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The lipopolysaccharides (LPS) of three species of purple sulfur bacteria (Chromatiaceae), Thiocystis violacea,
Thiocapsa pfennigii, and the moderately thermophilic bacterium Chromatium tepidum, were isolated. The LPS
of Thiocystis violacea and Chromatium tepidum contained typical 0-specific sugars, indicating 0-chains. Long
0-chains were confirmed for these species by sodium deoxycholate gel electrophoresis of their LPS. Thiocapsa
pfennigii, however, had short or no 0-chains. The core region of the LPS of all three species comprised
D-glycero-D-mannoheptose as the only heptose and 2-keto-3-deoxyoctonate. The lipid A, obtained from the LPS
by mild acid hydrolysis, contained glucosamine as the main amino sugar. Amide-bound 3-hydroxymyristic acid
was the only hydroxy fatty acid. The main ester-bound fatty acid in all lipid A fractions was 12:0. Mannose and
small amounts of 2,3-diamino-2,3-dideoxy-D-glucose were common constituents of the lipid A of the three
Chromatiaceae species investigated. All lipid A fractions were essentially free of phosphate.

Lipopolysaccharide (LPS) analyses are useful for taxo-
nomic considerations (20). The conservative structures of
the lipid A and the somewhat less conservative core regions
have also confirmed their value for questions of the genetic
relationships among bacteria (18, 30). The phototrophic
bacteria have gained special importance because many gen-
era of gram-negative chemotrophic bacteria are more closely
related to certain groups of purple non-sulfur bacteria than
are the groups of purple non-sulfur bacteria among them-
selves (5, 7, 33). The species of non-sulfur purple bacteria
seem to be of particularly high divergence and are inter-
mixed with many different genetically related lines of non-
phototrophic species. The purple photosynthetic bacteria
and their relatives (32) have been found to contain unusual
lipid A types which in many cases correlate with the simi-
larity coefficients obtained by comparison of the 16S rRNA
oligonucleotide catalogs (18, 30).

In contrast to purple non-sulfur bacteria, purple sulfur
bacteria (Chromatiaceae) are a genetically more closely
related family of bacteria (4), in spite of the morphological
diversity of their various species. LPS analyses of Chroma-
tiaceae are restricted to only two species, Chromatium
vinosum (8, 9) and Thiocapsa roseopersicina (10). The LPS
of these two species share typical properties, such as D-
mannose as a constituent of the phosphate-free lipid A and
the occurrence of D-glycero-D-mannoheptose as the only
heptose in the core region. The present study reveals that the
suggested genetic relationship of Chromatiaceae species is
further substantiated by the chemical composition of the
0-antigens of additional Chromatiaceae, such as Thiocystis
violacea, Thiocapsa pfennigii, and the moderately thermo-
philic bacterium Chromatium tepidum.

MATERIALS AND METHODS

Sources of organisms. Chromatium tepidum MC was
kindly provided by M. T. Madigan, University of Southern
Illinois at Carbondale. Thiocystis violaceo 2711 and Thio-
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capsa pfennigii 9111 were taken from the stock collection in
Konstanz, Federal Republic of Germany.
Media and growth conditions. Chromatium tepidum MC

was grown photoheterotrophically in the medium described
by Madigan (17), modified as follows. A mixture containing
(amounts are in grams per liter) NH4COOCH3 (0.5), NH4Cl
(0.4), MgSO4 - 7H20 (0.3), CaCl2 . 2H20 (0.05), FeSO4
*7H20 (0.01), and yeast extract (1) was adjusted with 0.5 M
NaOH to pH 7.0. After autoclaving the mixture, we added
the following (per liter): (i) 5 ml of filter-sterilized KH2PO4
(10 g in 1 liter, adjusted to pH 7.0 with 1 M NaOH); (ii) 25 ml
of sterile filtered Na2S 9H20 (24 g in 1 liter) plus NaHCO3
(40 g in 1 liter) adjusted to pH 7.0 with 2 M H2SO4; (iii) 1 ml
of a separately autoclaved solution of (amounts are in
milligrams per liter) MnSO4- 1H20 (1,592), Na2MoO4
2H20 (752), ZnSO4 - 7H20 (240), CuNO3 - 3H20 (40), NaCl
(4,000), (NH4)2SO4 (4,000), thiamine (4), and biotin (60).
Thiocystis violacea 2711 and Thiocapsa pfennigii were
grown in 5-liter bottle cultures as described in reference 4.
Instead of SL10, the trace element solution SL12 was used;
it had the following composition (milligrams per liter):
EDTA disodium salt, (3,000), FeSO4 * 7H20 (1,100),
CoCI2 - 6H20 -(190), MnCl2 (50), ZnCl2 (42), NiCl2 - 6H20
(24); Na2MoO4 * 2H20 (18), H3BO3 (300), CuC12 * 2H20 (2).
(The trace solution was adjusted to pH 6.0, and 1 ml per liter
of medium was used.)
Mass cultures of all three strains were harvested at the late

exponential growth phase and washed once with distilled
water before lyophilization for storage at -20°C.

Isolation of LPS and capsule material. LPS was obtained
from lyophilized cells (5 to 10 g [dry weight]) by the
phenol-chloroform-petroleum ether method (6). Alterna-
tively, bacteria were treated with 45% aqueous phenol-water
at 68°C for 30 min as described in reference 31. After phase
separation by centrifugation (2,500 x g, 10°C, 30 min) and
dialysis against running tap water, the water and phenol
phases were separately centrifuged at 105,000 x g (4°C, 4 h,
three times) and the respective supernatants and sediments
were lyophilized.

Capsule material was removed from Thiocapsa pfennigii
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9111. Cells (30 g [dry weight] of freshly harvested cells) were
subjected to Ultra-Thurrax treatment with mild shear forces
(5 times, 4°C, 1 min each time) to remove capsule material;
the cells remained intact. After centrifugation (65,000 x g,
30 min), precooled acetone (4°C) was added to the superna-
tant. Precipitated material was sedimented at 4,000 x g (4°C,
30 min) and washed with distilled water before lyophiliza-
tion.

Degradation of LPS. LPS (50 mg) was hydrolyzed under
stirring in sealed glass tubes in 10 ml of 5% (Thiocystis
violacea and Chromatium tepidum) and 10% (Thiocapsa
pfennigii) acetic acid at 100°C for 1.5 h (acid strength
depended on the strain). Degraded polysaccharide and lipid
A were obtained by centrifugation at 2,500 x g (4°C, 30 min).
Lipid A (pellet) was washed twice with 1 ml of warm (50°C)
water and once with 1 ml of acetone. Lipid A and degraded
polysaccharide were separately lyophilized.

Analytical chemical determinations. Neutral sugars and
uronic acids were liberated by 0.5 M H2SO4 at 100°C for 4 h
[neutralization was by Ba(OH)2] or 0.1 M HCI at 100°C (48 h)
for gas-liquid chromatography of neutral sugars. Amino
sugars and amino acids were liberated in 4 M HCI at 105°C
for 18 h. Neutral sugars were separated by thin-layer chro-
matography (the solvent system was acetic anhydride-pyri-
dine-water, 12:5:4 [vol/vol]) and determined quantitatively
as their alditol acetate derivatives (22) by gas-liquid chroma-
tography (Varian Aerograph 1400-1; ECNSS-M; glass col-
umn [2 mm by 1.5 m]; 3% on Gas-Chrom Q; 100/200 mesh).
Mass spectrometric fragmentation of the alditol acetates of
neutral and amino sugars (reduced with NaBD4) was per-
formed in a Finnigan MAT combined gas-liquid chromatog-
raphy-mass spectrometry automatic system, model 1020 B,
with a CP-SIL-5 or Poly-A-103 column (11). Mass spectra
were taken at 70 eV in the mass range of 43 to 400 mle in 1 s.

Gas-liquid chromatographic determination of amino sug-
ars as alditol acetate derivatives (19, 22) was performed on a
fused-silica capillary SE-54 column (length, 50 m; inner
diameter, 0.25 mm; column temperature, 250 to 280°C in a
1°C/min program; injector temperature, 300°C; carrier gas,
nitrogen).

Fatty acids were liberated in methanolic HCl (30 ml of
concentrated HCI in 150 ml of methanol; 100°C) and deter-
mined as methyl esters by gas-liquid chromatography on an
EGSS-X column (15% on Gas-Chrom P; 100/200 mesh;
165°C, isothermal; carrier gas, nitrogen) and on an SE-54
column (length, 50 m; inner diameter, 0.25 mm; column
temperature, 200 to 285°C in a 4°C/min program; injector
temperature, 300°C; carrier gas, nitrogen). The same column
was used for combined gas-liquid chromatography-mass
spectrometry of the fatty acid methyl esters. Amide or ester
binding of fatty acids was examined by hydroxylaminolysis
(24) or alkaline transesterification (treatment of LPS with
sodium methylate) (35). In the latter method, liberated fatty
acids were identified by gas-liquid chromatography before
and after methyl ester derivatization with diazomethane (12)
to differentiate between acyloxyacyl residues and fatty acids
bound to OH groups of the amino sugar backbone.

2-Keto-3-deoxyoctonate was liberated by 0.5 M H2SO4 at
100°C for 10 min (1 h in the case of Thiocapsa pfennigii 9111)
and determined as described in reference 28. Staining of
2-keto-3-deoxyoctonate on high-voltage electropherograms
was as described in reference 2. Uronic acids or amino
sugars were separated by high-voltage paper electrophoresis
(13) in pyridine-formic acid-acetic acid-water buffer (2:3:20:
180 [vol/vol]) at pH 2.8 and in pyridine-acetic acid-water
buffer (10:4:86 [vol/vol]) at pH 5.3 and stained with alkaline

silver nitrate (26) or with ninhydrin (0.2% in acetone). Total
uronic acids were colorimetrically determined (1). Quantita-
tive determination of amino sugars (except 2,3-diamino-2,3-
dideoxy-D-glucose) and amino acids was performed in an
automatic amino acid analyzer equipped with a BT 7040
sample injector (Biotronik, Munich, Federal Republic of
Germany) as described elsewhere (3). Organic phosphorus
was determined by the method of Lowry et al. (15).
DOC-PAGE. Polyacrylamide gel electrophoresis (PAGE)

was performed with sodium deoxycholate (DOC) as the
detergent (14). The running gel consisted of 13% acrylamide,
0.35% bisacrylamide, 0.5% DOC, and 375 mM Tris hydro-
chloride buffer at pH 8.8, the stacking gel was 4% acryl-
amide, 0.1% bisacrylamide, 0.5% DOC, and 125 mM Tris
hydrochloride at pH 6.8. The sample buffer contained 0.25%
DOC, 10% glycerol, and 175 mM Tris hydrochloride at pH
6.8 and the electrode buffer contained 0.25% DOC, 192 mM
glycine, and 26 mM Tris hydrochloride at pH 8.4. After
pre-electrophoresis at 25 mA, the samples (0.1% in sample
buffer) were separated at 18 mA (stacking gel) and 24 mA
(running gel) with fresh buffer. Silver staining was done as
described in reference 27.

RESULTS
Thiocapsa pfennigii. The LPS of Thiocapsa pfennigii 9111

was extractable by the phenol-chloroform-petroleum ether
method (yield, 0.7% of cell dry mass). On application of the
hot phenol-water method, it was preferentially extracted into
the water phase (yield, about 2% of cell dry weight). This
fraction contained a large glucan moiety, despite a-amylase
treatment (Table 1). With the exception of this glucan, the
chemical compositions of the LPS isolated by the two
methods were comparable. They included a heptose. The
alditol acetate derivative of the heptose had a retention time
of 4.7 (relative to xylitol acetate on the ECNSS-M column),
identical to authentic D-glycero-D-mannoheptose. Heptose
was also confirmed by mass spectrometric fragmentation of
its NaBD4-reduced alditol acetate, yielding characteristic
primary fragments at mle 145, 146, 217, 218, 289, 290, 361,
and 362 and secondary fragments at mle 331 [amn 433-
(CH3COOH + H2C=C=O)] and 332 [amn 443-(CH3COOH +
H2C=C=O)]. The presence of 2-keto-3-deoxyoctonate was
confirmed by periodate-thiobarbituric acid assay (28) and by
high-voltage paper electrophoresis. The latter technique
indicated (tentatively) the presence of glucuronic acid. Glu-
cosamine and glycine were observed in the amino acid
analyzer (Table 1).
An additional amino sugar was detectable on high-voltage

paper electropherograms on silver-nitrate staining. It co-
migrated with 2,3-diamino-2,3-dideoxy-D-glucose from Rho-
dopseudomonas viridis (21) and showed characteristic yel-
low-brown staining with ninhydrin. Identity with 2,3-
diamino-2,3-dideoxy-D-glucose was obtained on separation
of the respective amino sugar alditol acetate derivatives on
an SE-54 fused silica capillary column (retention time, [tR]
with inositol acetate, 1.63), while glucosamine eluted with a
tR with inositol acetate of 1.36. Gas chromatographic-mass
spectrometric analysis of the deuterium-reduced alditol ac-
etate yielded fragments also described for the 2,3-diamino-
2,3-dideoxy-D-glucose from R. viridis (21). Mass spectro-
metric fragmentation yielded primary fragments at mle 145
and 288 in addition to corresponding secondary fragments at
mle 85, 103, 126, 127, 144, 168, 169, 186, and 228. Secondary
fragments derived from the characteristic primary fragment
at mle 216 were observed at mle 156 (mle 216-CH3COOH)
and mle 114 [mle 216-(CH3COOH + H2C=C=O)].
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TABLE 1. Chemical composition of LPS from Thiocystis violacea 2711, Thiocapsa pfennigii 9111, and Chromatium tepidum MC'

nmol/mg (dry wt) of fraction inb:

Thiocystis violacea Thiocapsa pfennigii Chromatium tepidum
Constituent

LPS ~Degraded Lipid A Lipid A Lipid ADegrpoded LipidioA LPS Loyrcipidn LPS poly- fraction
saccharide frcinsaccharide frcinsaccharide

2-O-Methyl-6-deoxyhexose 241 342 5
Rhamnose 786 1,156 13 52 56 727 1,047 82
Ribose 23 28 57 68 17
Mannose 1,299 1,769 408 16 71 1,434 1,636 505
Galactose 189 215 19 103 143 14
Glucose 133 84 103 923C 1,049c 658c 23 27 8
D-Glycero-D-mannoheptose 86 95 - 35 42 168 226 Trace
2-Keto-3-deoxyoctonate 38 + - 31 ND ND 79 ND ND
Glucuronic acid 139 183 ND 322 459
Galacturonic acid - 68 87 ND
Glucosamine 105 15 401 58 236 113 20 346
2,3-Diamino-2,3-dideoxy-D- + + + + + +

glucose
Quinovosamined 71 35 22 - - 92 95
3-OH-14:0 78 364 93 228 195 - 840
12:0 185 - 872 78 - 173 48 1 291
14:0 Trace 17 Trace 10 3 1 6
16:0 16 Trace 54 14 Trace 46 16 7 47
18:0 Trace 54 Trace Trace 14 10 6 23
Phosphate 101 151 Trace 42 83 6
Glycine - 41 52

a Extraction from whole cells was by hot phenol-water. Degradation into lipid A and degraded polysaccharide was performed by 5% acetic acid (10% for
Thiocapsa pfennigii) at 100°C for 1.5 h.

b -, Absent; +, present but not quantified; ND, not determined.
c Mainly due to contaminating glucan.
d Small amounts of an additional amino sugar (tR with glucosamine, 1.11 on the amino acid analyzer) were observed.

The major fatty acids were 3-OH-14:0 and 12:0, aside from
traces of other fatty acids (Table 1). Hydroxylaminolysis
revealed 3-OH-14:0 as amide bound and 12:0 as ester bound.
3-Acyloxyacyl residues were not detectable. 3-OH-14:0 was
confirmed by mass spectrometric fragmentation of its methyl
ester [base peak at mle 103 and characteristic fragment at
mle 208; mle 258 (M+)-(CH30H + H20)].

Degradation of the LPS of Thiocapsa pfennigii required
10% acetic acid (100°C, 1.5 h). The lipid A and degraded
polysaccharide fractions were both obtained in approxi-
mately 15% yields (of LPS dry weight). Enrichment of
mannose (relative to the neutral sugars) was obtained in the
lipid A fraction (Table 1). Lipid A contained essentially all of
the glucosamine, all 2,3-diamino-2,3-dideoxy-D-glucose, and
all fatty acids of the LPS but was nearly free of phosphate.
The degraded polysaccharide contained the heptose, 2-keto-
3-deoxyoctonate and glucuronic acid and little of other
compounds.

It should be mentioned that galacturonic acid was found in
large amounts in the material shed from freshly harvested
whole cells by Ultra-Thurrax treatment (yield, about 2% of
bacterial dry weight). In addition, this fraction contained the
following (amounts are in nanomoles per fraction [dry
weight]): xylose (82), rhamnose (35), mannose (331), galac-
tose (1,009), glucose (1,298), and phosphate (90). The frac-
tion was essentially free of glucosamine and thus of LPS.
The DOC-PAGE pattern of the Thiocapsa pfennigii LPS,

obtained by phenol-chloroform-petroleum ether and phenol-
water-extractions, showed only one major core band in the
size range of R-type LPS (Fig. 1). 0-chains were either
lacking or present in only small amounts.

Thiocystis violacea. The LPS from Thiocystis violacea 2711
was preferentially extracted into the water phase of hot
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FIG. 1. DOC-PAGE (13%) and silver staining of the LPS from
Chromatiaceae and Salmonella species (as molecular weight mark-
ers). Lanes: 3, Thiocapsa pfennigii 9111; 4, Thiocystis violacea
2711; 5, Thiocapsa roseopersicina (10); 6, Chromatium tepidum
MC; 7, Chromatium vinosum D (9); 1, Re-mutant Salmonella
minnesota R595; 2, Rc-mutant Salmonella minnesota R5; 8, S-form
S. typhimurium var. Copenhagen; (9), SR-mutant Salmonella typhi-
murium SH777; 10, Ra-mutant Salmonella typhimurium his386. For
the structure of the marker LPS, see reference 16. The following
amounts of material were applied (lanes): 1, 2, 9, and 10, 1 jig; 8, 3
,g; 3 and 5, 5 p.g; 4, 6, and 7, 7.5 ,ug. The arrow shows the direction
of migration.
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phenol-water extracts. The yields (sediments of respective
ultracentrifugations) were about 1% of the cell dry weight.
LPS was not successfully extractable by the phenol-chloro-
form-petroleum-ether method. The main neutral sugars in
the LPS were mannose and rhamnose, in addition to galac-
tose and glucose. An unknown sugar, which eluted at a tR
with xylitol acetate of 0.37, showed a mass spectrum as the
deuterium-reduced alditol acetate with primary fragments at
mle 275, 118, and 87 and the secondary fragment at mle 173
(derived from mle 275 by loss of CH3COOH [amn 60] and
H2C=C=O [amn 42]), thus revealing it to be a 2-0-methyl-6-
deoxyhexose. In addition, a heptose with a tR identical to
that of the D-glycero-D-mannoheptose from Thiocapsa pfen-
nigii (see above) was observed. 2-Keto-3-deoxyoctonate and
glucuronic acid were (tentatively) identified by the same
methods used for Thiocapsa pfennigii. Glucosamine, quino-
vosamine, and traces of an unknown amino sugar (Table 1)
were observed in the amino acid analyzer. The presence of
small amounts of 2,3-diamino-2,3-dideoxy-D-glucose were

confirmed as described for Thiocapsa pfennigii (see above).
Aside from small amounts of other fatty acids, amide-

bound 3-OH-14:0 and ester-bound 12:0 were the main fatty
acids. There was no indication of glucosamine-bound 3-
acyloxyacyl residues. The phosphate content of the LPS of
Thiocystis violacea was negligible.
The ultracentrifugation (105,000 x g, 4°C, 4 h) supernatant

of the water phase of phenol-water extracts (see above) was

free of non-LPS compounds, except for RNA and glucans.
Uronic acids were found only in trace amounts. Thus, there
was no hint of a capsular polysaccharide.

Degradation of the LPS to obtain free lipid A and degraded
polysaccharide required 5% acetic acid (100°C, 1.5 h). The
yields were 10% (lipid A) and 70% (degraded polysaccha-
ride) of the LPS dry weight. The lipid A fraction contained
nearly all of the glucosamine and 2,3-diamino-2,3-dideoxy-
D-glucose, as well as all of the fatty acids, of the LPS.
Mannose was highly enriched in the lipid A fraction. The
lipid A was free of phosphate. The degraded polysaccharide
was slightly contaminated by lipid A and consisted of neutral
sugars in addition to 2-keto-3-deoxyoctonate.
The DOC-PAGE pattern of the LPS of Thiocystis violacea

revealed very long 0-chains with a wide gap in the ladderlike
pattern (Fig. 1 and 2). The migration pattern indicated a

R-core with most of the core stubs substituted by 0-chains.
The pattern was multimodal, with at least two intensity
maxima. In comparison, the DOC-PAGE pattern of Thio-
capsa roseopersicina also revealed long 0-chains but with
no distinct limitation in chain length. A gap in the ladderlike
pattern was also observed. The banding pattern was multi-
modal, with one major and probably two minor banding sets.
The only faintly stained R-core band indicated almost com-
plete substitution of the core stubs by 0-chains in Thiocapsa
roseopersicina as well.
Chromatium tepidum. LPS was obtained from the thermo-

philic bacterium Chromatium tepidum MC by the hot phe-
nol-water procedure. It was preferentially extracted into the
water phase. The yield in the sediment after ultracentrifuga-
tion was low, about 0.6% (after removal of contaminating
glucan and nucleic acids by enzymatic treatments). The LPS
contained a number of hexoses (Table 1), mnainly rhamnose
and mannose. The alditol acetate of the heptose eluted
identically to D-glycero-D-mannoheptose on gas-liquid chro-
matography (see above). Galacturonic acid was the only
uronic acid detected on high-voltage electropherograms.
Quinovosamine and an unknown amino sugar like that
detected in Thiocystis violacea (tR with glucosamine, 1.11)

a

b

FIG. 2. Densitograms of electrophoretic migration patterns of
some of the LPS separated by DOC-PAGE (Fig. 1). Panels: a,
Chromatium vinosum D (9); b, Chromatium tepidum MC; c, Thio-
cystis violacea 2711; d, Thiocapsa roseopersicina (10). The arrows
show the direction of migration.

were observed in the amino acid analyzer in addition to
glucosamine. As with the other two species, 2,3-diamino-
2,3-dideoxy-D-glucose) was observed on high-voltage paper
electropherograms. The thiobarbituric acid assay with the
LPS was positive, indicating the presence of 2-keto-3-deoxy-
octonate.
The fatty acid composition showed 3-OH-14:0 as the

dominant fatty acid, aside from 12:0 and small amounts of
additional fatty acids. Liberation of fatty acids by alkali
cleaved off all fatty acids except 3-OH-14:0, which thus is
amide bound. Alkaline transesterification by treatment with
sodium methylate gave no indication of 3-acyloxyacyl resi-
dues.
There was no indication of capsule polysaccharide in

Chromatium tepidum MC, since the supernatant of ultracen-
trifugation of the water phase of the hot phenol-water
extracts was free of non-LPS compounds except glucan and
RNA. However, the supernatant contained a rather large
protein moiety (total, about 500 nmol of amino acid residues
per mg [dry weight]), with glutamic acid, glycine, alanine,
serine, and aspartic acid dominating.
The LPS was split into degraded polysaccharide and lipid

A upon application of 5% acetic acid at 100°C for 1.5 h. The
yields were 10% (lipid A) and 60% (degraded polysaccha-
ride) of the LPS dry weight. Glucosamine, together with the
fatty acids, was highly enriched in the lipid A fraction.
Significant enrichment, relative to the other neutral sugars,
was also obtained for mannose, indicating that mannose is a
lipid A constituent. The lipid A fraction contained only
traces of phosphate. The degraded polysaccharide fraction

I

---w-

J. BACTERIOL.



LPS OF T. VIOLACEA, T. PFENNIGII, AND C. TEPIDUM 3221

also contained mannose, in addition to the total of the
residual neutral and acidic sugars, as well as quinovosamine.
It contained no 2,3-diamino-2,3-dideoxy-D-glucose, which
was only found in lipid A (Table 1).
Long 0-chains with a distinct maximum chain length in

the LPS were revealed by DOC-PAGE (Fig. 1 and 2). One
major set of bands was observed in addition to two minor
ones. Only a single prominent R-core band was detected,
indicating an R-core in the size range of the Salmonella Rc
chemotype. Long 0-chains were attached to the core in the
LPS of Chromatium tepidum. The DOC-PAGE of the LPS
of Chromatium vinosum D, performed as a comparison, also
showed very long 0-chains. Almost complete substitution of
the core by 0-chains was indicated by the finding of only a
faint band in the core region.

DISCUSSION

The LPS of Thiocystis violacea and the moderately ther-
mophilic bacterium Chromatium tepidum contain very long
0-chains, as indicated by the patterns of DOC-PAGE. The
core stubs seem to be heavily substituted. Extensive banding
on sodium dodecyl sulfate gels, characterizing 0-chains with
repeating units, have already been described for Chroma-
tium vinosum and Thiocapsa roseopersicina in reference 8.
An exception was Thiocapsa pfennigii in which rough-type
LPS was indicated by the DOC-PAGE pattern. Large
amounts of glucose, as revealed by chemical analysis, are
assumed to be of high-molecular-weight glucan origin. It was
difficult to remove glucan; therefore, the LPS fraction ob-
tained remained contaminated to a certain degree.
Long 0-chains are also expressed by other members of the

gamma subgroup of the purple bacteria (34), for example, by
the Enterobacteriaceae (16). In contrast, several purple
non-sulfur bacteria of the alpha subgroup (33) have short
0-chains or lack them completely (29). Gaps in the ladder-
like pattern of DOC-PAGE in Thiocystis violacea and Thio-
capsa roseopersicina may indicate S-layers, as published for
Thiocapsa floridana (synonym, Thiocapsa roseopersicina
[25]) (23) and as indicated by DOC-PAGE for some Rhodo-
pseudomonas palustris strains (J. H. Krauss et al., unpub-
lished data). The finding of long 0-chains is in full agreement
with the low or failing extractability of the LPS from most
Chromatiaceae studied so far by the phenol-chloroform-
petroleum ether method, which is known to extract R-type
LPS preferentially (6). Accordingly, the LPS of Thiocapsa
pfennigii, which lack 0-chains, was extractable by this
method. A capsular polysaccharide with a composition
different from that of the LPS was detected in this study by
Ultra-Thurrax treatment of the cells of this species.
The core regions of the LPS of the Chromatiaceae species

studied so far, Chromatium vinosum, Chromatium tepidum,
Thiocystis violacea, Thiocapsa roseopersicina, and Thio-
capsa pfennigii, contain all D-glycero-D-mannoheptose as
the only heptose and 2-keto-3-deoxyoctonate (8, 10; this
study). Thus, a common core structure may be assumed for
all of them. At least in the case of R-type LPS from
Thiocapsa pfennigii, uronic acids are part of the core. This
may be the reason for the need for 10% acetic acid to split off
lipid A and the low amount of 2-keto-3-deoxyoctonate. This
very acid-labile compound is partially destroyed under con-
ditions of acid hydrolysis. Furthermore, it is well known that
uronic acid-containing LPS are very resistant to complete
hydrolysis.
There are also significant similarities among the lipid A

compositions of the Chromatiaceae species studied so far.

In accordance with previous findings on Chromatium vino-
sum and Thiocapsa roseopersicina LPS (9, 10), the lipid A
from Thiocystis violacea, Chromatium tepidum, and Thio-
capsa pfennigii contain glucosamine as the main amino
sugar. The structural role of 2,3-diamino-2,3-dideoxy-D-
glucose, present in small amounts in all three species exam-
ined in this study and also in Chromatium vinosum and
Thiocapsa roseopersicina (H. Mayer, unpublished data),
remains to be elucidated. The lipid A fractions are free of
phosphate and contain mannose. Furthermore, there are
similarities among all of the species, even in the fatty acid
content in that 3-OH-14:0 is the only amide-bound fatty acid
and most of them contain 12:0 as the predominant ester-
bound fatty acid. Thus, a common lipid A structure may be
likely, at least for the species of Chromatiaceae investigated
so far.
The similarities in LPS composition, including those of the

conservative lipid A and R-core structure, are in full agree-
ment with the results of 16S rRNA cataloging (4). These data
suggest that the Chromatiaceae genera represent a geneti-
cally coherent cluster of species. There is no further resolu-
tion of the genera or species on the basis of lipid A or core
composition, since it was possible in many cases with the
purple non-sulfur bacteria (18, 29, 30), although many of the
genetically more distant Chromatiaceae species (34) remain
to be studied.

ACKNOWLEDGMENTS

We gratefully acknowledge combined gas-liquid chromatography-
mass spectrometry analysis by D. Borowiak, amino acid analysis by
U. J. Jurgens, and technical help by E. Metz.
The work was supported by the Deutsche Forschungsgemeins-

chaft.

LITERATURE CITED
1. Blumenkrantz, N., and G. Asboe-Hansen. 1973. New method for

quantitative determination of uronic acids. Anal. Biochem. 54:
484-489.

2. Brade, H., and C. Galanos. 1983. A method to detect 2-keto-3-
deoxyoctonate and related compounds on pherograms and
chromatograms. Anal. Biochem. 132:158-159.

3. Evers, D., J. Weckesser, and U. J. Jurgens. 1986. Chemical
analyses on cell wall envelope polymers of the halophilic,
phototrophic Rhodospirillum salexigens. Arch. Microbiol. 145:
254-258.

4. Fowler, V. J., N. Pfennig, W. Schubert, and E. Stackebrandt.
1984. Towards a phylogeny of purple sulfur bacteria-16S
rRNA oligonucleotide cataloguing of 11 species of Chromatia-
ceae. Arch. Microbiol. 139:382-387.

5. Fox, G. E., E. Stackebrandt, R. B. Hesbell, J. Gibson, J.
Maniloff, T. A. Dyer, R. S. Wolfe, W. E. Balch, R. S. Tanner,
L. J. Magrum, L. B. Zablen, R. Blakemore, R. Gupta, L. Bonen,
B. J. Lewis, D. A. Stahl, K. R. Luehrsen, K. N. Chen, and C. R.
Woese. 1980. The phylogeny of prokaryotes. Science 209:457-
463.

6. Galanos, C., 0. Luderitz, and 0. Westphal. 1969. A new method
for extraction of R-lipopolysaccharides. Eur. J. Biochem. 9:
245-249.

7. Gibson, J., E. Stackebrandt, L. B. Zablen, R. Gupta, and C. R.
Woese. 1979. A phylogenetic analysis of the purple photosyn-
thetic bacteria. Curr. Microbiol. 3:59-64.

8. Hurlbert, R. E., and I. M. Hurlbert. 1977. Biological and
physicochemical properties of the lipopolysaccharide of Chro-
matium vinosum. Infect. Immun. 16:983-994

9. Hurlbert, R. E., J. Weckesser, H. Mayer, and I. Fromme. 1976.
Isolation and characterization of the lipopolysaccharide of
Chromatium vinosum. Eur. J. Biochem. 68:365-371.

10. Hurlbert, R. E., J. Weckesser, R. N. Tharanathan, and H.
Mayer. 1978. Isolation and characterization of the lipopolysac-

VOL. 170, 1988



3222 MEISSNER ET AL.

charide of Thiocapsa roseopersicina. Eur. J. Biochem. 90:241-
246.

11. Jurgens, U. J., J. Meissner, U. Fischer, W. A. Konig, and J.
Weckesser. 1987. Omithine as constituent of the peptidoglycan
of Chloroflexus aurantiacus, diaminopimelic acid in that of
Chlorobium vibrioforme. Arch. Microbiol. 148:72-76.

12. Kates, M. 1972. Techniques of lipidology: isolation, analysis and
identification of lipids. Elsevier/North Holland Publishing Co.,
Amsterdam.

13. Kickhofen, B., and R. Warth. 1968. Eine Trennkammer fur die
Hochspannungselektrophorese nach dem Michl'schen Prinzip.
J. Chromatogr. 33:558-560.

14. Komuro, T., and C. Galanos. 1986. Analysis of Salmonella LPS
by sodium deoxycholate-polyacrylamide gel electrophoresis.
EOS-Riv. Immunol. Immunofarmacol. 6:147.

15. Lowry, 0. H., N. R. Roberts, K. Y. Leiner, M. L. Wu, and A. L.
Farr. 1954. The quantitative biochemistry of brain. J. Biol.
Chem. 207:1-17.

16. Luderitz, O., M. A. Freudenberg, C. Galanos, V. Lehmann,
E. T. Rietschel, and H. D. Shaw. 1982. Lipopolysaccharides of
gram-negative bacteria. Curr. Top. Membr. Transp. 17:79-151.

17. Madigan, M. T. 1986. Chromatium tepidum sp. nov., a thermo-
philic photosynthetic bacterium of the family Chromatiaceae.
Int. J. Syst. Bacteriol. 36:222-227.

18. Mayer, H., and J. Weckesser. 1984. 'Unusual' lipid A's: struc-
tures, taxonomical relevance and potential value for endotoxin
research, p. 221-247. In E. T. Rietschel (ed.), Handbook of
endotoxin, vol. 1: chemistry of endotoxin. Elsevier Science
Publishing, Inc., New York.

19. Niedermeier, W., and M. Tomana. 1974. Gas chromatographic
analysis of hexosamines in glycoproteins. Anal. Biochem. 57:
363-368.

20. Rietschel, E. T., and 0. Luderitz. 1980. Struktur von Lipopoly-
saccharid und Taxonomie Gram-negativer Bakterien. Forum
Mikrobiol. 1:12-20.

21. Roppel, J., H. Mayer, and J. Weckesser. 1975. Identification of
a 2,3-diamino-2,3-dideoxyhexose in the lipid A component of
lipopolysaccharides of Rhodopseudomonas viridis and Rhodo-
pseudomonas palustris. Carbohydr. Res. 40:31-40.

22. Sawardeker, J. S., J. H. Sloneker, and A. Jeanes. 1967. Quanti-
tative determination of monosaccharides as their alditol acetates
by gas liquid chromatography. Anal. Chem. 37:1602-1604.

23. Sleytr, U. B., and P. Messner. 1983. Crystalline surface layers of
bacteria. Annu. Rev. Microbiol. 37:311-319.

24. Snyder, F., and N. Stephens. 1959. A simplified spectrophoto-
metric determination of ester groups in lipids. Biochim.
Biophys. Acta 34:244-245.

25. Takacs, B. J., and S. C. Holt. 1972. Thiocapsa floridana; a
cytological, physical and chemical characterization. I. Cytology
of whole cells and isolated chromatophore membranes. Bio-
chim. Biophys. Acta 233:258-277.

26. Trevelyan, W. E., D. P. Proctor, and J. S. Harrison 1950.
Detection of sugars on paper chromatograms. Nature (London)
166:444 445.

27. Tsai, C. M., and C. E. Frasch. 1982. A sensitive silver stain for
detecting lipopolysaccharides in polyacrylamide gels. Anal.
Biochem. 119:115-119.

28. Warawdekar, V. S., and L. D. Saslaw. 1959. A sensitive method
for the estimation of 2-deoxy sugars with the use of the
thiobarbituric acid reaction. J. Biol. Chem. 234:1945-1950.

29. Weckesser, J., G. Drews, and H. Mayer. 1979. Lipopolysaccha-
rides of phototrophic prokaryotes. Annu. Rev. Microbiol. 33:
215-239.

30. Weckesser, J., and H. Mayer. 1987. Lipopolysaccharides of
phototrophic bacteria, a contribution to phylogeny and endo-
toxin research. Forum Mikrobiol. 7/8:242-248.

31. Westphal, O., 0. Luderitz, and F. Bister. 1952. Uber die
Extraktion von Bakterien mit Phenol/Wasser. Z. Naturforsch.
7b:148-155.

32. Woese, C. R., E. Stackebrandt, T. J. Macke, and G. E. Fox.
1985. A phylogenetic definition of the major eubacterial taxa.
Syst. Appl. Microbiol. 6:143-151.

33. Woese, C. R., E. Stackebrandt, W. G. Weishaupt, B. J. Paster,
M. T. Madigan, V. J. Fowler, C. M. Hahn, P. Blanz, and R.
Gupta. 1984. The phylogeny of purple bacteria: the alpha
subdivision. Syst. Appl. Microbiol. 5:315-326.

34. Woese, C. R., W. G. Weisburg, C. M. Hahn, B. J. Paster, L. B.
Zablen, B. J. Lewis, T. J. Macke, W. Ludwig, and E. Stacke-
brandt. 1985. The phylogeny of purple bacteria: the gamma
subdivision. Syst. Appl. Microbiol. 6:25-33.

35. Wollenweber, H. W., K. W. Broady, 0. Luderitz, and E. T.
Rietschel. 1982. The chemical structure of lipid A. Demonstra-
tion of amide-linked 3-acyloxyacyl residues in Salmonella min-
nesota Re lipopolysaccharide. Eur. J. Biochem. 124:191-198.

J. BACTERIOL.


