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The formation of long chain unsaturated fatty acids from the
corresponding saturated acids in animals was established by the
work of Schoenheimer and Rittenberg
(1) and Stetten and
Schoenheimer (2). Recent studies in this laboratory have shown
that in yeast the formation of Ag-unsaturated fatty acids is
catalyzed by an enzyme system acting on the coenzyme A derivatives of the corresponding saturated fatty acids and requiring
molecular oxygen and reduced triphosphopyridine
nucleotide (3).
In view of the aerobic nature of this process, it became of interest to test the ability of anaerobic microorganisms to synthesize unsaturated
fatty acids. The present communication
presents evidence for the synthesis of olefinic fatty acids in Clostridia by an anaerobic mechanism together with observations
on the interrelationships
between saturated and unsaturated
fatty acids in these organisms.
PROCEDURE

Cells-Clostridium
kluyveri was kindly provided by Dr. E. R
Stadtman.
Clostridium butyricum 6015 was obtained from the
Media used for the prepAmerican Type Culture Collection.
aration of inocula and for the growth of C. kluyveri (4) and C.
butyricum (5) have been described.
In experiments designated as strictly anaerobic, the cells were
grown in flasks that were placed in a vacuum desiccator over 80
ml of 5% K#Z03.’ A beaker containing 10 g of pyrogallic acid
plus sufficient glass beads to prevent the beaker from floating
was placed in the K&O3 solution.
The desiccator was alternately evacuated and filled with helium seven times. At the
last filling, the pressure was set at two-thirds atmosphere of
helium, the system was sealed, and the beaker containing pyrogallic acid was tipped either by gentle shaking or by means of a
magnet attached to the beaker.
For other growth experiments, the alkaline pyrogallol plug
technique was used (6). Cells were grown in volumetric flasks
with sufficient medium to fill the vessels to the neck. C. kluyveri
was grown at 30”, and C. butyricum at 37”.
Isolation of Lipids-The
cells were harvested toward the end
of the growth phase as determined by visual observation of cell
density and gas production.
The cells were centrifuged from
the growth medium and washed twice with distilled water. The
* Supported by grants-in-aid from the United States Public
Health Service, the National Science Foundation, the Life Insurance Medical Research Fund, and the Eugene Higgins Trust
Fund of Harvard University.
t Postdoctoral Research Fellow of the National Heart Institute,
United States Public Health Service and American Cancer Society Scholar during the latter part of this work.
1 In the original technique designed by Dr. W. J: Lennarz, a
solution of KOH was used. Clostridia were unable to grow over
KOH, presumably because of their requirement for COZ.
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pellet was then suspended in chloroform-methanol
(2 : 1, volume
for volume) (7) and extracted for 3 hours at room temperature
The resulting
by continuous agitation with a magnetic stirrer.
suspension was filtered on a Huchner funnel. The filter cake
was re-extracted twice with chloroform-methanol
as described
above. The filtrates were pooled and concentrated at 2540”
on a rotatory evaporator.
Any remaining water was removed
by evaporation after addition of small amounts of benzene and
ethanol.
The residue was extracted with the chloroformmethanol solution, and the extract was washed with 0.05 N
NaCl as described by Folch et al. (7).
Xaponijkation and Isolation of Fatty Acids-The
chloroformmethanol solution of lipids was evaporated, 2 ml of 20% KOH
plus 2 ml of methanol were added and the mixture was refluxed
under nitrogen for 2 to 3 hours. The nonsaponifiable fraction
was extracted into redistilled petroleum ether, and the fatty
acids were similarly extracted after acidification.
The extracts
were washed twice with small volumes of water.
Vapor Phase Chromatography and Cl4 Counting-The
modular
vapor phase chromatography units of Research Specialties, Inc.,
were used with an argon ionization detector.
Columns of polydiethylene glycol succinate on Chromosorb W, 60 to 80 mesh,
were operated at 165180”.
Samples of fatty acids were esterified with diazomethane in ether, evaporated to dryness, and
taken up in benzene for injection on the column. Fractions were
collected in U-tubes placed directly on the heated exit tube
(200“). The U-tubes were cooled by dripping methylene chloride on cotton placed on the bend of the tube. The samples,
thus collected, were washed through the U-tube with 15 ml of
scintillator solution, dispensed by an automatic pipet, into a
vial designed for use with the Packard Tri-Carb liquid scintillation spectrometer.
Scintillation solution was prepared by dissolving 4 g of 2,5-diphenyloxazole
and 50 mg of 1,4-bis-2- (5phenyloxazoiyl)-benzene
in 1 liter of redistilled toluene.
Relative weights of fatty acids were determined by tracing
the curves on paper, cutting out the peaks, and determining
their weight (8). Lovelock (9), in a study of the behavior of
the argon ionization detector, has found that equal masses of
straight chain saturated fatty acids of molecular weights from
180 to 250 produce identical detector responses. We have observed that the unsaturated fatty acids produce the same mass
response as the corresponding saturated acids.
Measurement of the positions of peaks relative to methyl
stearate followed by comparison of these relative retention times
with those of known compounds was used as the means of identification (10). These identifications were confirmed by vapor
phase chromatography on Apiezon L, a nonpolar liquid phase.
Vapor phase chromatography
on columns of polydiethylene
glycol succinate before and after chemical separation into satu-
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rated and unsaturated fractions provided supporting evidence
for the assignments of the peaks.
Separation of Saturated and Unsaturated Fatty Acids-The
formation of an adduct between mercuric acetate and unsaturated
fatty acids was used to separate the methyl esters of saturated
and unsaturated fatty acids (11). In the early phases of this
work, the procedure described by Kishimoto and Radin (12) was
followed.
Later, a modification
of Jantzen’s procedure developed by Dr. W. J. Lennarz of this laboratory was used. To
0.5 to 3 mg of the dry methyl esters in a 50-ml flask with a round
bottom were added 10 to 15 mg of mercuric acetate and 1.0 ml
The flask
of a 5% H00.3%
acetic acid solution in methanol.
was closed with a glass stopper and heated to approximately
60” in a water bath for 3 minutes to dissolve the mercuric acetate.
The solution was kept overnight in the dark, at room temperature. The solvents and excess acetic acid were removed on a
rotatory evaporator followed by further drying on an oil pump
vacuum line (methyl esters of acids lower than Cl8 may be lost
by evaporation).
The dry residue was trituratcd with 1 to 2 ml of redistilled
benzene three times at 50-60”, and the extracts were filtered
through glass wool on to a column of approximately
500 mg of
silicic acid (100 to 300 mesh) (3), which had been prepared from
a slurry in benzene. The column was then eluted three times
with benzene to a total volume of 20 ml. Finally, the tip of the
column was rinsed with a few drops of benzene. The combined
The mercuric
benzene eluates contained the saturated fraction.
acetate adducts of the unsaturated fatty acids were eluted by
10 ml of 5% acetic acid in absolute ethanol. These solutions
could be counted after addition of scintillation solution to evaporated aliquots.
The adducts were decomposed by addition of 1
ml of concentrated HCl and 5 ml of water. After 5 minutes,
enough water was added to produce cloudiness upon stirring and
the unsaturated fatty acids were extracted three times with redistilled petroleum ether. The estracts were washed twice with
water. It should be noted that in this procedure cyclopropane
fatty acids are found in the same fraction as the straight chain
saturated acids.
The small volumes of eluents are the chief advantage of this
procedure over that described by Kishimoto and Radin (12).
The two procedures can also be combined by making the adduct
as described by Kishimoto and Radin followed by chromatography on silicic acid.
Decarboxylation of Fatty Acids-The
procedure for the Schmidt
reaction recently described by Brady et al. (13) was modified in
order to utilize Thunberg tubes in place of the special vials used
The tubes were kept at 0” during addition of
in their method.
azide and sulfuric acid to the fatty acid samples. Hyamine
10 X,Z 1 M in methanol, 0.3 ml, was added to the side arm of the
Thunberg tube. The tubes at 0” were then partially evacuated
on a water aspirator and closed. The reaction was carried out
at 70” for 1 hour with occasional shaking, followed by $ hour at
The
37” to ensure complete absorption of COZ by the hyamine.
side arm was not heated. Excellent recoveries of C1402 from
carboxyl-labeled fatty acids were obtained by this procedure.
Kuhn-Roth Degradation-Fatty
acids were degraded in chromic
acid as described by Ginger (14). After refluxing for 90 minutes,
the solution was cooled, the excess chromic acid was titrated
with hydrazine, and the solution was distilled to a small volume
* p-(Diisobutyl cresoxyethoxyethyl)
dimethylbenaylammonium
hydroxide.
Obtained from Packard Instrument Company, Inc.
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three times. Good recoveries of acetic acid in the combined
distillates were obtained from stearic acid degradations by this
procedure. Unlabeled palmitic acid was added as carrier before
degradation of the experimental samples.
Materials-Acetate-l-Cl4
and l-C%fatty
acids were obtained
from commercial sources. Vapor phase chromatography of the
labeled long chain fatty acids demonstrated insignificant amounts
of impurities in all but the stearic acid, which contained 5% of
the Cl4 in heptadecanoic acid and 4% of the Cl4 in the combined
The data
unsaturated fatty acid plus polar material fraction.
obtained in the experiment with stearate-l-Cl4 were corrected for
the known impurities.
RESULTS

Unsaturated Fatty Acid Synthesis in Absence of Molecular
Oxygen-To
test for the synthesis of unsaturated fatty acids in
the absence of oxygen, both C. kluyveri and C. butyricum were
grown in the presence of acetate-l-Cl4 under strictly anaerobic
The isolated fatty acids were separated into satuconditions.
rated and unsaturated fractions by the procedure of Kishimoto
and Radin (12). Table I gives the results of this separation.
The low incorporation of acetate-l-Cl4 into the lipids of C.
kluyveri can be ascribed to dilution by the large amounts of
acetate in the growth medium.
One-third of the counts from acetate-l-Cl4 was recovered in
the unsaturated fatty acid fraction from C. butyricum lipids.
This value is comparable to the percentage of unsaturated fatty
acids (25%) calculated from the areas under the peaks in a
typical vapor phase chromatogram of the methyl esters (Table
II and Fig. 1). C. kluyveri has a similar fatty acid spectrum
with an even greater preponderance of palmitic acid and small
amounts of two unidentified unsaturated fatty acids.
Incorporation
of Saturated Fatty Acids into C. butyricuk
Lipids-To
examine the utilization of saturated fatty acids for
olefinic acid formation, the incorporation of an homologous series
of carboxyl-labeled fatty acids was measured. In Table III is
listed the total incorporation of each of the labeled fatty acids
into the cellular fatty acids of C. butyricum grown in the presence
of biotin.
The distribution of radioactivity
among saturated
and unsaturated fatty acids separated by the mercuric acetate
adduct method is also given. Vapor phase chromatography of
the saturated and unsaturated fractions with collection and
counting of individual fatty acids provided a check on the effiIn general, the
cacy of the mercuric acetate adduct procedure.
values obtained by this procedure for the unsaturated fraction
were too high. The errors were of three types, all in the same
direction: leakage of saturated fatty acids into the unsaturated
TABLE
Zncorporation

I

of labeled acetate into fatty acids

Each organism was grown in 4 flasks containing 150 ml of medium with added sodium acetate-l-C’* (24 PCper mg). The flasks
were placed in vacuum desiccators and filled with helium by the
procedure described.

C. butyricum..
C.kZuyveri..
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Unsaturated Fatty Acids in Clostridia
TABLE

Fatty

II

acid composition

of C. butyricum

T

Saturated
Acid

Cl2
Clc
C,6
Cl6
Cls

(I)“.
(III).
(IV).
(VI).
(IX).

Sum.

Unsaturated
% by
weight

0.5
2.4
0.4
49.0
6.2

.I_
% by
weight

Acid

C;eb (VII)
Ci (X)

Cyclopropane

6%h.r

Acid

C$G t

-

c13c(II)
ClbC(V)

17
7.9

9.0

Cl7 (VIII)
Cl8 (XI)

58.5

0.4
1.5
5.2

24.9

--

16.1

0 The Roman numerals in parentheses refer to the peaks in
Fig. 1.
b In the notation used in the tables and in the text, a prime
represents one double bond and the subscript, the number of carbon atoms in the fattv acid chain.
Identific No standards of these compounds were available.
cation is based on a plot of the log of the retention time against
chain length for the Cn and Cl8 cyclopropane acids and extrapolation of the straight line thus determined to the Cl, and Cl5
cyclopropane acids-(10).
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dium were incorporated directly or were first degraded, the
In each experilabeled cellular fatty acids were decarboxylated.
ment, palmitic acid was isolated by vapor phase chromatography
of the fatty acid methyl esters. Methyl palmitate was saponiSatufied and the free acid reisolated before decarboxylation.
rated and unsaturated fatty acid methyl esters were separated
by the mercuric acetate adduct procedure.
The methyl esters
were saponified before decarboxylation.
The results are given
in Table V.
Degradation-Aliquots
of palmitic acid isolated
Kuhn-Roth
from the cells grown with decanoate-l-U*
(Experiment 2) were
subjected to Kuhn-Roth degradation.
Acetate, derived from
the two terminal carbon atoms in the fatty acid chains, was
isolated by steam distillation and counted. In three degradations performed, the acetate had 2.1, 3.0, and 5.0% of the
radioactivity
in the samples of fatty acid degraded. We were
unable to determine accurately, by titration, the amount of
acetate recovered because of traces of H2S04 carried over during
TABLE

III

of Cl* from carboxyl-labeled saturated
acids into C. butyricum fatty acids

Incorporation

The cells were grown in l-liter volumetric
of Broquist and &ell (5) at 37“.

fatty

flasks in the medium
Incorporated C’”
“saturated”
s f; atty acid:
1in

SC
CS (Sodium salt)a.
Cl0 (Sodium salt)
c,*.
Cl,

..

(216.

.

.

cl*..................

w/m
8.3

10.8
8.1

8.1
10.5

20

6.0

12.8

25

%
13
12
4.2
4
2.9

1

a See Table II for notation.
TABLE

Relative

specific

VII
111 IV v

%
87
88
96
96
97
99

15.0

rated C”
L unsatuIted fatty
acids

-

VI

1. ‘1

%
0.07
0.86
8.2

100
30
10
10
10

[ncorpo-

VIII

IX

x

XI
-

Fatt acid
iso Tated

activities of fatty
with carboxyl-labeled
Carboxyl-labeled

C8a*b

IV

acids from C. butyricum grown
fatty acids
fatty acid added to medium

Cd

-i/e-

FIG. 1. Vapor phase chromatogram of the methyl esters of the
fatty acids extracted from Clostridium butyricum. Peak identifications are given in Table II.

fraction; the presence of more polar compounds, e.g. oxidation
products, which are held back on silicic acid; and the occasional
presence of small amounts of unsaponified lipids which are also
held back on silicic acid. Wherever possible, corrections were
made for these errors.
For determination
of relative specific activities, individual
peaks were collected and the total counts per minute in each
peak were divided by the area under the peak. These relative
specific activities (Table IV) are comparable only within each
growth experiment.
Decarboxylation
of Fatty Acids Isolated from c. btityricum-To
determine whether the radioactive substrates added to the me-

ClZ.
Cu....
GE.....
cif.....
Cl,d.

CM..
Cis
cu.

1050
48
37
17
20
27

13
21

I

77
54
29

10
40

15
15

I

153
175

15
15
115
4
4

131
95
2
4
26
4
6

0
25
470
24

19
128
2
0

3
4

119
9
7

I
I
I
(i See Table II for notation.
b These values are typical of the results obtained in two experiments with octanoate-1-P
and four experiments with decanoatel-04.
c Relative specific activities are equal to the counts per minute
in each fraction divided by the weight (area under the chromato-

graphic peak).

d Cyclopropane

fatty acids.
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the steam distillations. Assuming an 80% recovery, as reported
by Ginger (14), the terminal two-carbon atoms contained 4.2%
of the radioactivity,in the fatty acids degraded.
Incorpod.on of Oleic Acid into C. bu&ricurn Lipids--Several
experiments on the metabolism of oleic acid were carried out
with C. bu&rkum grown in the absence of biotin. As Broquist
and Snell (5) have shown, thii organism can be grown without
biotin if supplemented with oleic acid and a Tween. In the
present experiments, comparable growth was obtained with
media containing either biotin or oleate without the further
addition of Tween. It was considered essential’to eliminate
Tweens from the medium because these compounds are fatty
acid derivatives and often contain free fatty acids.
Fig. 2 shows the results of one such experiment in which the
cells were grown with oleate and acetate-l-Cl*.
The fatty acid
spectrum is markedly altered; instead of pahnitic acid (Peolc VI),
a C&monounsaturated
acid (Peale X), Presumably oleate incorporated directly from the medium, is the major fatty acid.
Incorporation of acetate-l-Cl* into cellular fatty acids occurred
to the extent of 0.033% of the added counts, which is one-seventh
of the acetate incorporation observed in the presence of biotin
(Table I). Even when cells subcultured three times on oleate
in the absence, of biotin were used as an inoculum in a similar
experiment, the incorporation of acetate-l-Cl* into fatty acids
was not further suppressed. This probably results from the
synthesis of suboptimal amounts of biotin (15).
The counts in each fraction are proportional to the areas under
the peaks (Fig. 2) except for the C&monounsaturated acid. It
can be seen that the absence of added biotin had no effect on the
V
of fatty acids isolated from C. butyricum
with carboxyl-labeled fatty acids
TABLE

Decarboxylation
Carboxyl-labeled
fatty acid added to
growth medium

Fatty

acids decarboxylated

grown

0’ incw$oxyl
%”

Octanoic

acid

Decanoic

acid

Palmitic acid (l)b
Total “saturated”
acids (3)
Unsaturated acids (4)

Myristic
o

acid
acid

rt 0.3
f 0.3

Experiment 1
Palmitic acid (2)

3.4

f

Experiment 2
Palmitio acid (2)
Total “saturated”
Total unsaturated

1.3
2.4
7.1

f 0.2
f 0.1
* 0.8

2.5
1.0

zk 0.3
f 0.4

Experiment S
Palmitic acid (2)
Cla-monounsaturated
Laurie

3.6
4.4
3.8

acids (2)
acids (4)

acid (2)

Palmitic

acid (4)

0.44 f

Palmitic

acid (1)

1.4

0.3

0.20

in carboxyl carbon
x 100
in fatty acid(s)
6 The figures in parentheses are the number of determinations
performed.
The results are expressed as the mean f the standard deviation.
04

Cl4
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50
40

rnri
2
20
IO

-

I ’

II

Fm. 2. Vapor phase chromatogram
of the fatty acid methyl
esters from C. butyricum grown in the presence of acetate-l-Cl*
with oleate added instead of biotin.
The height of each shaded
bar represents the total counts per minute in the fraction collected
during the period represented by the width of the bar. Peak
identifications are given in Table.11.

spectrum of fatty acids synthesized de 1u)vo (Compare with
Fig. 1);
C. butyricum was grown with oleate-1-C” in the presenceof
biotin, to measurethe extent of conversionof oleateto saturated
fatty acids. The fatty acids isolated from cellular lipids contained 13.8% of the added radioactivity. After separationby
the procedureof Kishimoto and Badin (12), 17y0of the incorporated radioactivity wasfound in the saturatedfatty acid-fraction
and 83% in the unsaturated fraction of which 920/, was in the
C!, acid. Stearate separatedby vapor .phase.chromatography
contained only 1.3% of the radioactivity in total fatty acids.
The major labeled“saturated” fatty acid wasthe Cn cyclopropaneacid, which accountedfor 9.9% of the incorporated radioactivity.

A

slight

incorporation

into

palmitate

was

also

observed (3.40/,), indicating that degradationof oleatehad occurred; therefore, at least part of the conversionto stearate can
be accounted for by degradation of oleate and resynthesisof
long chain acidsfrom smallunits.
DISCUSSION

Unlike yeast, which cannot form unsaturated fatty acids when
grown under strictly. anaerobicconditions(3, 16)) clostridia,syn-

thesize,unsaturated‘fatty acidsin the absenceof molecularoxygen. This is shown both by the incorporation
of acetate-l-Cl*
into olefinic acids (Table I) and by the presence of olefinic acids
in clostridia grown in synthetic media (Table II). Hofmann,
Henis and Panes (17) and O’Leary (18) have presented evidence
for the conversionof olefinicto cyclopropaneacidsin lactobacilli,
and the same type of transformation
occurs in C. b&y&urn as

shownby the conversionof oleicacid to a Cl9 cyclopropaneacid.
On the basisof this metabolicrelationship,41y. of the fatty acids
in C. butyrkum are “unsaturated,” i.e. olefinic acids or cyclopropaneacidsderived from them (Table II).
In further contrast to yeast, C. b&y&urn can not utilize long
chain saturated acidsas sourcesfor their unsaturatedanalogues.
No significant conversionof pahnitate-l-U* to the C:, acid or
of stearate-l-U* to the C:, acid was observed(Table IV). The
low.specificactivities of the cyclopropanefatty acids, which are
products of the olefinic acids, provide further evidence that the
extent of desaturation
is insignificant.
It may be :argued that
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all or a portion of the long chain saturated fatty acids isolated
from the cells by the procedure used may have been merely
adsorbed to the cell surfaces and, therefore, did not come in
That this criticism is
contact with the metabolic apparatus.
not valid is indicated by results obtained with some of the shorter
chain acids. Both lauric and myristic acids underwent chain
elongation in addition to being directly incorporated into the
cells but the formation of labeled olefinic acids remained slight.
In the experiment with lauric acid-1-U4, the Cla acid had 12
times the specific activity of the C$ acid, and the Cl8 acid 29
times the specific activity of the C:, acid. Similarly, in the
experiment with myristic acid-1-C14, the cellular Cl6 acid had 48
times the specific activity of the C& acid and the Cl8 acid had
6.5 times the specific activity of the C:, acid. These data are
even more convincing when total radioactivities
are compared
because the cells in these experiments contained about 3.5 times
as much Cl6 acid as the unsaturated analogue. Again, the
specific activities of the cyclopropane fatty acids are as low as
those of the corresponding olefinic acids. It is clear from these
data that Cl2 to Cl8 saturated acids whether added to the medium
or formed in the cells cannot be significant precursors of the
olefinic acids of C. butyricum.
On the other hand, label from octanoate-l-Cl4 and decanoatel-U4 was incorporated into long chain unsaturated and cyclopropane fatty acids in addition to saturated fatty acids (Tables
III and IV).
The relative specific activities of the C& and
C&-saturated acids are 2 to 3 times as high as those of the corresponding unsaturated and cyclopropane fatty acids.
The distribution of Cl4 in the fatty acid chains provides information about the mode of incorporation of carboxyl-labeled fatty
acids. Two extreme situations may be visualized.
If label
from a l-X%fatty acid were completely randomized, as Cz units,
on incorporation into a Cl6 cellular fatty acid, the carboxyl group
of the product would contain one-eighth or 12.5% of the total
radioactivity.
On the other hand, in an elongation process,
which adds unlabeled CZ units to the carboxyl end of the chain,
the carboxyl group of the product will contain no U4.
In the various experiments, the carboxyl carbon of palmitic
acid had a much lower percentage of the Cl4 in the fatty acid
chain than is predicted for completely random labeling (Table
V). The Cl4 in the carboxyl groups of the total “saturated”
fatty acids from cells grown with octanoate-l-C14 and decanoatel-Cl4 agree well with the values for the carboxyl groups of palmitate, indicating that palmitate is representative of the long chain
saturated acids. This result is not surprising because palmitate
is two-thirds of the mass of the “saturated” fatty acids (Table
II).
Kuhn-Roth degradation of palmitate from cells grown with
decanoate-l-04
provided further evidence for nonrandom labeling because only 4% of the Cl4 was found in the terminal two
carbon atoms.
These results strongly suggest that the incorporation of Cl4
from carboxyl-labeled
Cs to Cl4 acids into saturated acids of
greater chain length takes place predominantly by a chain elongation process, which adds unlabeled carbons to the carboxyl ends of
the labeled fatty acid chains. Whether this occurs by condensation of activated fatty acids with malonyl-CoA or by some other
mechanism remains to be determined.
The low percentage of Cl4 in the carboxyl groups of the mixed
unsaturated fatty acids from cells grown with octanoate-I-C’4
also indicates that most of the label was incorporated nonran-
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domly.
Similarly, Experiment 3 with decanoate-l-Cl4 shows
nonrandom incorporation
into hexadecenoic acid. The high
value obtained for the mixed unsaturated fatty acids in Experiment 2 with decanoate-l-Cl4 may be due to contamination with
carboxyl-labeled impurities.
Two of these determinations were
performed on a mixture of unsaturated fatty acids purified by
vapor phase chromatography after separation by the mercuric
acetate adduct procedure, but this procedure may have been
insufficient to remove all impurities.
The weight of evidence supports the conclusion that octanoate
and decanoate were directly incorporated into long chain unsaturated fatty acids. In no case was complete randomization
observed, and the more highly purified samples had little 04 in
the carboxyl groups. A chain elongation process combined with
the introduction of one double bond suggests itself as the predominant mode of incorporation of octanoate and decanoate into
long chain unsaturated fatty acids. Addition of a C1 unit would
then lead to the formation of labeled cyclopropane acids.
As a further check on the extent of degradation of decanoatel-C14, acetate and butyrate were isolated from the growth medium of Experiment 1. These acids are thought to arise from
glucose via acetyl-CoA (19). If the initial product of decanoatel-Cl4 degradation were a CZ unit which is in equilibrium with
acetyl-CoA, one would expect acetate and butyrate to become
labeled. These two acids had only 0.2% of the specific activity
of the cellular long chain fatty acids, indicating that degradation
of decanoate is a relatively minor process.
Working with whole cells or extracts of lactobacilli, Hofmann
et al. (20) were unable to demonstrate reduction of methylene
blue in the presence of fatty acids, which led them to conclude
that these organisms are unable to desaturate long chain fatty
acids. As shown by the results presented here, clostridia also
lack the ability to desaturate higher fatty acids. This is also
true in cell-free systems. Extracts prepared from C. kluyveri
after Hughes press disruption failed to convert palmityl-CoA
to
an unsatura$ed acid or oleyl-CoA to a saturated product.3
Isotopic experiments, similar to those described for C. butyricum, have provided evidence for the inability of La&bacillus
plantarum, Escherichia coli, and a Sarcina species to utilize long
chain saturated acids as precursors of their olefinic counterparts.4
Anaerobic mechanisms for the synthesis of unsaturated fatty
acids and the inability to desaturate long chain fatty acids,
therefore, appear to be typical of some aerobic as well as of anaerobic bacteria.
In exploring various mechanisms of fatty acid synthesis in
bacteria, which must be distinct, from the mechanisms operative
in yeast and animal tissues, we considered the possibility that
long chain unsaturated fatty acids are reduced to saturated
acids, i.e. the converse of the sequence of events known to occur
in yeast and animal tissues. Such a sequence could explain why
oleic acid replaces biotin as a growth factor for C. butyricum and
lactobacilli, whereas saturated fatty acids can only spare but do
not replace oleic acid (5). However, in the experiments with
C. butyricum grown in the presence of oleate-1-U4, no significant
radioactivity
was found in stearate. The major detectable reaction was the formation of a Cl9 cyclopropane acid, a conversion
analogous to that previously observed in lactobacilli (17). Experiments in this laboratory with L. plantarum indicate that this
3 H. Goldfine, unpublished experiments.
4 P. E. Baronowsky, A. T. Norris, and W. J. Lennarz,
lished experiments,
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organism also is unable to saturate olefinic acids.5 This lack of
interconversion, i.e. either saturation or desaturation, of long
chain acids leads to the additional conclusion that long chain
saturated and olefinic acids are synthesized by either completely
independent or diverging routes.
Two pathways for the synthesis of unsaturated fatty acids by
bacteria are in accord with the existing information: dehydration
of hydroxy intermediates formed during fatty acid synthesis,
followed by specific retention of one of the double bonds; or,
dehydrogenation
of intermediate chain length saturated fatty
acids followed by successive additions of Cz units.
Some evidence relevant to these mechanisms comes from the
work of Hofmann et al., who demonstrated the biotin-sparing
ability of cis-5-dodecenoic acid and cis-7-tetradecenoic acid for
lactobacilli.
These authors postulate a synthesis of cis-vaccenic
acid from these lower homologues by the addition of C2 units.
They also mention the alternative hypothesis that the CIZ- and
&-unsaturated
acids exert their biological effect by acting as
metabolic replacements for cis-vaccenic acid (20).
SUMMARY

Clostridium butyricum
and Clostridium
kluyveri
have been
shown to synthesize unsaturated fatty acids in the absence of
molecular oxygen.
C. butyricum
was grown in the presence of an homologous
series of carboxyl-labeled saturated fatty acids. No significant
conversion of palmitate or stearate to the unsaturated analogues
occurred. Laurate and myristate underwent chain elongation,
Long chain saturated
but did not give rise to olefinic products.
fatty acids, therefore, are not precursors of olefinic acids in C.
butyricum.

In contrast, label from octanoate-l-C4
and decanoate-l-C4
was incorporated into both saturated and unsaturated acids.
The long chain fatty acids were not randomly labeled. A chain
elongation process, combined with the introduction of a double
bond in the case of the olefinic products, is proposed as the predominant mode of incorporation.
6 A. T. Norris, unpublished experiments.
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In C. butyricum grown in the presence of oleate-1-(314, a 19Little, if any,
carbon cyclopropane acid was the major product.
direct conversion to stearate was observed.
The lack of interconversion of long chain saturated and olefinic
acids leads to the conclusion that they are synthesized by diverging or independent pathways in this organism.
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