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Phospholipids of Clostridium butyricum.
V. Effects of growth temperature on fatty acid,
alk-1-enyl ether group, and phospholipid composition

G. K. Khuller and Howard Goldfine

Department of Microbiology, School of Medicine,
University of Pennsylvania, Philadelphia, Pennsylvania 19174

Abstract Many anaerobic bacteria have a high proportion of
1-alk-1'-enyl ethers (plasmalogens) among their phospholipids.
We have examined the effects of growth temperature on the
phospholipid, fatty acid, and alk-1-enyl group compositions of
Clostridium butyricum. When the growth temperature was de-
creased from 37°C to 25°C, the proportion of glycerol phospho-
glycerides (the sum of phosphatidylglycerol and the correspond-
ing plasmalogen) increased at the expense of the ethanolamine
and N-methylethanolamine phosphoglycerides. Analysis of the
proportion of these lipids present in the diacyl and 1-alk-1'-enyl-
2-acyl forms has shown a substantial increase in the plasmalo-
gen form of the glycerol phosphoglycerides and a decrease in the
plasmalogen forms of the ethanolamine and N-methylethanol-
amine phosphoglycerides. An analysis of the fatty acids and alk-
1-enyl groups isolated from the total phospholipids of cells
grown at 25°C, 30°C, and 37°C has shown a general increase in
the proportions of unsaturated and cyclopropane hydrocarbon
chains at lower growth temperatures. When the temperature
was lowered from 37°C to 25°C, the fatty acids had progressive-
ly more unsaturated and cyclopropane chains and fewer saturat-
ed chains. The alk-1-enyl groups, in particular those from the
ethanolamine and N-methylethanolamine plasmalogens, were
more saturated at 30°C than at 37°C. When the growth temper-
ature was lowered to 25°C, there was little further change in the
degree of unsaturation of the alk-1-enyl groups.
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phosphatidylethanolamine -
saturation - cyclopropane

phosphatidylglycerol
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Plasmalogens, derivatives of 1-alk-1'-enyl sn-glycerol
3-phosphate, constitute a large fraction of the phosphoglyc-
erolipids of certain mammalian tissues, for example, cen-
tral nervous system, peripheral nerves, heart, and skeletal
muscle (1). They are also found in avian tissues, in other
vertebrates, and in many invertebrates (1-3). Among mi-
croorganisms, however, alk-1-enyl ether lipids have only
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been found in obligately anaerobic bacteria, in which they
often constitute more than half of the total phospholipids
(4). Lipids in biological membranes are thought to be ar-
ranged predominantly as bilayers, with their polar head
groups facing outward and their hydrocarbon chains
toward the center (5). A number of workers have present-
ed evidence for the importance of unsaturated, cyclopro-
pane, branched-chain, and shorter-chain fatty acids for the
maintenance of the hydrocarbon chains, at least in part in
a liquid-expanded, highly mobile state (6-8). A number of
organisms have been shown to adjust the fatty acid com-
position of their membrane lipids to lower growth temper-
atures in a manner that decreases the average melting
point of the fatty acid chains. It is thought that this ad-
justment makes it less likely that all the lipids will become
frozen and condensed, a condition that would interfere
with such vital functions as membrane transport and
growth.

To our knowledge there has been only one reported
study on the effects of the surrounding temperature on the
alk-1-enyl group composition of plasmalogens and the
plasmalogen content of the tissue. Roots and Johnston ex-
plored this problem in a study of the phospholipid and
alk-1-enyl group compositions of goldfish acclimated to
different temperatures (9). Their measurements demon-
strated a marked effect of temperature on the degree of
unsaturation of the alk-1-enyl groups in goldfish neural
tissue. We have carried out a study of the effects of growth

Abbreviations: PE, phosphatidylethanolamine; PME, phosphatidyl-
N-methylethanolamine; PG, phosphatidylglycerol. The terms ethanola-
mine phosphoglycerides, N-methylethanolamine phosphoglycerides, and
glycerol phosphoglycerides denote the mixtures of PE, PME, and PG
and their corresponding 1-alk-1'-enyl-2-acyl derivatives (plasmalogens),
respectively. Fatty acids and alk-1-enyl groups are designated by number
of carbon atoms:number of double bonds. Cyc indicates a cyclopropane
ring. GLC, gas-liquid chromatography.
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temperature on the fatty acid and 1-alk-1"-enyl group
compositions of Clostridium butyricum phospholipids.
Our experiments showed changes in the phospholipid
composition, in the proportions of alk-1-enyl ethers in the
different phospholipid species, and in the fatty acid and
alk-1-enyl group compositions, with changes in the growth
temperature.

EXPERIMENTAL PROCEDURES

Materials

Fatty acids. Most of the fatty acid methyl ester stan-
dards used were purchased from Applied Sciences Labo-
ratories, State College, Pa. c15-9,10-Methyleneoctadeca-
noic acid was purchased from Analabs, Inc., North Haven,
Conn.

Fatty aldehydes. Palmitaldehyde was purchased from
Aldrich Chemicals as the bisulfite addition product and
was converted to the aldehyde by alkali treatment. cis-9-
16:1, c15-9,10-methylenehexadecanal,  ¢is-9,10-methy-
leneoctadecanal, and ¢is-9-18:1 were obtained by hydroly-
sis of the dimethylacetals, which were prepared in this
laboratory (10).

Methods

Cells. Clostridium butyricum ATCC 6015 was grown
in the Casamino acid medium of Broquist and Snell (11).
Cells initially grown at 37°C were used as inocula for
30°C cultures. Cells grown at 30°C were used as inocula
for 25°C cultures. The cells were grown for at least five
generations at each temperature. We were not able to ob-
tain growth below 22°C. Cells were harvested in the log
phase of growth between Klett (66 filter) values of 90 to
110 and were stored at —20°C.

Isolation of the phospholipids. Extraction and washing
of the lipids was as described elsewhere (12). The phos-
pholipids were separated from the nonpolar fraction by
column chromatography on silicic acid as described pre-
viously (13).

Separation of phospholipids. The polar lipids were
fractionated by preparative thin-layer chromatography on
silica gel G (E. Merck, obtained from Brinkmann Instru-
ments, Inc.) in the solvent mixture chloroform-methanol-
7 N ammonia 60:35:5 (v/v/v) as described previously
(13). They were located by spraying with water and elut-
ed as described (13).

Isolation of alk-1-enyl groups and diacyl phosphatides.
In order to hydrolyze plasmalogens, phospholipids were
treated with 90% acetic acid at 37°C for 18 hr, followed
by lyophilization (14). The lyophilized products were dis-
solved in a small volume of chloroform and subjected to
thin-layer chromatography as described above. The al-
dehydes, derived from the alk-1-enyl groups, diacyl phos-

TABLE 1. Acyl chain composition of phospholipids of
C. butyricum grown at different temperatures

Chain Length 37°C (3)e 30°C (3) 25°C (4)

wt P wt Y wt P
12:0 0.4 4+0.2 0.3+0.1 0.3 0.1
14:0 4.7+0.5 3.8+1.2 3.3+0.9
14:1 0.5=+0.1 0.9+0.2 1.1 0.3
16:0 493+ 2.1 46.8 3.3 43.8 1.0
16:1 + 17:cyc 306 1.1 38.0+5.2 41.0+£2.2
18:0 1.1 +£0.4 0.8 +0.2 0.7+0.1
18:1 4+ 19:cyc 13.3 £ 3.2 9.4+0.9 9.3 +£0.7
Total saturated 55.5+2.2 51,747 48.2 +1.7
Total unsaturated 44.5 +2.2® 48,3 +=4.7 51.9 1.7

plus cyclopropane

¢ The numbers in parentheses represent the number of separate
samples, each analyzed twice by GLC. Values are means = SD.

tUsing Student’s ¢ test, the difference in the unsaturated plus
cyclopropane fatty acid centent at 37°C and 25°C is significant,
P =0.02.

phatides, and lysophospholipids, were extracted from the
plates with chloroform-methanol 1:2 (v/v). The fatty al-
dehydes were stored in carbon disulfide at —20°C until
analyzed (15).

Determination of positional distribution of fatty acids.
The PE plus PME diacyl lipids, isolated as described
above, were treated with Crotalus adamanteus venom
(Sigma Chemical Co.) as a source of phospholipase A,
according to the method of van Golde and van Deenen
(16), except that tris(hydroxymethyl)aminomethane-HCI
(0.1 M, pH 7.2) replaced borate (0.1 M, pH 7.0) as a
buffer in the hydrolysis reaction. The lyso-PE plus lyso-
PME and fatty acid products were separated by thin-layer
chromatography as described above. The hydrolysis was
continued until no further diacyl phosphatides could be
detected by chromatography on thin-layer plates as de-
scribed above.

Preparation of fatty acid methyl esters and gas-liquid
chromatography. Fatty acids were obtained by saponifi-
cation of lipids as described by Nesbitt and Lennarz (17)
and were methylated with diazomethane. Fatty acid
methyl esters and aldehydes were resolved on a column
(% inch X 6 ft) of 10% EGSS-X on Gas-Chrom P
(100-200 mesh, Applied Science Laboratories) at 180°C.
Amounts of fatty acids were determined by triangulation
or by an Infotronics (model CR3-208) electronic integra-
tor. Fatty acids and aldehydes were identified by compari-
son of retention times with those of standards (10).

Analytical procedures. Phosphorus was determined by
the method of Bartlett (18). Alk-1-enyl ethers were deter-
mined by colorimetric estimation of iodine uptake (19)
and by alkaline hydrolysis (20). Because alkyl ether lipids
constitute 0.2% of the phospholipids (4), they do not in-
terfere with the measurement of alk-1-enyl ethers as al-
kali-stable lipids. The two methods agreed within 4=10%.
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TABLE 2. Alk-1-enyl chain composition of phospholipids of
C. butyricum grown at different temperatures

Chain Length 37°C () 30°C (3) 25°C (6)

wt Y wt Y wt Y
16:0 46,5+ 1.9 53.7+4.3 50.6 +3.6
16:1 4 17:cyc 340420 32.7+1.8 35.8+4.0
18:0 3.5+ 0.5 2.7+ 0.8 3.3 +1.1
18:1 4 19:cyc 16.0 0.8 10.8 =2.8 10.5*+ 1.5
Total saturated 50.0 2.2 56.3+£3.6 53.7+42
Total unsaturated 50.0 = 2.1* 43.4 4 3.8 46.3 = 4.3

plus cyclopropane

%The numbers in parentheses represent the number of separate
samples, each analyzed twice by GLC. Values are means = SD.

®Using Student’s ¢ test, the difference in the unsaturated plus
cyclopropane alk-1-enyl content at 37 °Cand 25 °Cis not significant,
P > 0.1; the difference in the unsaturated plus cyclopropane alk-1-
enyl content at 37 °C and 30°C is significant, P < 0.05.

RESULTS

The effect of growth temperature on the degree of satu-
ration of the total phospholipid acyl and alk-1-enyl groups
is given in Tables 1 and 2-and illustrated in Fig. 1. An
increase in the proportion of 16:1 + 17:cyc fatty acids
from 30.6% to 38.0% was seen when the growth temper-
ature was decreased from 37°C to 30°C. At 25°C the trend
towards increased unsaturation and decreased saturation
continued, but these differences between 25°C and 30°C
were not statistically significant. Among the alk-1-enyl
groups there was a noticeable increase in 16:0, from
46.5% to 53.7%, when the growth temperature was de-
creased from 37°C to 30°C. The major compensating
change was a decrease in 18:1 + 19:cyc from 16.0% to
10.8% of the total. When the growth temperature was
decreased to 25°C, the alk-1-enyl groups appeared to be
slightly more unsaturated than at 30°C, but these changes
were not statistically significant. The net effect on the total
phospholipid hydrocarbon chain composition is shown by
the dashed line in Fig. 1. The computation for this com-
posite curve takes into account the fact that there are more

CLOSTRIDIUM BUTYRICUM
TOTAL PHOSPHOLIPIDS

FATTY ACIDS

ALDEHYDES

'l i
25° 30° 37°
GROWTH TEMP
Fig. 1. Ratio of unsaturated (U) plus cyclopropane (C) to saturated (S)

fatty acids and alk-1-enyl chains (aldehydes) isolated from C. butyricum
total phospholipids in relation to growth temperature (°C).
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TABLE 3. Phospholipids of C. butyricum at 37°C and 25°C

Ethanolamine and N-

Methylethanolamine
Glycerol Phosphoglycerides Phosphoglycerides
Diacyl Plasmalogen Diacyl  Plasmalogen
% of total phospholipids
37°C 16 9.7 12 30
25°C 15 22 13 22

fatty acyl chains than alk-1-enyl chains at all three tem-
peratures (see below). It can be seen that the net effect is a
gradual increase in the proportion of unsaturated and cy-
clopropane chains as the growth temperature is lowered.

In order to determine how these changes in total phos-
pholipid hydrocarbon chains were accomplished, we ex-
amined the effect of growth temperature on the phospho-
lipid class composition, the proportion of each phospholip-
id class containing alk-1-enyl ethers, and the alk-1-enyl
and fatty acid chain compositions of the major phospho-
lipid species. Some changes were noted in the phospholip-
id classes. At 37°C the ethanolamine and N-methylethanol-
amine phosphoglycerides represented 42% of total phos-
pholipid phosphorus, whereas at 25°C their combined
total represented 35% of phospholipid phosphorus. The
glycerol phosphoglycerides, on the other hand, increased
from 25.7% in cells grown at 37°C to 37% of the total
phospholipids in cells grown at 25°C (Table 3). The sum
of all the other phospholipid components did not change
markedly at the two growth temperatures. A major con-
stituent among them has recently been identified as a glyc-
erol hemiacetal of the ethanolamine and N-methylethano-
lamine plasmalogens (21).

CH,—CH(OH—CH,0OH
)
CH—O —(IZH—- CH,—]
CH—O0—CO—R’
J?HZOPOg—X

This structure was established for C. butyricum strain
IFO 3852, which has ethanolamine but no N-methyletha-
nolamine phosphoglycerides (21); however, the glycerol
hemiacetal structure has been confirmed by Dr. P-O.
Hagen! for a similar lipid fraction containing ethanola-
mine and N-methylethanolamine, which we observed in
earlier studies on strain ATCC 6015 (13).

Marked changes in the proportions of alk-1-enyl ethers
were also observed at lower growth temperatures (Fig. 2).
It can be seen that the glycerol phosphoglycerides, which
were 38% alk-1-enyl ether at 37°C, were 60% alk-1-enyl

! Personal communication.
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Fig. 2. Changes in the proportions of alk-1-enyl ether lipids (plasmal-
ogens) isolated from C. butyricum at different growth temperatures. Re-
sults are given as means of colorimetric estimations of I uptake and al-
kaline hydrolysis methods except for X lipids, as described in the Results
section.

ether at 25°C. The other components, including the glyc-
erol hemiacetal of the alk-1-enyl ethers, increased from
36% alkali-stable at 37°C to 66% alkali-stable when the
cells were grown at 25°C. The hemiacetal component can-
not be measured by iodine uptake (13, 21), but it does re-
lease an aldehyde on acid hydrolysis and is alkali stable. A
slight decrease in the proportion of ethanolamine and N-
methylethanolamine phosphoglycerides in the plasmalogen
form from 75% at 37°C to 64% at 25°C was also seen.

The ethanolamine and N-methylethanolamine phospho-
glycerides were isolated as a group by thin-layer chroma-
tography, and the plasmalogens were hydrolyzed in 90%
acetic acid. The fatty acid and alk-1-enyl group composi-
tions of these plasmalogens at different growth tempera-

CLOSTRIDIUM BUTYRICUM
PE+PME PLASMALOGENS

FATTY ACIDS

\

U+C
i o Iy ¢
S

0.6 ALDEHYDES
0.5
1 1
25° 30° 37°
GROWTH TEMP.

Fig. 3. Ratio of unsaturated (U) plus cyclopropane (C) to saturated (S)
fatty acids and alk-1-enyl chains (aldehydes) isolated from C. butyricum
ethanolamine and N-methylethanolamine plasmalogens in relation to
growth temperature (°C).

TABLE 4. Acyl chain composition of the ethanclamine plus
N-methylethanolamine plasmalogens of C. butyricum grown at
different temperatures

Chain Length 37°C (3)e 30°C (3) 25°C (3)

wt Y wt Y wt P
12:0 0.3 0.2 0.1
14:0 2.8+ 0.8 3.9 &£ 0.1 3.6 £0.6
14:1 0.3 1.34 & 0.3 1.1 %0.4
16:0 54.0 2.2 47.9+3.3 50.1 1.4
16:1 + 17:cyc 31.9+5.8 38.4+2.7 37.2+1.8
18:0 1.9+0.7 0.5+0.4 0.7 £ 0.5
18:1 4+ 19:cyc 12.6 = 3.4 7.7+1.1 7.0%+1.0
Total saturated 58.8 2.8 52.6 3.4 54.6 1.3
Total unsaturated 41.2 == 2.8> 47.4 3.4 454 + 1.3

plus cyclopropane

2The numbers in parentheses represent the number cf separate
samples, each analyzed twice by GLC. Values are means =+ SD.

*Using Student’s ¢ test, the difference in the unsaturated plus
cyclopropane fatty acids at 37°C and 30°C is nct significant,
P>0.1.

tures are recorded in Tables 4 and 5 and illustrated in
Fig. 3. As in the total phospholipids, there appeared to be
an increase in fatty acid unsaturation at 30°C as compared
with 37°C. When the temperature was lowered further to
25°C, little further change was observed. These changes
were not statistically significant. The aldehydes derived
from the alk-1-enyl ethers (Table 5) were observed to be-
come considerably more saturated at 30°C as compared
with 37°C, again with little further change at 25°C. It
should be noted, however, that the increased aldehyde sat-
uration observed at 30°C was accomplished by an increase
in 16:0 partly at the expense of 18:1 + 19:cyc; thus,
there was an overall decrease in chain length.

It can be seen in Fig. 4 and Table 6 that the C-1-
linked fatty acids in the diacyl PE + PME, like the alk-
1-enyl groups, were more saturated at 30°C than at 37°C.
Little further change was observed in the degree of unsat-

TABLE 5. Alk-1-enyl chain composition of the ethanolamine
plus N-methylethanolamine plasmalogens of C. butyricum
grown at different temperatures

Chain Length 37°C (4)@ 30°C (2) 25°C (5)
wt Y% wt Y wt %
16:0 49.6 =3.6> 65.1 &= 3.0c 61.4 = 4.0°
16:1 + 17:cyc 30.6 2.6 25.9+2.7 29.3 +4.8
18:0 4.4 +0.4 2.0 +0.1 3.0+ 1.0
18:1 4+ 19:cyc 155+ 1.4 6.2 0.2 6.1+ 2.4
Total saturated 53.9 4.0 67.2+3.1 64.4+4.1
Total unsaturated 46.1 &= 4.0¢ 32.4 ==2.6 35.7 &= 4.2

plus cyclopropane

“The numbers in parentheses represent the number of separate
samples, each analyzed twice by GLC.

®Values are means == SD.

¢Values are means + mean deviations.

4Using Student’s ¢ test, the difference in the unsaturated plus
cyclopropane alk-1-enyl content at 37°C and 25°C is significant,
P < 0.01, as is the difference at 37°C and 30°C, P < 0.02.
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TABLE 6. Positional distribution of the acyl chains of phosphatidylethanolamine plus phosphatidyl-N-methyl-
ethanolamine of C. butyricum grown at different temperatures
37°C 30°C 25°C
Chain Length Total C-1 C-2 Total C-1 C-2 Total C-1 C-2
wt % wt Y wt P
12:0 ) 0.1
14:0 0.9 0.7 1.3 2.0 1.0 3.1 1.5 1.1 3.2
14:1 0.1 0.6 0.5 0.9
16:0 38.9 17.7 50.7 41.5 25.2 60.3 42.4 25.5 54.0
16:1 20.7 17.5 14.9 30.4 32.7 21.7 33.5 41.8 27.6
17:cyc 14.8 22.9 8.2 12.7 18.9 5.7 9.3 14.0 5.4
18:0 1.9 4.5 1.3 0.9 3.0 0.8 1.0 2.4 0.6
18:1 10.1 14.0 18.8 8.0 12.1 5.9 8.8 11.5 6.8
19:cyc 12.7 22.6 5.0 4.0 7.1 1.8 2.8 3.7 1.5
Total saturated 41.7 23.0 53.3 44 4 29.3 64.2 45.0 29.0 57.8
Total unsaturated 30.9 31.5 33.6 38.4 44.8 27.6 42.9 53.3 35.3
Total cyclopropane 27.5 45.6 13.2 16.7 26.0 7.6 12.1 17.7 6.9

Values are averages of two separate runs with the same sample. There are some discrepancies between the values for individual fatty
acids at C-1 and C-2 when the values are compared with the values given for the same fatty acids in the total columns. By comparison
with the standard deviations given in Tables 1 and 4, it is clear that most of these discrepancies fall within experimental error. Two ex-
ceptions to this are the 16:1 and 18:1 of PE plus PME from cells grown at 37°C. We have no explanation for these discrepancies. The
total saturated, unsaturated, and cyclopropane fatty acids at each growth temperature, however, agree within experimental error for

each set of data.

uration of the C-1-linked fatty acids in cells grown at
25°C, but again it should be noted that, at lower tempera-
tures, the shorter chains, 16:0, 16:1, and 17:cyc, repre-
sented a greater proportion of the total. The C-2-linked
fatty acids of diacyl] PE + PME appeared to become
more saturated at 30°C and more unsaturated at 25°C,
but the statistical significance of these changes has not
been tested. This unusual distribution, with more unsatu-
rated fatty acids than saturated fatty acids at C-1 and
more saturated fatty acids than unsaturated acids at C-2,
has been noted for the diacyl PE of C. butyricum grown
at 37°C by Hildebrand and Law (22). This distribution is

3.

[ ]

- CLOSTRIDIUM BUTYRICUM
PE+PME DIACYLPHOSPHATI
3

291

25

Qsk
e

oS5

n 1

30° 37
GROWTH TEMP.

25°

Fig. 4. Ratio of unsaturated (U) plus cyclopropane (C) to saturated (S)
fatty acids of C-1 and C-2 positions of diacyl phosphatidylethanolamine
plus phosphatidyl-V-methylethanolamine isolated from C. butyricum
grown at 37°C, 30°C, and 25°C.
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seen to prevail at lower growth temperatures (Table 6 and
Fig. 4).

The fatty acids and alk-1-enyl chains in the glycerol
phosphoglycerides were also analyzed. As can be seen in
Table 7, there was little change in the degree of unsatu-
ration in the total fatty acids of PG plus the C-2 fatty acid
residue of the corresponding plasmalogen. The increase in
unsaturation seen in alk-1-enyl chains at lower tempera-
tures is not statistically significant (Table 8). At lower
temperatures, the shorter chains 16:1 + 17:cyc increased
from 32.6% to 41.5% of the total.

Because these cells grow more slowly at lower tempera-
tures, we examined the effect of a nutritional shift-down
on fatty acid and alk-1-enyl group compositions. Cells
were grown at 37°C in the minimal medium described by
Broquist and Snell (11) without casein hydrolysate and
supplemental amino acids. This increased the doubling
time by slightly more than a factor of two, which was
similar to the doubling time seen at 25°C in the amino
acid-enriched medium. The degree of unsaturation of the
fatty acids was not affected by growth in minimal medi-
um. The ratio of unsaturated plus cyclopropane to satu-
rated fatty acids was 0.80. The alk-1-enyl groups were,
however, more saturated in cells grown in minimal medi-
um at 37°C than they were in cells grown in the amino
acid-supplemented medium. The ratio of unsaturated plus
cyclopropane to saturated aldehyde was 0.78 in minimal
medium as opposed to 1.0 in the enriched medium. Thus,
the increased saturation of alk-1-enyl chains seen in 25°C
cells may have been the result of slower growth. The ob-
servation that the alk-1-enyl chains were even more satu-
rated at 30°C in the enriched medium (Fig. 1), at which
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TABLE 7. Acyl chain composition of the glycerol
phospheglycerides, diacyl plus plasmalogens, cf C. butyricum
grown at different temperatures

Chain Length 37°C (3¢ 30°C (2) 25°C (4)
wt % wt % wt %
12:0 0.1 0.3 0.2 +0.1%
14:0 2.5+0.5 2,130.66 2.6+0.8
14:1 0.4 +0.1 0.7 0.2 0.7 0.3
16:0 44,0 2.8 446 +0.7 453 +1.8
16:1 4+ 17:cyc 37.0%5:3 40.4+0.2 39.0+2.3
18:0 1.2 +0.4 0.9 1.1+0.3
18:1 + 19:cyc 15024 11.1,+0.4 11.2+1.5
Total saturated 47731 47.9=+0.1 49.1 +1.3
Total unsaturated 52.4 3.1 52,1 +0.1 50.9 1.3

plus cyclopropane

2The numbers in parentheses represent the number of separate
samples, each analyzed twice by GLC.

¥Values are means = SD.

¢Values are means == mean deviations.

temperature the growth rate is almost as fast as at 37°C,
argues against growth rate as the controlling factor.

DISCUSSION

In bacteria, as in higher organisms, phospholipids are
found essentially only in membranes, and in many bacte-
ria, especially gram-positives, the major membrane is the
cytoplasmic membrane (23). It is now widely recognized
that changes occur in the fatty acid composition of com-
plex lipids in microorganisms, plants, and animals in re-
sponse to the temperature of the environment (24, 25).
The general rule is: as the growth temperature is lowered,
the composition of the fatty acid chains is modified in the
direction of lower average melting points. In gram-nega-
tive organisms, this adaptation is usually accomplished by
an increased proportion of unsaturated and in some cases
cyclopropane fatty acids at the expense of saturated fatty
acids at lower growth temperatures (26-30). In certain
gram-positive bacteria there are increased amounts of
lower-melting branched-chain fatty acids at the expense of
the higher-melting branched and straight-chain fatty acids
at lower growth temperatures (31). In addition, a fatty
acid desaturating system is induced in some bacilli at
lower growth temperatures (32, 33). These changes have
been shown by a number of workers to result in a lower-
ing of the temperature at which the bulk of the membrane
lipids change from a melted or fluid state to a frozen or
condensed state (6, 7, 34).

The question we have asked is: What are the effects of
growth temperature on the fatty acid and alk-1-enyl group
compositions of an anaerobic bacterium in which more
than 50% of the phospholipids contain alk-1-enyl chains?
Our results show that the general rule is obeyed. At lower

TABLE 8. Alk-1-enyl chain composition of the glycerol
phosphoglycerides of C. butyricum grown at different temperatures

Chain Length 37°C (3)¢ 30°C (2) 25°C (6)
wt Y wt P wt P
16:0 45.5 == 0.1* 46.4 &= 3.0c 43.2 + 7.5
16:1+4 17:cyc 32,6 0.9 40.7 3.7 41.5+7.8
18:0 4.1+0.9 1.5+0.2 30+£0.7
18:1 4 19:cyc 17.6 0.5 11.0+0.1 12.4+2.9
Total saturated 49.6 =1.0 48.0 4.2 46.1 =7.5
Total unsaturated 50.2 1.5 51.7 =3.8 53.9%7.5

plus cyclopropane

¢The numbers in parentheses represent the number of separate
samples, each analyzed twice by GLC.

®Values are means == SD.

¢Values are means & mean deviations.

growth temperatures there is a higher proportion of un-
saturated plus cyclopropane hydrocarbon chains and a
slightly higher proportion of shorter chains (<C,s). Al-
though the increased unsaturation is accomplished through
a complex series of changes in the composition of the fatty
acids and aldehydes, it should first be noted that the de-
gree of change is almost identical with that seen in Esche-
richia coli, an organism that contains no plasmalogens,
over the same temperature range. If we define the unsatu-
ration index as the ratio of unsaturated plus cyclopropane

C
chains to saturated chains (E%—) we note that the

unsaturation index of C. butyricum phospholipids goes
from 0.86 at 37°C to 1.04 at 25°C (Fig. 1). In E. colt
strain CR34 (28) or in an unsaturated fatty acid auxo-
troph derived from CR34, which was grown on oleate or
cis-vaccenate (27), the unsaturation index changed from
1.2 at 37°C to 1.4 at 25°C or 27°C. In the same auxo-
troph grown on palmitoleate, the unsaturation index in-
creased from 0.8 at 37°C to 1.0 at 27°C (27). In another
strain of E. coli, ML30, which had a higher proportion of
unsaturated fatty acids, the index went from 1.5 at 37°C
to 2.2 at 25°C (26).

In examining individual phospholipids isolated from C.
butyricum grown at different temperatures, the changes in
the degree of unsaturation of the fatty acid and alk-1-enyl
chains of ethanolamine and N-methyethanolamine plas-
malogens appear to cancel each other out. As the fatty
acid chains at C-2 became more unsaturated, the alk-1-
enyl chains at C-1 became more saturated (Fig. 3). The
effects of such changes on intramolecular and intermolecu-
lar hydrocarbon chain mobilities are unknown. The fatty
acids in the PE 4 PME diacylphosphatides became
slightly more saturated at lower growth temperatures.
This group of phospholipids represents 12% of the total
at 37°C and 13% of the total at 25°C (Table 3). As can be
seen in Table 7, the fatty acids of the glycerol phosphoglyc-
erides, diacyl plus 1-alk-1'-enyl-2-acyl, are relatively con-
stant with respect to the degree of unsaturation at different
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temperatures. There was a trend towards greater unsatu-
ration in the fatty acids of a phospholipid fraction contain-
ing the glycerol hemiacetals of the plasmalogens. The
ratio of unsaturated plus cyclopropane to saturated fatty
acids increased from 0.98 at 37°C to 1.16 at 25°C (data
not shown), which accounts in part for the increased un-
saturation of the total fatty acids seen in Fig. 1.

A study of the effects of environmental temperature on
plasmalogens was carried out by Roots and Johnston (9)
on the brain lipids of goldfish acclimated to different tem-
peratures. These authors found an increase in the percent-
age of PE as plasmalogen (moles aldehyde per mole P X
100) at higher temperatures. At 5°C, PE was 35% plas-
malogen, and this figure increased to 49% at 25°C and
then declined slightly to 46% at 30°C. The change be-
tween 25°C and 30°C may not have been significant.
These authors also observed a striking increase in the de-
gree of unsaturation of the alk-1-enyl groups of this plas-
malogen at lower temperatures. At 30°C the ratio of 18:0
to 18:1, the major alk-l1-enyl components, was 1.69,
whereas at 5°C the ratio was 0.68. These results were in-
terpreted along with previous similar findings on goldfish
brain fatty acids as an adaptation of neural membranes to
achieve a greater degree of plasticity and permeability at
lower temperatures in this poikilothermic organism.

Although the results with C. butyricum are less amena-
ble to this interpretation, it is clear that the hydrocarbon
chain composition of the plasmalogens is affected by
growth temperature. The changes we have observed in the
fatty acid and alk-1-enyl group compositions of C. butyri-
cum phospholipids grown at different temperatures may
eventually require a more complex interpretation. It will
be necessary to distinguish between lipids that contribute
mainly to the bulk lipid phase and those that are more
tightly associated with the various proteins of the cell
membrane (35). The effects of growth temperature on the
hydrocarbon chain compositions of these two groups of
lipids may be quite different. Physical studies on the
membranes and on the isolated lipids and isolation of pro-
tein-lipid complexes will be needed to shed more light on
these problems.
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