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Analysis of Caulobacter crescentus Lipids
AUGUST J. DE SIERVO* AND ALMA D. HOMOLA

Department ofMicrobiology, University ofMaine, Orono, Maine 04469

The lipids of Caulobacter crescentus, a procaryotic species which differentiates
into stalked and swarmer cell types, were analyzed. Major lipid classes were
purified by chromatography and identified by both chromatographic and chemical
methods. Approximately half of the total lipid fraction of this organism consisted
of glycolipids, which were primarily monoglucosyldiglyceride and an acylated
glucuronic acid. Two of the phospholipids of C. crescentus were identified as
phosphatidylglycerol and acylphosphatidylglycerol. Commonly occurring bacte-
rial phospholipids, such as phosphatidylethanolamine and cardiolipin (diphos-
phatidylglycerol), were not detected. Monoglyceride and diglyceride were found
in the neutral lipid fraction, which made up 10% of the total lipid. Quantitative
lipid compositional studies, performed by the incorporation of ["4C]acetate and
[3 P]orthophosphate into growing cultures, revealed that separated swarmer and
stalked cells had similar lipid compositions. However, stationary-phase cultures,
compared with logarithmic cultures, had decreased amounts of phosphatidylglyc-
erol and diglyceride and increased amounts of acylphosphatidylglycerol and a
glucuronic acid-containing glycolipid, glycolipid X. In addition, two glycolipids
were only detected in stationary-phase cultures. These studies indicate that C.
crescentus has a distinctive lipid composition compared with those of other
procaryotic species which have been analyzed.

Caulobacter crescentus, a gram-negative,
freshwater bacterium, produces two distinct cell
types during growth, motile swarmer cells and
nonmotile stalked cells (22). Swarmer cells dif-
ferentiate into stalked cells, and stalked cells
divide asymmetrically into second-generation
stalked and swanner cells. We felt that an iden-
tification and analysis of the lipids of a differ-
entiating procaryote might elucidate the role of
lipids and therefore membranes in the process
of cellular differentiation as well as identify the
lipids of a unique bacterial group. Fatty acid
analysis of the two cell types had previously
indicated minor quantitative differences, al-
though qualitative differences were not detected
(5). An analysis of the lipid composition of C.
crescentus first appeared as a preliminary report
(A. J. De Siervo and A. D. Homola, Abstr. Annu.
Meet. Am. Soc. Microbiol. 1978, K83, p. 140).
Since this report, two analyses of the phospho-
lipid composition of C. crescentus have been
published (6, 18). The analyses reported in this
paper agree with the general conclusions of au-
thors ofreferences 6 and 18 concerning the phos-
pholipids of C. crescentus, with some notable
exceptions, i.e., the presence of cardiolipin and
a ninhydrin-positive phospholipid. Moreover,
the identification of a major proportion (45 to
62%) of the lipids of this organism as glycolipids,
containing glucose and glucuronic acid, is re-
ported in this paper.

MATERIAIS AND METHODS
Bacterial strains and growth conditions. C.

crescentus strain CB2 (ATCC 15252) was used for
these experiments. The lipids of C. crescentus strain
CB15 were analyzed for comparison. Cultures were
grown in modified M36 medium containing 2.0 g of
peptone, 1.0 g of yeast extract, 0.2 g ofMgS04 * 7H20,
and 2.0 g of glucose (M36 + G) made up to 1 liter with
distilled water. The pH of the sterile medium was
6.6. Cultures were grown at room temperature for 48
h with aeration and stirring by inoculating two 5-liter
fermentors, each containing 3.5 liters of medium and
1 to 2 ml of Antifoam A emulsion (Sigma Chemical
Co., St. Louis, Mo.), with a 10-ml culture grown for 24
h at 30°C with shaking from stock cultures. Alterna-
tively, cells were grown in a Microferm fermentor
(New Brunswick Scientific Co., New Brunswick, N.J.)
Twenty-two liters ofM36 + G was inoculated with 200
ml of a 24-h CB2 culture and 5 ml of sterile Antifoam
A emulsion. Cells were grown at 30°C, aerated at 22
liters/min and stirred at 200 rpm for 24 h to an optical
density of 2.25. The pH oflogarithmic- and stationary-
phase cultures did not exceed 7.0. Cells were collected
at 4°C by centrifugation at 27,000 x g. Cultures were
monitored for purity by phase microscopy and Gram
staining before use.

Preparation of labeled celis. Phospholipids were
labeled by adding 75 psCi of 32Pi to 75 ml of an 8-h
culture grown at 30°C with shaking. The stationary-
phase cells were harvested by centrifugation. Lipids
labeled with '4C were obtained by growing C. crescen-
tus in M36 + G containing 0.5 itCi of sodium [1-
'4C]acetate per ml to log or stationary phase. In cul-
tures grown with ['4C]acetate, the label was present
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through at least six generations in the log phase. The
generation time was approximately 3 h. Autoradi-
ograms were made with washed and stained chromat-
ograms, using DuPont Cronex CD2 medical X-ray film
(E. I. Dupont De Nemours & Co., Inc., Wilmington,
Del.).

Lipid extraction and analysis. Lipids were ex-
tracted according to the method of Bligh and Dyer (3),
and the samples were dried under N2 at 450C, weighed,
suspended in chloroform, and then stored at -20°C.
Lipid extracts were chromatographed by two-dimen-
sional chromatography on Whatman SG-81 silica gel-
loaded paper as previously described (9). Neutral lipids
were chromatographed in two dimensions on silica gel
paper, using the solvent system of Steiner and Lester
(29): benzene-chloroform-acetic acid, 90:10:1 (vol/vol),
in the first dimension and benzene-chloroform-pyri-
dine, 90:10:1 (vol/vol), in the second. Chromatograms
were stained with rhodamine 6G to locate the lipid
spots. Free amino groups were detected with ninhydrin
(20), phosphate-containing lipids were detected by
ammonium molybdate reagent (2), vicinal hydroxyl
groups were detected by the periodate test (33), and
glycolipids were detected by alkaline silver nitrate
(32).
Chemical tests. Lipids were deacylated by meth-

anolysis, using the method ofWhite and Frerman (34),
and the water-soluble derivatives were chromato-
graphed descendingly on Whatman no. 1 paper pre-
viously washed with 2 N HCI. Solvent systems used
were phenol-water-acetic acid-ethanol 50:22:3:3 (vol/
vol) (12) and ethanol-i M ammonium acetate (pH 7.5)
65:35 (vol/vol) (4). Some purified lipids were subjected
to acetolysis, and the derivatives were chromato-
graphed as previously described (21).

Phosphate was determined by the method of Ames
and Dubin (1), glycerol was determined by the method
of Renkonen (24), fatty acid esters were determined
by the method of Snyder and Stephens (28), and
glucose was determined by anthrone (16). Glycolipids
were hydrolyzed with 2 N HCI at 1000C for 3 h in a
screw-capped tube, and the sugars were analyzed by
ascending chromatography three times on Whatman
no. 1 paper (17) in butanol-pyridine-water 45:25:40
(vol/vol) (14) and by gas-liquid chromatography of
trimethylsilyl (31) and alditol acetate (15) derivatives,
using an F & M Scientific Corp. research chromato-
graph, model 810, on a column (6 feet by % inch [ca.
1.8 m by 0.3 cm]) of 3% OV-225 on 80/100 Supelcoport
(Supelco, Inc., Bellefonte, Pa.).

Isolation of celi types. Swarmer and stalked cells
were separated by a procedure with Ludox HS-40
similar to that reported by Evinger and Agabian (11).
A portion of C. crescentus culture (20 ml) was mixed
with 20 ml of a 46% Ludox HS-40 solution (46 ml of
Ludox HS-40 and 54 ml of water, adjusted to pH 7.4,
plus 2.9 g of dextran) to give a final concentration of
23% Ludox. The mixture was centrifuged at 43,000 x
g for 15 min. Two bands were obtained. The top band
contained stalked cells, and the bottom band con-
tained primarily swarmer cells. The bottom band was
made up to a volume of 20 ml with culture medium
and mixed with an equal volume of 82% Ludox HS-40
solution (82 ml of Ludox HS-40, 18 ml of water, 5.9 g
of dextran) to produce a final concentration of 41%

Ludox. The mixture was centrifuged at 43,000 x g for
15 min, and the upper band, which contained swarmer
cells, was removed. This band and the previously
separated stalked cell band were washed twice by
centrifugation to remove the Ludox reagent by mixing
with fresh culture medium. The resulting pellets were
extracted for total lipids.

Cardiolipin synthetase assay. Cell envelope frac-
tions of C. crescentus were prepared and assayed for
cardiolipin synthetase activities as previously de-
scribed for marine bacterial isolates (8).

Materials. A cardiolipin standard was purified from
Micrococcus lysodeikticus (M. luteus). A monogalac-
tosyl diglyceride standard was obtained from spinach
leaf lipids. Tripalmatin and acetylation kits were ob-
tained from Supelco, and hexamethyldisilazane in pyr-
idine was obtained from Analabs, Inc., North Haven,
Conn. 32Pi and [1-'4C]acetate were obtained from New
England Nuclear Corp., Boston, Mass., and chroma-
tography papers SG-81 and no. 1 were obtained from
Whatman, Inc., Clifton, N.J. Ludox HS-40 was a gen-
erous gift of E. I. DuPont De Nemours & Co., Inc.
(Industrial Chemical Department).

RESULTS
Lipid identification. Autoradiograms of

two-dimensional chromatograms were made of
32P-labeled lipids (Fig. 1) and of 14C-labeled lip-
ids (Fig. 2). An autoradiogram of separated neu-
tral lipids is shown in Fig. 3. Identifications were
made by cochromatography with standards and
chemical tests performed on the chromatograms
and on purified lipids. Monoglucosyldiglyceride,
phosphatidylglycerol (PG), acylphosphatidyl-
glycerol (APG), monoglyceride, diglyceride, and
free fatty acid were identified in the total lipids
of stationary-phase cells. Glycolipid X was ten-
tatively identified as diacylglucuronic acid. The
hydrolysis of unknown glycolipids 2 and 3
yielded a sugar that cochromatographed with
glucuronic acid and whose alditol acetate deriv-
ative was indistinguishable from known glucitol
acetate. A summary of the results of tests per-
formed to identify glycolipid X, monogluco-
syldiglyceride, and acylphosphatidylglycerol is
given in Table 1.

Neither cardiolipin nor ninhydrin-positive lip-
ids were detected when cells were extracted by
either the Bligh and Dyer (3) or the Folch (13)
method. Lipid analysis of C. crescentus strain
CB15 yielded a lipid profile qualitatively identi-
cal to that of strain CB2. The identification of
an acidic phospholipid as APG was suspected
because of its chromatographic behavior in two
solvent systems. This lipid accounted for 2% of
the total lipid. Tests done directly on chromat-
ograms indicated it did not have vicinal hy-
droxyl, free amino, or sugar groups. A positive
phosphomolybdate reaction and 32P labeling of
this spot confirmed the presence of phosphate,
and mild alkaline hydrolysis yielded a derivative
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which cochromatographed in two solvent sys-
tems with glycerophosphorylglycerol. Quantita-
tive glycerol, phosphate, and fatty acid ester
determinations, using PG as a standard, pro-
duced ratios of glycerol-phosphate-fatty acid es-
ter of 2.0:0.9:3.1, which are similar to the ex-
pected 2:1:3 theoretical ratios of APG. In addi-
tion, the procedure of acetolysis produced two
major acylated derivatives, as expected from
APG. PG and cardiolipin produce only one ma-
jor acylated product, diacylglycerol monoace-
tate.

Monoglucosyldiglyceride represented 35% of
the total lipid. Its identity was confirmed by
cochromatography with. monogalactosyldigly-
ceride extracted from spinach. Tests for phos-
phate and amino groups were negative, and pos-
itive permanganate-periodate and alkaline silver
nitrate tests indicated the presence of carbohy-
drate. The carbohydrate released by hydrolysis
at 1000C in 2 N HCI cochromatographed with
glucose on an ascending chromatogram, and tri-
methylsilyl and alditol acetate derivatives pro-
duced peaks in gas-liquid chromatography that
correspond to known glucose. Quantitative tests
revealed the presence of glycerol and fatty acid
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FIG. 2. Autoradiogram ofa two-dimensional chro-
matogram of "C-labeled lipids of C. crescentus. Mi-
nor lipids which were detected on the autoradiogram
but which may not appear in the photograph are
circled. Abbreviations: DG, diglyceride; MG, mono-
glyceride; FFA, free fatty acids (see legend to Fig. 1

for other abbreviations). Lipids 1 through 7 were
unidentified.

; FFA

;

MG G 'I

Ar.(G

- - GLX

0.

F6-x 15o
/A-

6

_F

FIG. 1. Autoradiogram ofa two-dimensional chro-
matogram of 32P-labeledphospholipids of C. crescen-
tus. Minor phospholipids which were detected on the
autoradiogram but which may not appear in the
photograph are circled. Monoglucosyldiglyceride
(MGDG) and acylated glucuronic acid (GLX), indi-
cated by dashed lines, were located on the chromat-
ogram by staining, but were unlabeled. Abbrevia-
tions: PA, phosphatidic acid; 0, origin; SF, solvent
front. Phospholipids 1, 4, 5, 6, and 7were unidentified.
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FIG. 3. Autoradiogram ofa two-dimensional-chro-

matogram of "C-labeled neutral lipids. Lipids which

were detected on the autoradiogram but which may

not appear in the chromatogram are circled. See

legends to Fig. and 2 for abbreviations.

esters in the ratio of 1:2, and the anthrone test

gave a glucose-fatty acid ester ratio of 1:2. The

structure of monoglucosyldiglyceride is consist-

ent with these findings.
Another glycolipid, which constituted about

10% of the total extracted lipid, proved more
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difficult to identify. It gave an orange spot under
UV light after rhodamine 6G staining, a positive
Schiff test, negative ninhydrin and phosphate
tests, and positive permanganate-periodate and
alkaline silver nitrate reactions. Paper chroma-
tography showed several hydrolysis products,
one of which had an Rf close to that of known
rhamnose. However, gas-liquid chromatography
of trimethylsilyl derivatives of this compound
gave several peaks that were not identified by
comparison to lists of retention times. The aldi-
tol acetate derivative of glycolipid X cochromat-
ographed with the glucose derivative. Paper
chromatography of additional standards re-
vealed that glucuronic acid produced two spots
very similar to those found for our unknown.
The chemical behavior of glucuronic acid is con-
sistent with these gas-liquid chromatographic
findings. Glucuronolactone, readily forned from
glucuronic acid, and its decarboxylation product
could have been present and could have resulted
in several trinethylsilyl derivatives. Glucitol
acetate would have been formed from glucuronic
acid as well as from glucose in the sodium bo-
rohydride reduction step in the alditol acetate
procedure. Glycolipid X contained no glycerol,
but had approximately two fatty acid esters for
each glucuronic acid, based on weight determi-
nation. These results suggested the structure of
diacylglucuronic acid.
lipid composition. The quantities of lipids

in C. crescentus CB2 were determined by grow-
ing cultures to log phase (optical density, 0.65)
in the presence of [1-`4C]acetate. The swarmer
and stalked cell types were separated by density
gradient centrifugation in Ludox HS-40, and the
lipids ofthe separated cells types were extracted.
Purification of the two cell types was followed
by phase-contrast microscopy, which showed
that one cell type predominated in each of the
two bands of cells. The polar and neutral lipids
were separated by two-dimensional chromatog-
raphy. The labeled lipids, located by autoradi-
ograms, were cut out and counted in a Tracerlab
gas flow counter. There were no significant qual-
itative or quantitative differences in the identi-
fied "C-labeled lipids of the the two cell types
when they were compared to each other or to
the unseparated culture at the same stage of
growth (Table 2). A large difference was found

g for unidentified lipid 1. However, the separation
between this lipid and PG was not always satis-
factory in repeated chromatograms. Smaller dif-
ferences were also noted for lipids 4 and 5.

0 Whether these differences between stalked and
: swarmer cells are significant or reflect difficulties
z in chromatographic separation or result from

manipulations involved in the separation of the
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two cell types will require further investigation
to ascertain. Free fatty acids were detected only
in the separated cell types and were presumably
formed during the separation procedure.
When the "C-labeled lipids of logarithmic-

phase cells (optical density, 0.5) were compared
with those of stationary-phase cells (optical den-
sity, 3.0), qualitative and quantitative differences
were found (Table 3). Large increases in the
percentages of APG, glycolipid X, and mono-
glyceride were found in the stationary phase
compared with the log phase, and the percent-
ages of PG, diglyceride, and unknown lipid 1
decreased. The unidentified glycolipids (lipids 2
and 3) were detected only in stationary-phase
cells.

C. crescentus was also grown in the presence
of 'Pi to label phospholipids and determine their
relative amounts (Table 4). PG and unidentified
lipid 1, which was most likely a form of PG, as
it did not consistently separate from PG and was
positive for vicinal hydroxyl groups, constituted
63.9% of the phospholipids. APG constituted
7.8% of the total 3P incorporation.

DISCUSSION
This study concerns the identification of the

lipids of C. crescentus and the lipid composition
in the two cell types and in cells from cultures of
different ages. Under the conditions of growth
and cell separation there were only minor quan-
titative differences between the identified lipids
of stalked and swarmer cells, consistent with the
results of Jones and Smith (18). However, there
may be differences between the amounts ofsome
unidentified lipids in the two cell types, and
further analyses will be necessary to substantiate
these observations. Both qualitative and quan-
titative differences between log- and stationary-
phase cell lipids were found. PG, unidentified
component 1, and diglyceride decreased in sta-
tionary-phase cells, whereas APG, diacylglucu-
ronic acid, and monoglyceride increased. Two
unidentified glycolipids (2 and 3) were only
found in stationary-phase cultures. Changes in
the phospholipid composition of a closed culture
as it ages have been reported in many bacterial
species (7, 10, 23). Cell types of C. crescentus
were not analyzed separately in older cultures;
it was observed, and has been reported in cul-
tures under phosphate limitation (25), that the
percentage of swarmer cells is decreased in sta-
tionary-phase cultures. The use of stationary-
phase cultures to characterize stalked cell lipids
was not attempted, because the lipid composi-
tion of separated log-phase stalk cells did not
resemble that of stationary-phase cultures.
Quantitative changes in the phospholipids of C.
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TABLE 2. Percentages of total lipids of C.
crescentus labeled with [l4CJacetatea

% of total lipids in:

Lipid component Unsep- Swarmer Stalked
arated cells cellscells

PG 26.1 30.4 27.8
APG 2.0 2.2 1.8
Monoglucosyldiglyceride 35.0 35.1 36.7
Glycolipid X 10.1 10.6 10.6
Monoglyceride 2.7 2.3 2.3
Diglyceride 7.5 5.4 5.1
Free fatty acid NDb 0.7 0.2
Unidentified

1 10.1 1.7 9.7
2c(glycolipid) ND ND ND
3c(glycolipid) ND ND ND
4 1.6 2.5 1.3
5 2.4 6.5 2.4
6 0.7 1.0 0.6
7 0.4 0.2 0.3

Phosphatidic acid and 1.2 1.3 1.0
other minor lipids

a Total counts per minute for the three samples
ranged from 25,000 to 87,000. Cells were grown to an
optical density of 0.65 (pH 6.9).

b ND, Labeled lipid not detected.
c The presence of the unidentified glycolipids, 2 and

3, were noted on rhodamine 6G-stained chromato-
grams as part of the cold stationary-phase carrier lipid,
but labeled lipid was not present on visual examination
of autoradiograms.

TABLE 3. Comparison of total lipids of logarithmic-
and stationary-phase cells of C. crescentus by
percentage of['4C]acetate incorporation a

% ['4C]acetate incor-
poration in:

Lipid component Log Station-
phase ary-
cells phasecells

PG 36.1 23.4
APG 1.0 3.5
Monoglucosyldiglyceride 42.4 46.8
Glycolipid X 6.4 15.0
Monoglyceride 2.1 3.9
Diglyceride 5.1 1.2
Free fatty acid 0.3 0.4
Unidentified

1 2.9 1.3
2 (glycolipid) NDb 2.1
3 (glycolipid) ND 1.4
5 1.2 ND
4, 6, 7 ND ND

Phosphatidic acid and other 2.5 1.0
minor lipids

a Log-phase culture, optical density of 0.54; station-
ary-phase culture, optical density of 3.0.

b ND, none detected.
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TABLE 4. Percentages of 32P-labeled liids of C.
crescentusa

Lipid component %

PG ........................... 41.2
APG ........................... 7.8
Phosphatidic acid .................. 0.5
Unidentified

1 ................... ...... 22.5
4 .................... ..... 3.8
5 ........................ 13.5
6..... 2.4
7 ................... ...... 8.5
a See Fig. 1 for autoradiogram.

crescentus in cultures of different ages were

reported by Contreras et al. (6).
The identifications of some of the phospholip-

ids in C. crescentus in this laboratory do not
agree with those of other reports. Other inves-
tigators (6, 18) have found a ninhydrin-positive
phospholipid which was identified as lysyl-PG
in one laboratory (18). Numerous extractions in
this laboratory of cells grown at different times
and under different conditions have failed to
reveal the presence of ninhydrin-positive lipid.
In addition to the Bligh and Dyer lipid extrac-
tion procedure we routinely use, we also ex-

tracted C. crescentus by the Folch (13) method.
Identical lipid profiles were obtained. The lipids
of strain CB15, used by one group of investiga-
tors (6), were also analyzed and compared with
those of the CB2 strain used in this study. Again,
similar lipid profiles were obtained. However,
we did obtain a trace amount of a ninhydrin-
positive lipid which cochromatographed with
lipid 5 when we ran the second dimension before
the chromatographic paper was completely free
of the acidic solvent. The same lipid sample
showed no ninhydrin-positive spots when the
chromatogram had dried after the first dimen-
sion. This ninhydrin-positive lipid only appeared
in log-phase cells and either is extremely labile
under our extraction conditions or can be pro-

duced by experimental conditions which are

presently undefined. It should be noted that
when the lipids of Staphylococcus aureus cells

are extracted and chromatographed in our lab-
oratory in the same manner as those of C. cres-

centus, a ninhydrin-positive, aminoacyl-PG lipid
described by White and Frerman (34) is de-
tected. Incidentally, this ninhydrin-positive lipid
did not correspond chromatographically to the
lipid sometimes detected in C. crescentus. In
light of these observations, we are unable to
explain the differences between our results and
those previously published.
The identification of a minor acidic lipid as

cardiolipin (6, 18) also does not agree with our

data. Cardiolipin was never found in any C.
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crescentus extracts. However, the phospholipid
we have identified as APG does compare quan-
titatively with the amounts of cardiolipin re-
ported by the authors of references 6 and 18.
Considering the similar Rf values of cardiolipin,
APG, and the related bisphosphatidic acid, as
well as the difficulties inherent in interpreting
chromatograms of deacylated derivatives of
phospholipids, it is conceivable that the more
common phospholipid, cardiolipin, could be con-
fused with the less common APG or even bis-
phosphatidic acid. All of our data point to the
presence of APG and not cardiolipin in C. cres-
centus, i.e., this phospholipid has a glycerol-
phosphate-fatty acid ester ratio of 2.0:0.9:3.1;
does not cochromatograph with cardiolipin; pro-
duces the same deacylation product as PG,
glycerophosphorylglycerol; forms two acylated
products from acetolysis; and cochromatographs
with a lipid in marine bacteria which we had
tentatively identified as APG (8). Further, sev-
eral marine bacterial strains investigated had
cardiolipin, bisphosphatidic acid, and APG, all
of which are chromatographically separable by
the same chromatographic systems described in
this paper. In addition, we could find no indica-
tion of cardiolipin synthetase activity in cell
envelope fractions of C. crescentus. Although
this negative enzymatic data would not normally
be reliable, we had shown a very high correlation
between the chromatographic detection of car-
diolipin and cardiolipin synthetase activity in
marine bacteria (8). These data, along with our
chemical evidence, indicate to us that C. cres-
centus contains APG and no detectable cardio-
lipin.
There are several striking features of the lipid

composition of C. crescentus which are not typ-
ical of the lipid composition of other well-studied
gram-negative bacteria. We found a high per-
centage of the total extractable lipids to be gly-
colipid, in fact as high as 62% in stationary-phase
cells, based on ['4C]acetate incorporation. The
major glycolipids were monoglucosyldiglyceride
and glucuronic acid-containing glycolipid. Gly-
colipids containing glucuronic acid have been
reported in a halotolerant bacterium (30), Pseu-
domonas diminuta, and P. rubescens (26, 35).
In addition, we have observed lipids chromato-
graphically similar to the glucuronic acid-con-
taining glycolipid of C. crescentus in several
marine isolates (unpublished data) on which we
had previously reported phospholipid analyses
(8). One minor glycolipid identified in the halo-
tolerant bacterium by Stern and Tietz (30) was
glucuronosyldiglyceride, which we eliminated as
the structure of glycolipid X due to the absence
of glycerol. However, they also reported a major
glucuronic acid-containing glycolipid which in-
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creased substantially in older cultures, as did
glycolipid X in C. crescentus. The glucuronic
acid-containing glycolipids of Pseudomonas
identified by Wilkinson also contained diglycer-
ide (35). The minor glucuronic acid-containing
glycolipids of C. crescentus may be of the di-
glyceride type, but we have not analyzed these
glycolipids, as they only appeared in small quan-
tities in stationary-phase cells.
According to Shaw (27), monoglucosyldi-

glycerides are rare except in genera such as
Pseudomonas, Arthrobacter, and Mycoplasma.
Further, monoglycosyldiglycerides do not usu-
ally accumulate in cells, since they are reported
to be the precursors of diglycosyldiglycerides. In
C. crescentus there was no indication of the
presence of diglycosyldiglycerides.
The absence of phosphatidylethanolamine,

which was noted for C. crescentus, is rare in
gram-negative bacteria, although phosphatidyl-
ethanolamine is lacking many gram-positive spe-
cies (19). It therefore follows that phosphatidyl-
ethanolamine and cardiolipin, which is also ab-
sent from C. crescentus, are not essential for the
functioning or structure ofsome biological mem-
branes, including the outer membrane of some
gram-negative bacteria.
The unique lipid composition of C. crescentus,

in conjunction with its complex morphology and
life cycle, suggests that this procaryote has
evolved quite independently from other widely
studied bacterial groups.
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