is presumably the main storage polysaccharide of S. ruminantium. 
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CHAPTER 6 

GENERAL DISCUSSION 

1 GENERAL INTRODUCTION 

Thin sections of whole cells revealed a typical gram negative 

profile containing a rigid layer and outer membrane. No material was 

seen external to the outer membrane in strain PC18 but in strain GA192 

some amorphous material similar to that observed in SeZenomonas sputigena 

(Kingsley & Hoeniger, 1973), appears to adhere to the wall. It is known 

(Hobson & MacPherson, 1953; Cheng & Costerton, 1975) that most bacteria 

" in the rumen have capsules and that the large form of SeZenomonas 

puminantium (probably subsp. Bryanti) has a fibrous coat (Chalcroft et al., 

1973). Although the SeZenomonas strains studied here do not have a 

capsule (Bryant, 1974), material may be present as a 'microcapsule' in 

strain GA192 and the most likely material for this would be GA192Aq. 

Proof of this would require electron microscopy of thin sections, of cells 

treated with labelled antibodies. By analogy with other bacteria the 

outer membrane should contain the lipopolysaccharides which have been 

isolated here. The rigid layer"underlying the outer membrane has been 

shown by Kingsley (Kingsley, 1968; Kingsley & Hoeniger, 1973) to have 

the properties of a peptidoglycan. Again, by analogy with other bacteria 

this layer should correspond to the peptidoglycan isolated in this work. 

2 ANALYSIS OF WHOLE CELL WALLS 

Results obtained from this analysis are within the range of those 

quoted for other gram negative bacteria (Salton, 1964, Table 16). For 

five bacteria these values ranged from 8 to 23% with one sample at 46% 

for reducing substances, and 0.88 to 1.52% for phosphorus. The results 

obtained by Hobson (1965) for S. Puminantium strain 6 (4.7% carbohydrate, 

0.7% phosphorus) are also similar to the results obtained here, as are 
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also those obtained for Quin's Oval (Wicken & Howard, 1967) and Eadie's 

Oval (Orpin, 1976). By adding up the % wt/wt of each sugar given in 

these two papers that is reactive .in the phenol/sulphuric acid assay, 

the following totals are obtained. S. ruminantium results are included 

for comparison. 

Total Carbohydrate % Phosphorus 

Quin's Oval 12.1 0.54 

Eadie's Oval 10.1 0.45 

S. ruminantium str. GA192 11.0 1.0 

S. ruminantium str. PC18 10.0 0.9 

% 

The total carbohydrate and phosphorus content of the two rumen bacteria 

'Quin's Oval' (Wicken & Howard, 1967) and Eadie's Oval (Magnoovum eadii) 

(Orpin, 1976) are therefore similar to those of S. ruminantium obtained here. 

Of the sugars identified in S. ruminantium strains PC18 and GA192,. 

muramic acid was expected as it had already been found in SeZenomonas by 

Kingsley (Kingsley, 1968; Kingsley & Hoeniger, 1973), and glucosamine would 

have been present as a constituent of lipid A (Kamio et a1., 1972b) and 

the peptidoglycan. Therernaining sugars, glucose, galactose, rnannose, 

rhamnose, fucose and galactosamine all occur frequently in the lipopoly

saccharides of gram negative bacteria (Luderitz et al., 1971, Table II). 

In accord with this, glucose, galactose, rhamnose, muramic acid and 

glucosamine were identified as components of Quin's Oval and Eadie's Oval. 

Galactosamine was also present in Eadie's Oval. All of these sugars were 

also identified in hydrolysates of bacterial cell walls prepared from 

rumen contents (Hoogenraa,d& Hird, 1970). The presence of other amino 

sugars of unknown structure in the S. ruminantium cell wall is not 

surprising, as rare or unusual amino sugars are often encountered in 

lipopolysaccharides (Luderitz et al., 1971, Table II; Wilkinson, 1977, 

Table 4). 
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3 PEPTIDOGLYCAN 

Purification of the peptidoglycan layer from strain GA192 proved 

difficult to achieve. Extraction with boiling 4% SDS, a technique 

applied to many other bacteria, did not result in a pure preparation 

after washing. However, after repeated SDS and phenol washings a 

substantially pure preparation was obtained. Braun (1975) has commented 

that if pure peptidoglycan-lipoprotein was not obtained from log phase 

cells of E. coli in one step, then additional measures did not improve 

the purity of the preparation. He also found that pure peptidoglycan

lipoprotein complex could not be isolated from stationary phase cells. 

The results obtained here run somewhat contrary to Braun's comments. The 

cells were harvested at late log/early stationary phase, which could 

account for some of the difficulty in obtaining a pure preparation. On 

the other hand repeated extractions with SDS and phenol did bring about an 

increase in purity. It is noteworthy that Katz et al., (1978) also used 

repeated SDS extractions to purify the lipoprotein-peptidoglycan complex 

from Proteus mirabilis. 

Electron micrographs (Fig. 4.2) show. that if lipoprotein is present, 

it is unlikely to be present on the peptidoglycan layer of S. ruminantium 

in "globules" of a size similar to those of E. coli. Bound lipoprotein 

. could be completely absent or be present in particles of a size similar 

to those of Pseudomonas aeruginosa (Martin et al., 1972). Thin layer 

chromatography results show that non-peptidoglycan amino acids are 

present only as very minor components, again suggesting that lipoprotein 

is not present or is only a minor component. 

- It is significant that other members of the order Pseudomonadales, 

with which S. ruminantium has been classified, have either no lipoprotein, 

e.g. Spirillum serpens (Martin et al., 1972) and Pseudomonas fluorescens 



151. 

(Braun et al., 1970), or have lipoprotein as a minor component, e.g. 

Pseudomonas aeruginosa (Martin et al., 1972; Katz et al., 1978). The 

observation that Selenomonas ruminantium may have bound lipoprotein as 

a minor component, or none at all, agrees with the inclusion of Selenomonas 

in the order Pseudomonadales by Lessel (1957), but a more detailed 

examination of these layers for bound lipoprotein must be made, and a 

much wider range of bacteria examined for bound lipoprotein before firm 

conclusions on the taxonomic importance of this result can be drawn. 

The results of Kingsley (1968) and Kingsley & Hoeniger (1973), who 

found muramic acid in whole cell walls and that the rigid layer of 

S. ruminantium had the properties of a peptidoglycan, have been extended 

_in this work to show the presence of normal peptidoglycan constituents in 

this layer. The detection of glucosamine, muramic acid, diaminopimelic' 

acid, alanine and glutamic acid in the peptidoglycan of S. ruminantium is 

consistent with its structure. being similar to most other gram negative 

bacteria. Contra:r:y to the results of Purser & Buechler (1965), this work 

has shown that diaminopimelic acid is a component of S. ruminantium. 

4 LIPOPOLYSACCHARIDE 

Heterogeneity is a conspicuous feature of strain PC18 lipopoly

saccharide. The results obtained show that three different fractions 

(PC18Aq, and PC18Phe CHC1
3

/MeOH soluble and insoluble) can be obtained, 

while only two fractions (GA192Phe CHC13/MeOH soluble and insoluble) are 

obtained from strain GA192. 

The lipopolysaccharides isolated in this work show a clear distinction 

between strains PC18 and GA192. Strain PC18 lipopolysaccharide contained 

two heptoses (and in PC18Aq two unidentified amino sugars) and could be 

separated into water and phenol soluble fractions. Strain GA192 lipopoly

saccharide however, contained only one of the heptoses, and none of the 
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unidentified PC18Aq amino sugars, but contained fucose in addition. The 

water soluble polysaccharide extracted from this_strain contained rhamnose 

and at least one unidentified amino sugar which does not occur in the 

water soluble (or phenol soluble) lipopolysaccharide of strain PC18. 

Results from only two strains of S. ruminantium cannot indicate 

whether the above differences represent differences between the two 

subspecies of S. ruminantium or not. Further analysis of lipopolysaccharide 

from other strains of each subspecies is required before such differences 

can be confirmed. That such differences between the subspecies may exist 

is supported by the serological analysis of S. ruminantium by Hobson et 

ale (1962). These authors found that a-antisera to strains 6 and 17 of 

S. ruminantium var .tactl;1';Zyticas agglutinated strain PC18 but not strain 

GA192. The cross reaction of strainPC18 with other members of 

S. ruminantium var. tact~Zyticas suggest that at least some of the lipo

polysaccharide structure is common to the strains. 

The extraction of two lipopolysaccharides from strain PC18, one 

into the phenol phase and one into the aqueous phase, on phenol/water 

extraction, paralleled their lipid A content, approximately 50% for 

phenol soluble lipopolysaccharide and 22%-for water soluble. Lipopoly

saccharides which are extracted into the phenol phase are known in a 

number of bacteria (Mergenhagen, .1965; Hickman & Ashwell, 1966; Raff & 

Wheat, 1968; Weckesser et al., 1973, 1974a, 1977; Hurlburt et al., 1976).

In some of these bacteria different lipopolysaccharides have been isolated 

from the phenol and aqueous phases (Mergenhagen, 1965; Volk, 1968; 

Hickman & Ashwell, 1966; Weckesser et al., 1973). The solubility in phenol 

of some of these lipopolysaccharides has been attributed to their high 

content of lipophilic sugars, such as 3-N-Acetyl-amino-3,6-dideoxy-hexoses 

(Weckesser et al., 1973). This cannot be the case with the lipopoly

saccharide isolated here. PC18Phe contains no such lipophilic sugar 
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constituents while GA192Phe contains only 6% fucose. The correlation 

between lipid A (approx. 50%) and phenol solubility of these lipopoly

saccharides indicates that in these lipopolysaccharides the phenol 

solubility is due to the relatively high lipid A content. 

Approximately 50% of each of the phenol soluble lipopolysaccharides 

was soluble in chloroform/methanol solvent. That lipopolysaccharides and 

not just fatty acids or lipid A were extracted was shown by the recovery 

of 30H C
13

:
0 

and lipopolysaccharide sugars from the soluble extract. 

Similar properties have been found in a number of bacteria. A light 

fraction of the phenol soluble lipopolysaccharide of Citrobacter freundii 

was soluble in chloroform/methanol 2:1. The lipid A composition of this 

fraction had 17.6 - 23.6% lipid A (Raff & Wheat, 1968), a value considerably 

lower than that of PC18Phe and GA192Phe. Solubility of these lipopoly- . 

saccharides may have been helped by the presence of 20-26% 6-deoxysugars. 

The low content of 30H C13 : 0 :in ofue CHC1:iMeOHihsoluble fraction andthe :inferred 

high content in the soluble fraction of PC18~The.is very similar to the 

results obtained by Adams etal. (1968) with Neisseria perf Lava (section 

1.2.2). The chloroform insoluble fraction of this lipopolysaccharide 

.' had .less hydroxy acids and more C16 : 0 and C
18

:;1 than the soluble fraction. 

The insoluble fraction also had less rhamnose and more glucose than the 

soluble fraction. Again it may be possible that the 6-deoxyhexose content 

influences the chloroform solubility, although the authors thought it 

likely that different carbohydrate to lipid ratios affected the solubility. 

That the hydroxy-acid content of lipopolysaccharide is not the dominating 

factor in CHC1
3

/MeOH solubility is shown by the isolation of CHC13/MeOH 

soluble and insoluble fractions of N. catarrhalis, in which the insoluble 

f~action had more hydroxy acid than the soluble fraction (Adams et al., 1969). 

The results obtained with PC18Phe show a lower hydroxy acid content 

in the insoluble fraction but the distribution of the carbohydrate mofuety 
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between the two fractions has not been studied. It must be noted that the 

fractions obtained may represent a heterogeneous fraction of lipopoly

saccharide with different chain lengths, and the molar ratios obtained 

~y consequently represent average values. If this is so, lipopoly

saccharide with shorter carbohydrate chains {and in PCl8Phe higher hydroxy 

acid conten~, would be preferentially extracted into CHCl /MeOH.3

The structure of S. ruminantium lipid A has been shown by Kamio et al. 

(l972a, 1972b) to be a nonphosphorylated 81-6 linked diglucosamine 

disaccharide esterified by fatty acids. \~en grown in a medium supplemented 

with valerate, the fatty acids present were those listed in Table 6.1. Of 

the N-acyl fatty acids 85.5% were 30H C : while most of the O-acyl acidsl3 0 

were accounted for by C : (33.4%) and 30H C : (46.6%). The authors
l3 2 13 0 

did not give an analysis of fatty acids in the complete lipid A molecule, 

but from their conclusion that 43.4% of fatty acids were present as O-acyl 

and 56.6% as N-acyl, the percent composition of the original lipid A can be 

calculated (Table 6.1). 

It can further be deduced from their conclusion of an O-acyl:N-acyl 

fatty acid ratio of 1:1.3, that an average of only 3.54 fatty acids are 

esterified to each disaccharide lipid A unit (providing both amino groups 

are fully acylated). 

Kim (1974) isolated two glycolipids from S. ruminantium. The 

glycolipids were glucosaminyl-Bl,6-glucosamine carrying O-acyl and N-acyl 

fatty acids. 30H C was the predominant acid with 30H C9 : 0 also13 : 0 

present. One of these glycolipids carried phosphorus in monoester linkage. 

The structure of these glycolipids suggests that they may be lipid A or 

derivatives of it. If these glycolipidsare lipid A, then the structure 

of Selenomonas ruminantium lipid A determined by Kamio et al. (l972a; 

1972b) is slightly different in respect of fatty acid and phosphate 

substitution in different Selenomonas ruminantium strains. 



Fatty Acid 

% of total 
fatty acid 

Table 6.1 

Composition of S.ruminantiumlipid A 

(calculated from Kamio et al., 1972b) 

3.5 2.2 

C 
13:2 

17.0 

30HC13 : 0 

0.9 4.1 68.9 

155. 

30HC14 : 0 30HC15 : 0 

0.7 2.7 



156. 

The 1ipopolysaccharides of S. ruminantium isolated here contain odd 

numbered fatty acids in agreement with the results of Kamio et al. (1972b), 

but a major difference was the total absence of C
13

:
2

• 30H C
9

:
0 

present 

in S. ruminantium glycolipids (Kim, 1974) was also absent. The fatty acids 

Cll : O' C13 : 0 , 30H C13 : 0 (and possibly 30H C
15

: b) were present in all 

S. ruminantium samples, but PC18Aq had no C
l 

or C which were present 
5:0 17:0 

in PC18Phe, GA192Phe and Kamio's lipid A. However extraction of PC18 and 

GA192 lipopolysaccharide with chloroform/methanol suggested that C
15

:
0

' 

C15 : 1 ' C17 : 0 ' C17 : 1 ' were components of contaminating lipids. This is not 

so with the lipid A of Kamio et al. (1972b) which was separated from other 

lipids by TLC. In addition to the above acids, unsaturated hydroxy acids 

may be present in the lipopolysaccharides of PC18 and GA192. The presence 

of unsaturated hydroxy acids in lipopolysaccharide is unusual. No 

unsaturated hydroxy acids were listed by Wilkinson (1977, Table 6) as the 

major hydroxy acids in over 58 species. Examination of references to 45· 

of these species showed that unsaturated hydroxy acids were not present 

even as minor components. 

On a quantitative basis PC18Aq contained a similar proportion (68-70% 

of total fatty acids) of 30H C
13

:
0 

to the lipid A of Kamio et al. (1972b) 

while the phenol soluble lipopolysaccharide had lower values (51-60%, 

Table 5.22). The latter values may be slightly depressed due to 

contaminating lipid, however all values fall close to the 55-75% 30H-fatty 

acid content that is present in most bacterial lipopolysaccharides 

(Rietschel et al., 1975). 

Some hypotheses can be made about S. ruminantium strains GA192 

and PC18 lipopolysaccharide structure from Table 5.28, if it is assumed 

that the lipopolysaccharides isolated here have a similar structural 

pattern to those of SaZmoneZla. That is, one lipid A unit linked to a 

core containing dOclA and heptose, and an outer O-specific side chain 
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made up of repeating units • The presence· of dOclA, heptose "an acid 

sensitive link between lipid A and polysaccharide, and other components 

characteristic of lipopolysaccharide suggests the SeZenomonas ruminantium 

lipopolysaccharides follow this pattern. It must also be noted that 

lipopolysaccharide preparations are not homogeneous, so that the molar 

ratios obtained represent 'averages' of the components present. 

In the following three hypotheses all mole ratios quoted are 

relative to dOclA unless otherwise stated. 

(i) When the moles of fatty acid are summed, the range of total 

fatty acid moles is from 5.4 to 7.5. Some of these acids may be due to 

contaminating lipid but even if all fatty acids other than 30H C
13

:
0 

were 

contaminants, a range of 4.3 to 4.6 would be obtained. The molar ratio 

of fatty acids to dOclA determined in this work can be accommodated 

within the above formula of Kando et al. (1972a, 1972b) if there is only' 

one molecule of dOclA (as measured) per lipopolysaccharide molecule. If 

two dOclA molecules (measured) were present then 10.8 to 15.0 fatty acids 

(8.0 to 9.2 30H C
13

:
0

) would be present, implying either extensive formation 

of 3~acyloxy £atty acid linkages, or more than one lipid A unit per molecule. 

The latter possibility is unlikely from the work of Karnio et al. (1972a) 

who found only single phosphate~free lipid A units in S. ruminantium, 

and from the work of Mllhlradt et al. (1977). It is therefore probable 

that one lipid A unit and one dOclA molecule (as measured) are present 

per lipopolysaccharide molecule. A corollary of this would be that mole 

ratios listed in table 5.28 would become moles per mole of lipopolysaccharide. 

Providing the assumptions above are correct (namely one dOclA 

measured per lipid A) then a minimum of 5.4 and a maximum of 7.5 fatty acids 

must be bound to lipid A. The degree of acylation of lipid A would there-

fore be considerably greater than the 3.54 fatty acids per lipid A 

calculated from Kamio et al. (1972b), unless extensive 3-acyloxy linkages 
are present. 
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(ii) Moles of total carbohydrate per mole of dOclA are higher than 

that expected of a rough mutant (27:1 for PC18Aq, 18:1 for PC18Phe and 

30:1 for GA192Phe). This compares with 3.3:1 (7 moles of sugar, 3 moles 

of dOclA per mole of lipopolysaccharide) for the Salmonella minnesota 

core (Luderitz et al., 1971) Figure 1.1. The % lipid A content of the 

phenol soluble lipopolysaccharides (about 50%) however would suggest R 

form lipopolysaccharide; since a value of 27% lipid A "is fairly typical 

for S form lipopolysaccharides" (Wilkinson, 1977). The lipid A content 

of PC18Aq (22%) suggests an S form lipopolysaccharide but the total number 

of carbohydrate moles per mole of dOclA is less than that of GA192Phe, 

which has a lipid A content of about 50%. It is likely that undetected 

components of PC18Aq (section 5.3) may account for this discrepancy. 

If the O-antigen side chains are not homopolysaccharides 

(i.e. more than one sugar is involved) and one dOclA (as measured) is 

present per lipopolysaccharide, then the O-antigen side chains cannot 

be greater than 4-6 repeating units long (undetected PC18Aq sugars 

excepted), and are likely to be shorter as some sugars must be involved 

in the core structure if present. The Selenomonas lipopolysaccharides 

isolated here must therefore contain either unsubstituted R cores or 

substituted R cores with short side chains. However these fractions 

could also represent a majority of R form lipopolysaccharideswith a few 

S form lipopolysaccharides present. Undetected sugars in PC18Aq could 

modify these conclusions. 

(iii) Heptose II has a ratio of approximately 1:1 in PC18Aq and 

GA192Phe but only 0.2:1 in PCI8Phe. A consequence of this is that in 

PC18Phe either not all lipopolysaccharide molecules possess a heptose II 

molecule, or, since the sum of heptose I plus heptose II approaches one, 

the single heptose·molecule in the chain can be either heptose I or 

heptose II. Alternatively, heptose residues in PC18Phe may be extensively 
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phosphorylated. A true comparison of phosphate contents of these 

lipopolysaccharidescannot be made however, until the problem of phospho~ 

lipid contamination of the phenol phases is solved. A similar argument 

to that above (but with four heptose residues) could apply to PC18Aq in 

which a considerably greater amount of heptose is present, but where the 

ratio of heptose II to heptose I is 1:4. 

The isolation of amino sugars apparently bound to protein in 

PC18Aq, suggests that protein is either covalently bound to PC18Aq, or a 

glycoprotein is strongly associated with it. If protein is covalently 

bound to the lipopolysaccharide the isolation of two fractions, each with 

a different amino sugar, suggests that protein could be attached at two 

points to the lipopolysaccharide. Protein is often associated with 

lipopolysaccharide preparations (Nowotny, 1971a) and several papers have . 

shown that lipopolysaccharide and protein in endotoxin preparations 

prepared by cold TCA extraction of cells (Wober & Alaupovic, 1971), or 

by SDS extraction (Wu & Heath, 1973) cannot be separated by physical 

methods. Subsequent. analysis of these preparations or their degradation 

products, has produced evidence that protein may be bound to lipopoly

saccharide (WOber & Alaupovic,1971; Wu & Heath, 1973) and that hot 

phenol/water extraction may cleave a sensitive bond in the lipopolysaccharide 

-protein complex (Wober & Alaupovic, 1971; Tsang et al., 1974). Nowotny 

(197lb) has also provided evidence that peptides may be linked to lipid A. 

Some doubt has been cast on the validity of these claims however by the 

development of a phenol/chloroform/petroleum ether extraction method for 

R lipopolysaccharide (Galanos et aI., 1969). This method does not employ 

high temperatures, is a relatively mild extraction procedure, and yet 

isolates R lipopolysaccharide essentially free of protein. 

The presence of protein bound to amino sugars in PC18Aq 

indicates that protein is not completely removed by the action of hot 
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phenol/water. The presence of high _levels of serine and glycine in PCIBAq 

also suggest that this protein is similar to that isolated by Wober & 

Alaupovic (1971) which also contained high levels of these anano acids. 

5 GA192AQ POLYSACCHARIDES 

This polysaccharide has a high molecular weight, between 200 000 and 

6* 
5 x 10 as shown by its behaviour in Sephadex gel and Sepharose gel 

chromatography. Its isolation from partly purified cell walls in 

quantities sinalar to the lipopolysaccharides show that it is a wall 

component. The aqueous phase supernatant from phenol/Water lipopoly-

saccharide preparations is known to include capsular polysaccharides 

(Westphal & Jann, 1965), or O-antigen polysaccharides'when they are not 

attached to the corresponding core structure through deficiencies in the 

core structure (Lehmann et al., 1973) or O-antigen translocase system 

(Stocker & MakeUi -. 1971). The high molecular weight of this polysaccharide 

suggests that it is not an O-ant.igen polys·accharide. It is important in 

this respect that EMs of thin sections of strain GA192 show amorphous 

material adhering to the outer membrane. It is possible that this may 

represent the site of GA192Aq in the wall. 

* This figure is deternaned for globular protein. A lower figure is 

expected for polysaccharide. 
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APPENDIX I 

1. Medium for culture of SeZenomonas ruminantium 

The medium used was based on the culture medium of Tiwari et al. 

(1969), and contained, per 100 ml:-

1.5 g agar (added only for agar slopes) 

0.5 g glucose 

1.0 ml vitamin solution 

0.0001 g resazurin 

0.2 g trypticase 

0.05 g ammonium sulphate 

0.25 g anhydrous sodium acetate 

0.01 ml n-valeric acid 

5.0 ml mineral solution 

The components above were mixed and adjusted to pH 6.5 with NaOH. 

Distilled water was added to 90 ml and the solution reduced, dispensed 

and sterilised. 5% v/v each of sterile CO
2 

equilibrated solutions of 

1% cysteine HCl and 8% NaHC0
3 

(anh) were added to the medium after cooling. 

(1) Mineral Solution: The following minerals were made up to 

1 litre with water. 

18 g KH
2

P0
4 

18 g NaCl 

0.53 g CaC1
2

.2H
2

0 

0.4 g MgC1
2

.6H
2

0 

0.2 g MnC1
2

.4H
2

0 

0.02 g CoC12 .6H
2

0 

(2) Vitamin Solution:. The following vitamins were made up to 

100 ml with distilled water:-
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20 mg thiamine HCl 

20 mg Ca-D-pantothenate 

20 mg nicotinamide 

20 mg riboflavin 

20 mg pyridoxine HCl 

1 mg p-aminobenzoic acid 

1 mg biotin 

2. Medium for Bulk Cultures 

For 14 litres of medium the following quantities were used: 

28 g trypt icase (BBL) 

7 g ammonium sulphate 

700 ml mineral solution (as above) 

140 ml vitamin solution 

1.4ml valerie acid 

14.0 ml 0.1% resazurin 

1. 4 g cysteine 

35 g anhydrous sodium acetate 

This solution was adjusted to pH 6.5 with NaOH and made up to 

12.040 litres. This solution was autoclaved for 1.5 hr at 15 psi. 

The following solutions were autoclaved for 0.5 hr at 15 psi and added 

to the main medium under anaerobic conditions. 

70 g glucose in 700 ml dist. H
2

0 

5.6 g cysteine HCl in 560 ml dist. H
2

0 

Cultures used for isolation of lipopolysaccharide had 200 ml of the 

above glucose solution added to the main medium before it was autoclaved. 
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3. Medium for Roll Tube ISblation (Tiwari et al., 1969). 

The media contained:~ 

0.4 9 mannitol 

1.0 9 trypticase (BBL) 

0.2 9 yeast extract 

0.2 9 sodium acetate 

0.16 9 cysteine HCl 

4.0 9 agar (Davis) 

0.06 ml n valerie acid 

0.1 9 FeS0
4

·7H
2

O 

8.0 ml mineral solution 

The components were dissolved in distilled water and made up to 

195 mI. This solution was autoclaved at 15 psi for 15 minutes. A 

solution of 8% (wt/v) Na
2

Co
3 

in distilled water was autoclaved separately 

under the same conditions and then equilibrated with CO
2

• 2.5 rna of this 

solution was added to the medium above. 

The mineral solution contained in one litre:-

12 9 KH2
P04 

6 9 (NH4)2S04 

12 9 NaCl 

2 .• 45 9 MgS0
4

·7H
2

O 

1.59 9 CaC1
2

·2H
2

O 
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APPENDIX 2 

Solvents and Spray Reagents for Chromatography 

1. Spray Reagen ts 

(1) Silver nitrate reagent (Dawson, et al., 1969): Paper 

chromatograms were dipped in reagent (a), dried, and sprayed with 

reagent (b). When maximum development had occurred the paper was dipped 

in reagent (c) . Treatment was the same for thin layer plates except 

that all reagents were sprayed onto the plate. 

(a) 0.1 ml of saturated AgN0
3 

solution was added to 20 ml 

of acetone. Distilled water was added dropwise until 

the precipitate dissolved. 

(b) 1.5 ml of saturated NaOH solution was added to 20 ml 

of ethanol and dissolved. 

(c) 1% sodium thiosulphate. 

(2) Piperazine reagent (Dawson et al., 1969): The chromatogram 

was sprayed with reagent (a) and left at room temperature for 10 minutes. 

The paper was then sprayed with reagent (b). 

(a) saturated aqueous sodium metap eriodate:H
2

0 (1:2) 

(b) saturated sodium nitroprusside:H
2
0:Ethanol saturated 

with pip~razine (1:3:20). 

(3) Ninhydrin: Papers or plates were sprayed with 0.2% ninhydrin 

in ethanol and heated at 10SoC until colour developed. 

(4) Ultraphor: Plates containing lipids were sprayed with 1% 

~aqueous ultraphor and observed under UV light. 

(5) Heptose spray (Jones et al.,1963): The chromatogram was 

sprayed lightly with the following sprays in sequence. 
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(a) (0.03 M NaI0
4 

+ 0.2 M acetate buffer, pH 3.6) and left 

for 1 minute. 

(b) 1% aqueous inositol. 

(c) (ammonium acetate (15 g) + acetic acid 0.2 ml + 

acetylacetone (1 rol) + methanol (50 rol». 

The paper was examined in daylight and under UV light after 30 minutes. 

Under these conditions formaldehyde is liberated from heptoses but 

not hexoses. The formaldehyde liberated reacts with acetylacetone in the 

presence of ammonium ions to form a yellow highly fluorescent product. 

(6) p-Anisidine reagent (Dawson et al., 1969): The chromatogram was 

sprayed with 3% (W/V) p-Anisidine hydrochloride in butanol : ethanol: H
2

0 4: 1: 1 

plus a trace of SnC1
2 

and heated at 100 - 1100C for 3 - 5 minutes. 

2. Chromatography Solvents (All ratios by volume) 

A ethyl acetate:pyridine:H
2

0 8:2:1 

B ethyl acetate:acetic acid:formic acid:H
2
0 18:3:1:4 

C pyridine:ethyl acetate:acetic acid:H
2
0 5:5:1:3. 

pyridine:ethyl acetate:H
2

0 11:40:6. 

Atmosphere from 

C
l 

As for C but wi thout the atmosphere sol ution (used for TLC) and run two times. 

D n-butanol :pyridine :H
2

0 6:4: 3 on paper dipped in 0.1 M BaC1
2 

and dried. 

E n-butanol:acetic aCid:H
2

0 5:1:2 

F phenol:~ater 80:20 

G n-butanol:acetic aCid:H
2

0 (upper phAse) 5:1:4 

H butanol:pyridine:acetic acid:H
2

0 60:45:4:30 

I tert. butanol :butan-l-one: formic acid :H
2

0 40: 30: 15: 15 run two times 

J hexane:acetone 80:20 

K butanol:pyridine:H
2

0 6:4:3 

L acetone:H
2

0 95:5 

3. Electrophoresis Buffer 

pyridine:acetic acid:H
2

0 10:4:86, pH 5.3 



166. 

REFERENCES 

ACKMAN, R.G. 1969. Gas-liquid chromatography of fatty acids and 
esters p.329-381. In Co1owick, S.P.; Kaplan, N.O. eds. Methods 
in EnzymoZogy~ Vol. 14. New York and London: Academic Press. 

ADAMS, G.A.; QUADLING, C.; PERRY, M.B. 1967. D-Glycero-D-manno
heptose as a component of lipopolysaccharides from gram-negative 
bacteria. Can. J. MicrobioZ. 13: 1605-1613. 

ADAMS, G.A.; KATES, M.; SHAW, D.H. 1968. Studies on the chemical 
constitution of cell-wall lipopolysaccharides from Neisseria perf1ava. 
Can. J. Biochem. 46: 1175-1184. 

ADAMS, G.A.; TORNABENE, T.G.; YAGUCHI, M. 
saccharides from Neisseria catarrhaZis. 
365-374. 

1969. Cell wall lipopoly
Can. J. MicrobioZ. 15: 

ADAMS, G.A.; QUADLING, C.; YAGUCHI, M. 1970. The chemical compo
sition of cell-wall lipopolysaccharides from MoraxeZZa dupZex and 
Micrococcus caZcoaceticus. Can. J. MicrobioZ. 16: 1-8. 

BOSCH, V. 1974. The murein-lipoprotein of Escherichia coZi. Studies 
on its structure, biosynthesis and antigenic determinants. Thesis, 
Freie Universitat, Berlin. Cited by Braun, V. 1975. 

BRAUN, V. 1975. Covalent lipoprotein from the outer membrane of 
Escherichia coZi. Biochim. biophys. Acta 415: 335-377. 

BRAUN, V.; REHN, K.; WOLFF, H. 1970. Suprarnolecular structure of 
the rigid layer of the cell wall of SaZmoneZZa~ Serratia~ Proteus 
and Pseudomonas ~uorescens. Number of lipoprotein molecules in a 
membrane layer. Biochemistry 9: 5041-5049. 

BRYANT, M.P. 1956. The characteristics of strains of SeZenomonas 
isolated from bovine rumen contents. J. Bact. 72: 162-167. 

BRYANT, M.P. 1974. Genus SeZenomonas von Prowazek 1913, p.424-426. 
In Buchanan, R.E.; Gibbons, N.E. eds. Bergeys ManuaZ of 
Determinative BacterioZogy~ 8th edn., Baltimore, U.S.A.: Williams 
& Wilkins Co. 

CERTES, A. 1889a. Note sur les micro-organisms de la panse des 
ruminants. BuZZ. Soc. Z?oZ. Fr. 14: 70-73. Cited by Wenyon, 1926. 

CERTES, A. 1889b. Note sur les micro-organisms de la panse des 
BuZZ. Soc. zooZ. Fr. 14: 70-73. Cited by Lessel & ruminants. 

Breed, 1954. 

CHALCROFT, J.P.; BULLIVANT, S.; HOWARD, B.H. 1973. Ultrastructural 
studies on SeZenomanas ruminantium from the sheep rumen. J. gen. 
MicrobiaZ. 79: 135-146. 

CHARON, D.; SZABO, L. 1972. The synthesis of 3-deoxy-5-0-methyl
octulosonic acid and its behaviour in the Warren reaction. Eur. J. 
Biachem. 29: 184-187. 



167. 

CHENG, K.J.; COSTERTON, J.W. 1975. 
of bacteria of the bovine rumen. 

Ultrastructure of cell envelopes 
Appl. Microbiol. 29: 841-849. 

CHESTER, loR.; MEADOW,P .M. 1975.. Heterogeneity of the lipopoly
saccharide from Pseudomonas aeruginosa. Eur. J. Biochem. 58: 
273-282. 

CHIU, K.; NOWOTNY, A. 
(1971a). 

1964. Unpublished data. cited by Nowotny 

DAVIDSON, E.A. . 1966. Analysis of sugars found in mucopolysaccharides. 
p.52-60. In Colowick, S.P.; Kaplan, N.O. eds. Methods in 

. Enzymology.-- Vol. 8, Complex carbohydrates. New York and London: 
Academic Press. 

DAWSON, R.M.C.; ELLIOT, D.C.; ELLIOT~ W.H.; JONES, K.M. eds. 1969. 
Data for biochemical research: 2d ed., Oxford: Clarendon Press. 

DE PETRIS, S. 1967. Ultrastructure of the cell wall of Escherichia 
coli and chemical nature of its constituent layers. J. Ultrastruct. 
Res. 19: 45-83. 

DIRIENZO, J.M.; MACLEOD, R.A. 1978. Composition of the fractions 
separated by polyacrylamide gel electrophoresis of the lipopoly
saccharide of a marine bacterium. J. Bact. 136: 158-167. 

DIRIENZO, J.M.; NAKAMURA, K.; INOUYE, M. 1978. The outer membrane 
proteins of Gram negative bacteria: Biosynthesis, assembly, and 
functions. A. Rev. Biochem. 47: 481-532. 

DISCHE, Z. 1947. A new specific colour reaction of hexuronic acids. 
J. biol. Chem. 167: 189-198. 

DISCHE, Z. 1953. Qualitative and quantitative colorimetric deter
mination of heptoses. J. biol. Chem. 204: 983-997. 

DMITRIEV, B.A.; 
1976. Cell 
coli 0124. 
64: 491-498. 

LVOV, V. L. ; KOCHETKOV, N. K. ; JANN, B.; JANN, K. 
wall lipopolysaccharide of the Shigella-like Escherichia 
Structure of the polysaccharide chain. Eur. J. Biochem. 

DMITRIEV, B.A.; KNIREL, Y.A.; KOCHETKOV, N.K.; JANN, B.; JANN, K. 
1977. Cell-wall lipopolysaccharide of the Shigella-like Escherichia 
coli 058: Structure of the polysaccharide chain. Eur. J. Biochem. 
79: 111-115. 

DREWRY, D.T.; SYMES, K.; GRAY, G.W.; WILKINSON, S.G. 1975. Studies 
of the polysaccharide fractions from the lipopolysaccharide of 
Pseudomonas aeruginosa strain NCTC 1999. Biochem. J. 149: 93-106. 

DROGE, W.; RUSCHMANN, E.; LDDERITZ,O.; WESTPHAL, O. 1968. 
Biochemical studies on lipopolysaccharides of Salmonella R mutants. 
4. Phosphate groups linked to heptose units and their absence in 
some R lipopolysaccharides. Eur. J. Biochem. 4: 134-138. 

DROGE, W.; LEHMANN, V.; LDDERITZ, 0.; WESTPHAL, O. 1970. Structural 
investigations on the 2-Keto-3-deoxy octonate region of lipopoly
saccharides. Eur. J. Biochem. 14: 175-184. 



168. 

DUBOIS, M.; GILLES, K.A.; HAMILTON, J.K.; REBERS, P.A.; SMITH, F. 
1956. Colorimetric method for determination of sugars and related 
substances. Analyt. Chem. 28: 350-356. 

ELLWOOD, D.C.; TEMPEST, D.W. 1972. Effects of environment on 
bacterial cell wall content and composition, p.83-ll7. In Rose, 
A.H.; Tempest, D.W. eds. Advances in Microbial Physiology, Vol. 7. 
London and New York: Academic Press. 

ESSER, K. 1965. Ein dunnschichtchromatographisches Verfahren zur 
quantitativen Bestimmung von Aminosauren und Aminozuckern im Mikro
masstab. J. Chro~t. 18: 414-416. 

FEIGE, U.; JANN, B.; JANN, K.; SCHMIDT, G.; STIRM, S. 1977. On 
the primary structure of the Escherichia coli R4 cell wall lipopoly
saccharide core. Biochem. biophys. Res. Commun. 79: 88-95. 

FISKE, C.H.; SUBBAROW, Y. 1925. The colorimetric determination of 
phosphorus. J. biol. Chem. 66: 375-400. 

FREER, J.H.; SALTON, M.R.J. 1971. The anatomy and chemistry of 
gram-negative cell envelopes, p.67-l26. In Weinbaum, G.; Kadis, S.; 
Ajl, S.J. eds. Microbial Toxins, Vol. IV Bacterial endotoxins. 
New York and London: Academic Press. 

FULLER, N.A.; WU.< M.; WILKINSON, R.G.; HEATH, E.C. 1973. The 
biosynthesis of cell wall lipopolysaccharide in Escherichia coli. 
VII Characterisation of the heterogeneous "core" oligosaccharide 
structures. J. biol. Chem. 248: 7938-7950. 

FUNG, J.; MacALISTER, T.J.; ROTHFIELD, L.I. 1978. Role of murein 
lipoprotein in morphogenesis of the bacterial division septum. 
Phenotypic similarity of lkyD and lpo mutants. J. Bact. 133: 
1467-1471. 

GALANOS, C.; LUoERITZ, o. 1975. Electrodialysis of lipopolysac
charides and their conversion to uniform salt forms. BUr. J. 
Biochem. 54:603-610. 

GALANOS, C.; LUDERITZ, 0.; WESTPHAL, o. 
extraction of R lipopolysaccharides. 

1969. A new method for the 
Eur. J. Biochem. 9: 245-249. 

GMEINER, J. 1975a. The isolation of two different lipopolysaccharide 
fractions from various Proteus mirabilis strains. BUr. J. Biochem. 
58: 621-626. 

GMEINER, J. 1975b. Identification of ribitol phosphate as a consti
tuent of the lipopolysaccharide from Proteus mirabiZis strain D52. 
Eur. J. Biochem. 58: 627-629. 

GMEINER, J.; LUDERITZ, 0.; WESTPHAL, O. 1969. Biochemical studies 
on lipopolysaccharides of SalmoneZZa R mutants. 6. Investigations 
on the structure of the lipid A component. BUr. J. Biochem. 7: 
370-379. 

GMEINER, J.; KROLL, H.P.; MARTIN, H.H. 1978. The covalent rigid
layer lipoprotein in cell walls of Proteus mirabilis. Eur. J. 
Biochem. 83: 227-233. 



169. 

GRUSS, P.; GMEINER, J.; MARTIN, H.H. 1975. Amino-acid composition 
of the covalent rigid-layer lipoprotein in cell walls of Proteus 
mirabiZis. Eur. J. Biochem. 57: 411-414. 

HASE, S.; RiETSCHEL, E.T. 1977. The chemical structure of the lipid 
A component of lipopolysaccharides from Chromobacterium vioZaceum 
NCTC9694. Eur. J. Biochem. 75: 23~34. 

HEIJENOORT, J. van; ELBAZ, L.; DEZELEE, P.; PETIT, J.F.; BRICAS, E.; 
GHUSYEN, J.M. 1969. Structure of the meso-diaminopimelic acid
containing peptidoglycans in Escherichia coU B .and BaciZZus 
megaterium KM. Biochemistry, 8: 207-213. 

HICKMAN, J.; ASHWELL, G. 1966. Isolation of a bacterial lipopoly
saccharide from Xanthomonas campestris containing 3-Acetamido-3, 6-
dideoxy-D-galactose and D-rhamnose. J. bioZ. Chem. 241: 1424-1428. 

HOBSON, P.N. 1965. Continuous culture of some anaerobic and facul
tatively anaerobic bacteria. J. gen. MicrobioL 38: 167-T80. 

HOBSON, P.N.; MACPHERSON, M.J. 1953. Encapsulation in rumen 
bacterial fractions. Nature, Lond. 171: 129-130. 

HOBSON, P.N.; MANN, S.O.; SMITH, W. 1962. Serological tests of a 
relationship between rumen Selenornonads in vitro and in vivo. J~ 
gen. MicrobioZ. 29: 265-270. 

HOFSTAD, T. 1974. The distribution of heptose and 2-keto-3-deoxy
octonate in Bacteroidaceae. J. gen. MicrobioZ. 85: 314-320. 

HOOGENRAAD, N.J.; HIRD, F.J.R. 1970. The chemical composition of 
rumen bacteria and cell walls from rumen bacteria. Br. J. Nutr. 
24: 119-127. 

HUHTANEN, C.N.; GALL, L.S. 1953. Rumen organisms. I. 
rods and a related rod type. J. Bact. 65: 548-553. 

Curved 

HUNGATE, R.E. 1969. A roll tube method for cultivation of strict 
anaerobes, p.117-132. In Norris, J.R.; Ribbons, D.W. eds. 
Methods in MicrobioZogy,-Vol. 3B. London: Academic Press. 

HURLBURT, R.E.; WECKESSER, J.; MAYER, H.; FROMME, 1. 1976. Isola
tion and characterization of the lipopolysaccharide of Chromatium 
vinosum. Eur. J. Biochem. 68:365-371. 

INOUYE, M.; SHAW, J.; SHEN, C. 1972. The assembly of a structural 
lipoprotein in the envelope of Escherichia coU. J. b.'ioZ. Chem. 
247: 8154-8159. 

ITERSON, W. van. 1954. Some thoughts on ·the possible relationship 
of bacterial flagella to cilia and flagella in other organisms. 
Proc. Int. Conf. EZectron Microsc., Lond., p.602. 

JANN, B.; RESKE, K.; JANN, K. 1975. Heterogeneity of lipopolysac
charides. Analysis of polysaccharide chain lengths by sodium dodecyl

.sulphate-polyacrylamide gel electrophoresis. Eur. J. Biochem. 60: 
239-246. 



170. 

JONES, J.K.N.; PERRY, M.B.; SOWA, W. 1963. The occurrence of D
glycero-D-manno-heptose in the extracellular polysaccharide produced 
by Azotobacterindicum. Can. J. Chem. 41: 2712-2715. 

KAMIO, Y.; INAGAKI, H.; TAKAHASHI, H. 1970. Possible occurrence of 
a-oxidation in phospholipid biosynthesis in Selenomonas PUminantium. 
J. gen. apple Microbiol. 16: 463-478. 

KAMIO, Y.; KIM, K.C.; TAKAHASHI, H. 1972a. Identification of the 
basic structure of a glycolipid from Selenomonas ruminantium as B 
glucosaminyl-l,6-g1ucosamine. Agric. b"iol. Chem. 36: 2195-2201. 

KAMIO, Y.; KIM, K.C.; TAKAHASHI, H. 1972b. Characterisation of lipid 
A, a component of lipopolysaccharides from Selenomonas ruminantium. 
Agric. biol. Chem. 36: 2425-2432. 

KANDLER, 0.; KONIG, H. 1978. Chemical composition of the peptido
glycan-free cell walls of methanogenic bacteria. Arch. Microbiol. 
118: 141-152. 

KANEGASAKI, S.; TAKAHASHI, H. 1967. Function of growth factors for 
rumen micro-organisms. I. Nutritional characteristics of 
Selenomonas ruminantium. J. Bact. 93: 456-463. 

KATZ, E.; LORING, D.; INOUYE, S.; INOUYE, M. 1978. 
from Proteus mirabilis. J. Bact. 134: 674-676. 

Lipoprotein 

KERANDEL, J. 1909. Sur quelques hematozaires observes au Congo 
(Haute-Sangha-Logone). Bull. Soc. Pathol. Exot. 2: 204-209. 
Cited by Woodcock & Lapage, 1913-1914. 

KIM, K.C. 1974. Glycolipids in bacteria. II Structure of gly
colipid of Selenomonas ruminantium. Chem. Abs. 82: 2824ge (1975). 

KINGSLEY, V.V. 1968. Investigations into the structure and classi
fication of selenomol~ds. Thesis, Ph.D., University of Toronto. 

KINGSLEY, V.V.; HOENIGER, J.F.M. 
classification of Selenomonas. 

1973. Growth, structure and 
Bact. Rev. 37: 479-521. 

KOELTZOW, D.E.; CONRAD, H.E. 1971. Structural heterogeneity in 
the lipopolysaccharide of Aerobacter aerogenes NCTC243. Biochemistry. 
10: 214-224. 

KOVAL, S.F.; MEADOW, P.M. 1977. The isolation and characterization 
of lipopolysaccharide "defective mutants of Pseudomonas aeruginosa 
PACI. J. gen. Microbiol. 98: 387-398. 

LAI, J.S.; OKUDA, S.; TAKAHASHI, H. 1978. S Acyloxy fatty acids 
as components of lipid A from Selenomonas ruminantium. Agric. biol. 
Chem. 42: 1441-1442. 



171. 

LEHMANN, V.; RUPPRECHT, E. 1977. Microheterogeneity in lipid A 
demonstrated by a new intermediate in the biosynthesis of 3-deoxy
D-manno-octulosonic-acid-lipid A. Eur. J. Biochem. 81: 443-452. 

LEHMANN, V.; HAMMERLING, G.; NURIMEN, M.; MINNER, I.; 
LUDERITZ, 0.; KUO, T.T.i STOCKER, B.A.D. 1973. A 
heptose-defective mutants of Salmonella typhimurium. 
32: 268-275. 

RUSCHMANN, E.; 
new class of 
Eur. J. Biochem. 

LElVE, L.; SHOVLIN, V.K.; MERGENHAGEN, S.E. 1968. 
and immunological properties of lipopolysaccharide 
Escherichia coli by ethylenediaminetetraacetate. 
243: 6384-6391. 

Physical,chemical 
released from 
J. bioZ. Chem. 

LESSEL, E.F. Jr. 
Breed, R. S. ; 
Determinative 
1094 p. 

1957. Genus IX Selenomonas von Prowazek 1913. In 
Murray, E.G.D.; Smith, N.R. eds. Bergey's ManuaZ-of 
Bacteriology. 7th edn. Baltimore: Williams & Wilkins, 

LESSEL, E.F. Jr.; BREED, R.S. 1954. Selenomonas Boskamp, 1922 - a 
genus that includes species showing an unusual type of flagellation. 
Bact. Rev. 18: 165-169. 

LUDERITZ, o. 1977. Endotoxins and other cell-wall components of gram
negative bacteria and their biological activities. position paper, 
p. 239-246. In Schlessinger, D. ed. Microbiology 1977. Washington DC:' 
American Society for Microbiology. 

LUDERITZ, 0.; WESTPHAL, 0.; STAUB, A.M.; NIKAIDO, H. 1971. Isolation 
and chemical and immunological characterisation of bacterial lipopoly
saccharides, p. 145-233. In Weinbaum, G.; Kadis, S.; Ajl, S.J. eds. 
Microbial Toxins~ Vol. 4. Microbial Endotoxins. New York and London: 
Academic Press. 

LUDERITZ ,0. ; GALANOS, c.; LEHMANN, V.; NURMINEN, M.; RIETSCHEL, E. T. ; 
ROSENFELDER, G.; SIMON, M.; WESTPHAL, o. 1973. Lipid A: Chemical 
structure. and biological activity. J.infect. Dis. 128: supp1. 17-29. 

MACDONALD, J.B. 
oral cavity. 
1956. 

1953. The motile non-sporulating anaerobic rods of the 
Thesis, University of Toronto, 95 pp. Cited by Bryant, 

MCINTIRE, F.C.; BARLOW, G.H.; SIEVERT, H.W.; FINLAY, R.A.; YOO, A.L. 
1969. Studies on a lipopolysaccharide from Escherichia coli. Hetero
geneity and mechanism of reversible inactivation by sodium deoxycholate. 
Biochemistry~ 8: 4063-4067. 

MAKELA, P.H.; MAYER, H. 1976. Enterobacterial common antigen. Bact. 
Rev. 40: 591-632. 

MALCHOW, D.; LUDERITZ, 0.; KICKHOFEN, B.; WESTPHAL, 0.; GERISCH, G. 
1969. Polysaccharides in vegetative and aggregation-competent 
amoebae of Dictyostelium discoideum. 2. Purification and character
ization of amoeba-degraded bacterial polysaccharides. Eur. J. Biochem. 
7: 239-246. 

MARTIN, H.H.; HEILMANN, H.D.; PREUSSER, H.J. 1972. 
layer in cell-walls of some gram-negative bacteria. 
83: 332-346. 

State of the rigid
Arch. MikrobioZ. 



172. 

MERGENHAGEN, S.E. 1965. Polysaccharide-lipid complexes from Veillonella 
parvula. J. Bact. 90: 1730-1734. 

MERKEL, G.J.; STAPLETON, S.S.; PERRY, J.J. 1978. Isolation and peptidog
lycan of gram-negative hydrocarbon-utilizing thermophilic bacteria. 
J. gen. Microbiol. 109: 141-148. 

MITZ, M.A.; AXELROD, A.E.; 
aliphatic B-keto acids. 

HOFMANN, K. 1950. The synthesis of higher 
J. Am. chern. Soc. 72: 1231-1232. 

MORRISON, D.C.; LEIVE,L. 1975. Fractions of lipopolysaccharide from 
Escherichia coli -Olll:B4 prepared by two extraction procedures. J. biol. 
Chern. 250: 2911-2919. 

MUHLRADT, P.F.; GOLECKI, J.R. 1975. Asymmetrical distribution and 
artifactual reorientation of lipopolysaccharide in the outer membrane 
bilayer of Salmonella typhimurium. Eur. J. Biochem. 51: 343-352. 

.. 
MUHLRADT, P.F.; WRAY, v.; LEHMANN, V. 1977. A 31p-nuclear~magnetic

lipopolysaccharide and 
81: 193-203. 

resonance study of the phosphate groups in 
lipid A from Salmonella. Eur. J. Biochem. 

MULLER-SEITZ, E.; JANN, B.; JANN, K. 1968. Degradation studies on 
the lipopolysaccharide from E. coli 071:K?:H12. Separation and 
investigation of O-specific and core polysaccharides. FEBS Letters 
1: 311-314. 

NlKAIDO, H. 1973. Biosynthesis and assembly of lipopolysaccharide and 
the outer membrane layer of gram-negative cell wall, p. 131-208. In 
Leive, L. ed. Bacterial Membranes and Walls. New York: Marcel Dekker. 

NOWOTNY, A. 1971a. Chemical and biological heterogeneity of endotoxins, 
p. 309-329. In Weinbaum, G.; ~adis, S.; Ajl, S.J.; eds. Microbial 
Toxins Vol. 4. Bacterial Endotoxins. New York and London: Academic 
Press. 

NOWOTNY, A. 1971b. Structure and biological activity of bacterial 
endotoxins. Naturwissenschaften-58: 397-409. 

NOWOTNY, A. 1977. Relation of structure to function in bacterial 
endotoxins, p. 247-252. In Schlessinger, D. ed. Microbiology 1977 
Washington DC: American Society for Microbiology. 

ORPIN, C.G. 1976. The characterization of the rumen bacterium Eadie's 
oval, Magnoovum gen nov eadii sp. nov. Arch. Microbiol. Ill: 155-159. 

ORSKOV, I.; ORSKOV, F.; JANN, B.; JANN, K. 1977. Serology, chemistry 
and genetics of 0 and K antigens of Escherichia coli. Bact. Rev. 
41: 667-710. 

OSBORN, M.J. 1963. Studies on the gram-negative cell-wall. 1. Evidence 
for the role of 2-keto-3-deoxyoctonate in the lipopolysaccharide of 
Salmonella typhimurium. Proc. natn. Acad. Sci., U.S.A., 50: 499-506. 

OSBORN, M.J.; GANDER, J.E.; PARISI, E.; CARSON, J. 1972. Mechanism 
of assembly of the outer membrane of Salmonella typhimurium. Isolation 
and characterisation of cytoplasmic and outer membrane. J. biol. Chem. 
247: 3962-3972. 



173. 

PERKINS, H.R. 1963. A polymer containing glucose and aminohexuronic acid 
isolated from the cell walls of Micrococcus Zysodeikticus. Biochem. J. 
86: 475-483. 

PREHM, P.; STIRM, S.; JANN, B.; JANN, K. 1975. Cell-wall lipopoly
saccharide from Escherichia coli B. Eur. J. Biochem. 56: 41-55. 

?REHM, P.; SCHMIDT, G.; JANN, K. 1976. The cell-wall lipopolysaccharide 
of Escherichia coli K12. Structure of the acceptor site for O-antigen 
and other substituents. Eur. J. Biochem. 70: 171-177. 

PRINS, R.A. 1971. Isolation, culture, and fermentat·ion characteristics 
of Selenomonas rumiriantium var. bryanti var. n. from the rumen of sheep. 
J. Bact. 105: 820-825. 

PURSER, D.B.; BUECHLER, S.M. 1966. Amino acid composition of rumen 
organisms. J. Dairy Sci. 49: 81-S4. 

RAFF, R.A.; WHEAT, R.W. 1968. Carbohydrate composition of the phenol
soluble lipopolysaccharides of Citrobacter freundii. J. Bact. 
95: 2035-2043. 

RESKE, K.; JANN, K. 1972. The 08 antigen of Escherichia coli. Structure 
of the polysaccharide chain. Eur. J. Biochem. 31: 320-328. 

RIETSCHEL, E.T.; GOTTERT, H.; LDDERITZ, 0.; WESTPHAL, O. 1972. Nature 
and linkages of the fatty acids present in the lipid A component of 
Salmonella lipopolysaccharides. Eur. J. Biochem. 28: 166-173. 

RIETSCHEL, E.T.; LOOERITZ, 0.; VOLK, W.A. 1975. Nature, type of linkage 
and absolute configuration of (Hydroxy) fatty acids in lipopolysaccharides 
from Xanthomonas sinensis and related strains. J. Bact. 122: 11SO-1188. 

RIETSCHEL, E.T.; HASE, S.; KING, M.T.; REDMOND, J.; LEHMANN, V. 1977. 
Chemical structure of lipid A, p. 262-268. In Schlessinger D. ed. 
Microbiology 1977. Washington DC: American Society for Microbiology. 

ROBERTS,N.A.; GRAY, G.W.; WILKINSON,S.G. 1967 .. Release of lipopoly
saccharide during the preparation of cell-walls of Pseudomonas 
aeruginosa. Biochim. Biophys. Acta. 135: 1068-1071. 

ROBERTS, N.A.; GRAY, G.W.; WILKINSON, S.G. 1970. The bactericidal 
action of ethylene-diaminetetra-acetic acid on Pseudomonas aeruginosa. 
Microbios. 2: 189-208. 

ROMEO, D.; GIRARD, A.; ROTHFIELD, L. 1970. Reconstitution of a functional 
membrane enzyme system in a monomolecular film. I. Formation of a mixed 
monolayer of lipopolysaccharide and phospholipid. J. molec. Biol. 
53: 475-490. 

ROONEY, S.A.; GOLDFINE, H.; SWEELEY, C.C. 1972. The identification of 
trans-2-tetradecenoic acid in hydrolysates in lipid A from Escherichia 
coli. Biochim. biophys. Acta. 270: 289-295. 

ROPPEL, J.; MAYER, H.; WECKESSER, J. 1975. Identification of a 2,3-
diamino-2,3-dideoxyhexose in the lipid A component of lipopolysaccharides 
of Rhodopseudomonas viridis and Rhodopseudomonas palustris. Carbohydr. 
Res. 40: 31-40. Cited by Rietschel et al., 1977. 



ROSENFELDER, G.; LDDERITZ, 0.; WESTPHAL, O. 1974. Composition of 
lipopolysaccharides from MYxococcus fulvus and other fruiting and 
non-fruiting myxobacteria. Eur. J. Biochem. 44: 411-420. 

RYAN, J.M.; CONRAD, H.E. 1974. Structural heterogeneity in the lipo
polysaccharide of Salmonella newington. Archs. Biochem. Biophys. 
162: 530-535. 

SALTON, M.R.J. 1964. The bacterial cell wall. Amsterdam: Elsevier, 
293 p. 

SARFATI, R.S.; MONDANGE, M.; SZABO, L. 1977. Phosphorylated sugars. 
Part 21. Synthesis of 3-deoxy-D-manno- and 3-deoxy-D-gluco-oct-2-
ulosonic acid 5-(dihydrogen phosphates). J. chem. Soc. Perkin I: 
2074-2077. 

SCHLEIFER, K.H.; KANDLER, O. 1972. Peptidoglycan types of bacterial 
cell walls and their taxonomic implications. Bact. Rev. 36: 407-477. 

SCHMIDT, G.; FROMME, I.; MAYER, H. 1970. Immunochemical studies on 
core lipopolysaccharides of Enterobacteriaceae of different genera. 
Eur. J. Biochem. 14: 357-366. 

SCOTT, J.E. 1960. Aliphatic ammonium salts in the assay of acidic 
polysaccharides from tissues, p. 145-197. In Glick, D. ed. Methods 
of Biochemical Analysis~ Vol. 8. London: Interscience Publishers. 

SHEMYAKIN, M.M.; OVCHINNIKOV, Y.A.; IVANOV, V.T.; 
1967. Structure of esperin. I. Esperinic acid. 
59550g (1968). 

KOSTETSKII, P.V. 
Chem. Abs. 69: 

SMITH, J.C. 1939. Higher aliphatic compounds. Part 8. Purification 
of oleic and elaidic acids. Binary systems from oleic, elaidic, 
palmitic and stearic acids. The technique of low temperature crystal
lisation. J. ~hem. Soc. (1939): 974-980. 

SIMMONS, D.A.R. 1971. Immunochemistry of Shigella flexneri O-antigens: 
A study of structural and genetic aspects of the biosynthesis of cell 
surface antigens. Bact. Rev. 35: 117-148. 

SPIRO, R.G. 1972. Study of the carbohydrates of glycoproteins. In 
Colowick, S.P.; Kaplan, N.O. eds. Methods in Enzymology. Vol-.-28. 
Complex carbohydrates; 3-43. New York and London: Academic Press . 

. , 

174. 

STALLBERG-STENHAGEN, S. 1945. Synthesis of higher B-keto esters. 
esters of normal chain B-keto acids with 9 to 24 carbon atoms. 
Kemi. Mineral Geol.: 20A No. 19. 

Methyl 
Arkiv. 

STOCKER, B.A.D.; MAKELA, P.H. 1971. Genetic aspects of biosynthesis 
and structure of Salmonella lipopolysaccharide, p. 369-438. In 
Weinbaum, G.; Kadis, S.; Ajl, S.J. eds. Microbial toxins~ Vol. 4. 
Bacterial endotoxins. New York and London: Academic Press. 

TIWARI, A.D.; BRYANT, M.P.; WOLFE, R.S. 1969. Simple method for 
isolation of Selenomonas ruminantium and some nutritional characteristics 
of the species. J. Dairy Sci. 52: 2054-2056. 

TSANG, J.C.; WANG, C.s.; ALAUPOVIC, P. 1974. Degradative effect of 
phenol on endotoxin and lipopolysaccharide preparations from Serratia 
marcescens. J. Bact. 117: 786-795. 



TURNER, N.A.; REDGWELL, R.J. 1966. A mixed layer for separation of 
amino acids by thin layer chromatography. J. chromat. 21: 129-132. 

175. 

VERKLEIJ, A.J.; VERVERGAERT, P.H.J.Th. 1978. Freeze fracture morphology 
of biological membranes. Biochim. biophys. Acta. 515: 303-327. 

VOLK, W.A. 1968. Quantitative assay of polysaccharide components obtained 
from cell wall lipopolysaccharides of Xanthomonas species. J. Bact. 
95: 980-982. 

WECKESSER, J.; DREWS, G.: FROMME, I., MAYER, H. 1973. Isolation and 
chemical composition of the lipopolysaccharides of Rhodopseudomonas 
palustris strains. Arch. Mikrobiol. 92: 123-138. 

WECKESSER, J.; KATZ, A.; DREWS, G.;' MAYER, H.; FROMME, I. 1974a. 
Lipopolysaccharide containing L-Acofriose in the filamentous blue-green 
alga Anabaena variabilis. J. Bact. 120: 672-678. 

WECKESSER, J.; DREWS, G.; ROPPEL, J.; MAYER, H.; FROMME, I. 1974b. 
The lipopolysaccharides (O-antigens) of Rhodopseudomonas viridis. 
Arch. Mikrobiol. 101: 233-245. 

WECKESSER, J.; DREWS, G.; INDIRA, R.; 
O-antigens in Rhodospirillum tenue. 

WEIDEL, W.; FRANK, H.; MARTIN, H.H. 
wall of Escherichia coli strain B. 

MAYER, H. 1977. Lipophilic 
J. Bact. 130: 629-634. 

1960. The rigid layer of the cell-· 
J. gen. Microbiol. 22: 158-166.· 

WEIDEL, W.; FRANK, H.; LEUTGEB, W. 1963. Autolytic enzymes as a source 
of error in the preparation and study of gram-negative cell walls. 
J. gen. Microbiol. 30: 127-130. 

WEISSBACH, A.; HURWITZ, J. 1959. The formation of 2 keto-3-deoxy-heptonic 
acid in extracts of Escherichia coli B. I. Identification. J. biol. 
Chem. 234: 705-709. 

WENYON, C.M. 1926. Protozoology, Vol. I. London: BaillieTe, Tindall & Cox. 

WESTPHAL, 0.; JANN, K. 1965. Bacteriallipopolysaccharides. Extraction 
with phenol-water and further applications of the procedure, p. 83-91. 
In Whistler, R.L. ed. Methods in carbohydrate chemistry" Vol. 5. New 
York and London: Academic Press. 

WICKEN, A.J.; HOWARD, B.H. 1967. On the taxonomic status of'Quin's Oval' 
organisms. J. gen. Microbiol. 47: 207-211. 

WILKINSON, R.G.; GEMSKI, P.; STOCKER, B.A.D. 1972. Non-smooth mutants 
of Salmonella typhimurium: Differentiation by phage sensitivity and 
genetic mapping. J. gen. Microbiol.70: 527-554. 

WILKINSON, S.G. 1971. Amino sugars in the wall of Pseudomonas fluorescens. 
J. gen. Microbiol. 70: 365-369. 

WILKINSON, S.G. 1977. Composition and structure of bacterial lipopoly
saccharides, p. 97-175. In Sutherland, I. ed. Surface carbohydrates 
of the prokaryotic cell. :London: Academic Press. 

WILKINSON, S.G.; CARBY, K.A. 1971. Amino sugars in the cell-walls of 
Pseudomonas species. J. ~n. Microbiol. 66: 221-227. 



176. 

WILKINSON, S.G.; GALBRAITH, L.; LIGHTFOOT, G.A. 1973. 
lipids and lipopolysaccharides of Pseudomonas species. 
Biochem. 33: 158-174. 

Cell walls, 
Eur. J. 

WOBER, W.; ALAUPOVIC, P. 1971. Studies on the protein moiety of 
endotoxin from gram-negative bacteria. Characterization of the 
protein moiety isolated by phenol treatment of endotoxin from 
Serratia marcescens 08 and Escherichia coli 0 141:K85(B). 
Eur. J. Biochem. 19: 340-356. 

WOODCOCK, H.M.; LAPAGE, G. 1913-1914. On a remarkable new type of 
protistan parasite. Quart. J. microsc. Sci. 59: 431-457. 

WORK, E. 1971. Cell Walls, p.361-418. In Norris, J.R.; Ribbons, 
D.W. eds. Methods in Microbiology, Vol. SA. London and New York: 
Academic Press. 

WRIGHT, B.G.; REBERS, P.A. 1972. Procedure for determining heptose 
and hexose in lipopolysaccharides. Modification of the cysteine-. 
sulphuric acid method. Analyt. Biochem. 49: 307-319. 

WU, M.C.; HEATH, E.C. 1973. Isolation and characterization of 
lipopolysaccharide protein from Escherichia coli. Proc. natn. 
Acad. Sci. U.S.A. 70: 2572-2576. 

YAMAKAWA, T.; 
hydrates. 
1972. 

UTEA, N. 1964. Gas-liquid chromatography of carbo
Jap. J. e~. Med. 34: 37-51. Cited by Rietschel et al. 

YAMATO, I.; ANRAKU, Y.; HIROSAWA, K. 
vesicles of Escherichia coli. I. 
the cytoplasmic and outer membranes. 
705-718. 

1975. Cytoplasmic membrane 
A simple method for preparing 

J. Biochem., Tokyo, 77: 

YEM, D.W.; WU, H.C. 1978. Physiological characterization of an 
Escherichia coli mutant altered in the structure of murein-lipoprotein. 
J. Bact. 133: 1419-1426. 


	ACKNOWLEDGEMENTS
	TABLE OF CONTENTS
	LIST OF FIGURES
	LIST OF TABLES
	ABBREVIATIONS
	ABSTRACT
	CHAPTER 1
	1 TAXONOMY OF Selenomonas ruminantium
	2 THE CELL WALL OF GRAM NEGATIVE BACTERIA
	3 THE CELL WALL OF Selenomonas spp
	4 CELL WALL COMPOSITION OF OTHER GRAM NEGATIVE RUMEN BACTERIA

	CHAPTER 2
	1 GENERAL NOTES
	2 BACTERIAL CULTURES
	3 PREPARATION OF CULTURES
	4 PREPARATION OF WASHED CELL WALLS
	5 PURIFICATION OF PEPTIDOGLYCAN
	6 ELECTRON MICROSCOPY
	7 PHENOL/WATER EXTRACTION OF LIPOPOLYSACCHARIDES AND CTAB PRECIPITATION
	8 HYDROLYSIS AND ION EXCHANGE OF SAMPLES FOR CHROMATOGRAPHY
	9 CHROMATOGRAPHY
	10 ELECTROPHORESIS (Wilkinson & Carby, 1971)
	11 NINHYDRIN OXIDATION (Work, 1971)
	12 DETERMINATION OF TOTAL CARBOHYDRATE
	13 DETERMINATION OF PHOSPHORUS
	14 DETERMINATION OF 3-DEOXY-OCTULOSONIC ACID (dOc1A)
	15 DETERMINATION OF HEPTOSE
	16 DETERMINATION OF URONIC ACID
	17 AMINO ACID/AMINO SUGAR ANALYSIS
	18 GAS-LIQUID CHROMATOGRAPHY OF CARBOHYDRATES
	19 ANALYSIS OF FATTY ACIDS
	20 PREPARATION OF LIPID A AND SOLUBLE POLYSACCHARIDE

	CHAPTER 3
	1 PREPARATION OF WHOLE CELL WALLS
	2 ANALYSIS OF WHOLE CELL WALL PREPARATIONS
	3 SUMMARY AND DISCUSSION OF CELL WALL ISOLATION AND COMPOSITION

	CHAPTER 4
	1 PREPARATION OF STRAIN GA192 PEPTIDOGLYCAN
	2 ANALYSIS OF PEPTIDOGLYCAN
	3 SUMMARY AND DISCUSSION

	CHAPTER 5
	1 EXTRACTION AND PURIFICATION OF LIPOPOLYSACCHARIDE
	2 ANALYSIS OF MAIN CELL WALL POLYSACCHARIDES
	3. SUMMARY AND DISCUSSION OF LIPOPOLYSACCHARIDE ANALYSIS

	CHAPTER 6
	1 GENERAL INTRODUCTION
	2 ANALYSIS OF WHOLE CELL WALLS
	3 PEPTIDOGLYCAN
	4 LIPOPOLYSACCHARIDE
	5 GA192AQ POLYSACCHARIDES

	APPENDICES
	REFERENCES



