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The nonpolar lipids of methanol-grown bacteria which utilize one-carbon (C1)
compounds via the RMP pathway (Pseudomonas C, Pseudomonas methylotro-
pha, and Methylomonas methanolica) were found to contain squalene in concen-
trations between 0.1 to 1.16 mg/g of cell (dry weight). Squalene could not be
detected in lipid extracts of methanol-grown bacteria which utilize Ci compounds
via the serine pathway.

Squalene is well known as a precursor for
steroids (21) and is usually absent in procaryotes
(4). In recent years several reports have shown
that certain bacteria (2, 8, 11, 17-20) and blue-
green algae (cyanobacteria) (7, 14) were capable
of synthesizing steroids, and by implication
squalene, in a fashion sinilar to eucaryotic or-
ganisms. Although quantitative data are few,
they indicate that the amounts of steroids (or
squalene) found in procaryotes (0.001 to 0.1
mg/g of cell [dry weight]) are, in most cases,
considerable lower than those found in eucar-
yotic organims (for example, Aspergillus nid-
ulans which contains 0.3 mg of squalene/g of
cell [dry weight]) (3, 5). Two stiking exceptions
are Halobacterium cutirubrum (12, 13, 22), in
which the amount of squalene is 1 mg/g of cell
(dry weight) and Methylococcus capsulatus (3,
5), which contains 5.5 mg of squalene/g of cell
(dry weight).
M. capsulatus, a methylotroph bacterium, is

able to grow on methane or methanol and is
similar in several aspects to a large group of
bacteria, the methanol utilizers (6,15). Although
many bacteria can grow on methanol but not on
methane as a sole source for carbon and energy,
the classification of the methanol-utliing bac-
teria has still not been resolved (6, 15). One
group of these bacteria incorporates the one-
carbon (C1) methyl unit into a pentose phos-
phate, forming a hexose phosphate (RMP path-
way), whereas in the other group the methyl
group is added to glycine via tanshydroxyme-
thylation forming seine (seine pathway) (6,
15). Another criterion for the clcation of
methanol-utiliing bacteria was suggested on the
basis ofthe differences in phospholipid and fatty
acid composition among the two groups (9).

In this work we have used two groups of
methanol-utilizing bacteria: (i) bacteria which

utilize C, compounds via the RMP path-
way-Pseudomonas C, Pseudomonas methylo-
tropha, and Methylomonas methanolica (Pseu-
domonas methanolica, ATCC 21704); and (ii)
bacteria which utilize C, compounds via the
seine pathway-Pseudomonas 1, Pseudomo-
nas 135, Pseudomonas AM-1, and Pseudomo-
nas M-27 (9, 10, 16). The results reported here
show that the first group of bacteria contains
relatively high levels of squalene, and no evi-
dence was found for the presence of squalene in
the second group.

Celis were grown in batch cultures in mineral
M-3 medium (pH 7.0) (1), supplemented with
Na2HPO4 (2 g/liter), Na H2PO4 (0.9 g/liter), and
methanol (5 to 20 g/liter) at 340C, as described
previously (1). Cells from the late exponential
growth phase were harvested by centrifugation
and added to an equal volume of acetone. The
mixtures were stired for 2 h at room tempera-
ture and extracted eight times with a half vol-
ume ofbenzene. The benzene extracts were com-
bined, dried with anhydrous MgSO4, and con-
centrated at 320C. The clear solutions obtained
are referred to as "benzene extracts."
A sample from the benzene extract obtained

from Pseudomonas C was subjected to gas-liq-
uid chromatography (GLC). Figure 1A shows
the presence of two minor peaks: (i) having the
same retention time as squalene, and (ii) having
the same retention time as farnesol. The extract
was further purified by thin-layer chromatogra-
phy (TLC), and the lipid compound obtained
gave a single peak (peak 1) when co-chromato-
graphed on GLC with squalene (Fig. 1B) and
corresponded exactly to the authentic standard
of biosynthetic ['4C]squalene when co-chromat-
ographed on a TLC plate (Fig. 2). A second
compound was isolated by a simila technique
and co-chromatographed by GLC (peak 2) and
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FIG. 1. GLC of lipids obtained from Pseudomonas
C andM. methanolica. (A)A sample from the benzene
extract ofPseudomonas C was applied to a Packard
model 417 gas chromatograph equipped with a flame
ionization detector and a 10% SP 2340 on 100/120
Chromosorb W/AW (Supelco) glass column (0.4 cm
by 1.8 m). The injector and detector were at 270°C,
whereas the column was programmed from 170 to
2500C at a rate of 6°C/min. (B) A sample from the
benzene extract of Pseudomonas C was applied to a
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FIG. 2. Co-chromatography of lipids obtained
from Pseudomonas C or Pseudomonas I with an
authentic standard of biosynthetic aU trans [4C]-
squalene. f4C]squalene was prepared in an assay
mixture containing (in a total volume of 27 ml):
phosphate buffer (pH 7.5), 0.1 M; MgC42, 6 mM; ATP,
6 mM; NADPH, 5 mg; [2-'4C]mevalonic acid (22.6
mCi/mmol, New England Nuclear), 50 jiCi; and 5 ml
of a microsomal suspension prepared from rat liver
as described by Yamamoto et al. (23). Incubation was
carried out at 37°C for 1 h in nitrogen atmosphere.
The reaction was terminated by the addition of an
equal volume of acetone, and ['4Clsqualene was ex-
tracted with four 10-ml quantities ofhexane. Samples
of lipids obtained from Pseudomonas C and Pseu-
domonas 1 (as described in Fig. IB and 3B, respec-
tively) were mixed with t'4C]squalene and chromat-
ographed on analytical 0.2-mm silica gel TLCplates.
Lipids were detected by iodine (dark figures) and
analyzed first by scanning for radioactivity ---)
(Packard model 7200) and then by scraping narrow
segments of the gel into vials containing scintillation
solution and measuring radioactivity ( ).

pre-coatedpreparative 2-mm silica gel (F-254, Merck)
thin-layer chromatographic plate (4 cm by 20 cm)
which was developed to a height of10cm with hexane.
The area ofthe TLCplate corresponding to squalene
(Rf - 0.52) was scraped and eluted with a solution of
25% ether in hexane. A sample was chromatographed
by GLC. (C) A sample from the benzene extract ofM.
methanolica was chromatographed by GLC as de-
scribed in (A). Arrows indicate retention of stan-
dards.
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A
TLC with farnesol (data not shown).
Although a generally different GLC pattern

was obtained for the benzene extract ofM. meth-
anolica (Fig. 1C), when the peak having a reten-
tion time identical to squalene was isolated it
corresponded to standard ["4C]squalene when
co-chromatographed on a TLC plate (as de-
scribed for Pseudomonas C in Fig. 2), indicating
the identity of the compound with squalene. The
same results were also obtained with P. methy-
lotropha (results not shown).
For the purification of squalene from Pseu-

domonas C, a sample of the benzene extract was
evaporated to dryness, dissolved in hexane, and
layered onto a column (0.75 cm by 35 cm) of
silica gel impregnated with 6% AgNO3 which
was pre-equilibrated with hexane. The squalene
was eluted from the column with a convex gra-
dient of benzene-ethyl acetate (3:1). Fractions
containing squalene were pooled, concentrated
under a stream of N2, and dissolved in a small
volume of hexane. After further purification on
preparative TLC plates, the compound obtained
gave a single peak, when co-chromatographed

e \ on GLC with standard squalene (same as Fig.
1B) and corresponded with ['4C]squalene upon
co-chromatography on a TLC plate (same as

W\l ~~~~~~~~~~~~Fig.2).
The presence of squalene was further con-o~~~~_ -~~~~~firmed by the proton nuclear magnetic reso-

nance spectrum (measured in a Bruker WH-90
Fourier transform spectrometer) of a sample
purified from Pseudomonas C. The isolated ma-
terial suspected as squalene has the following
characteristics (with the suggested structural
features responsible for them in parentheses): a
atriplet peak at 8 = 5.17 ppm (vinyl protons); a

IXJ\ peak at 8 = 2.02 ppm (allylic protons); two sharp
.. peaks at 8 = 1.68 ppm and 8 = 1.60 ppm with an

area ratio between the two peaks of 1:2.97 ac-
cordingly (both are methyl protons, the signal at
8 = 1.68 ppm is assigned to a resonance peak of
the vinyl gem dimethyls, and the signal at 8 =
1.60 ppm is assigned to the second resonance
peak of the vinyl gem dimethyls which overlaps
a peak of the vinyl methyls). The area ratios
between the vinylic protons, allylic protons, and
the methyl protons was found to be 1:3.31:4.1 in

0 12 It 20 agreement with 6, 20, and 24 such protons in
TIME emw squalene. A virtually identical proton nuclear

FIG. 3. GLC of lipids obtained from Pseudomonas magnetic resonance spectrum was obtained from
I and Pseudomonas M-27. (A) A sample from the an authentic standard of squalene.
benzene extract of Pseudomonas I was applied to The amounts of squalene found in RMP bac-
GLC as described in Fig. 1A. (B) A sample from the teria were 0.1, 0.76, and 1.16 mg/g of cell dry
benzene extract of Pseudomonas 1 was chromato- weight for Pseudomonas C, P. methylotropha,
graphed on preparative TLCplates. The lipid having
a RI value of about 0.52 was eluted and applied to
GLC as described in Fig. lB. (C) A sample from the
benzene extract of Pseudomonas M-27 was applied

to GLC as described in Fig. 1A. Arrows indicate
retention of standards of squalene.
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and M. methanolica, respectively. The higher
values were similar to those found for H. cuti-
rubrum (12, 13, 22) and about one-fifth of that
measured for M. capsulatus (3, 5). In the last
bacterium the presence of squalene was accom-
panied by an extensive membrane system (15).
When compared on the basis of the total lipid
content (3, 5,9), M. capsulatus contains a higher
amount of squalene than the other methanol-
utlizing bacteria (55 mg of squalene/g of total
lipids as compared to values of 3 to 11 mg of
squalene/g of total lipids in methanol utilizers).
Another difference between M. capsulatus and
these methanol utilizers was expressed by the
ability ofM. capsulatu to synthesize zymosterol
derivatives from squalene, whereas in the other
bacteria no sterols could be detected. (When
samples of the benzene extracts of the RMP
bacteria were subjected to GLC on a 3% SP 2250
on 100/120 Supelco AW-DMCS column, no ster-
ols could be detected.) As M. capsulatus utilizes
both methane and methanol via the RMP path-
way (6, 15), it was reasonable to suggest that its
ability to accumulate relatively large amounts of
squalene and to synthesize sterol derivatives was
related to methane utilization.

Figure 3A is the GLC pattern of the benzene
extract of Pseudomonas 1, which utilizes Ci
compounds via the serine pathway, and it shows
the presence of a peak having a retention time
similar to squalene. However, subsequent puri-
fication of the benzene extract of this bacterium
followed by GLC (Fig. 3B) and TLC (Fig. 2)
showed that squalene could not be detected in
this extract. Similar results were obtained for
Pseudomonas M-27 (Fig. 3C), Pseudomonas
AM-1, and Pseudomonas 135 (data not shown),
indicating the absence of significant amounts of
squalene in the nonpolar lipid fractions of the
serine bacteria.
Although we have shown the presence of rel-

atively high amounts of squalene in bacteria
which utilize methanol via the RMP pathway,
we have further demonstrated that no detecta-
ble amounts were found in bacteria utilizing Ci
compounds via the seine pathway. We, there-
fore, propose that the presence or the absence
of squalene may serve as an additional criterion
for the classification of methanol-utilizing bac-
teria.

LlTERATURE CITED
1. Battat, E., I. Goldberg, and R. I. Mateles. 1974. Growth

of Pseudmonas C on C, compounds; continuous cul-
ture. Appl. Microbiol. 28:906-911.

2. Bird, C. W, and J. KL Lynch. 1974. Formation of
hydrocarbons by micro-organims. Chem. Soc. Rev.
3:309-328.

3. Bird, C. W., J. M. Lynch, F. G. Pirt, W. W. Ried, C. J.

W. Brooks, and B. S. Middleditch. 1971. Steroids
and squalene in Methylcoccus capsulatus grown on
methane. Nature (London) 230:473.

4. Bloch, K. 1965. Lipid patterns in the evolution of orga-
nisms, p. 53-65. In V. Bryson and H. J. Vogel (ed.),
Evolving genes and proteins. Academic Pres Inc., New
York.

5. Bouvier, P., IL Rohmer, P. Benveniste, and G. Our-
isson. 1976. 4'"4'-Steroids in the bacterium Methylo-
coccus cqpsulatus. Biochem. J. 159:267-271.

6. Cooney, C. L, and D. W. Lovine. 1972. Microbial utili-
zation of methanol. Adv. Appl. Microbiol. 15:338-365.

7. De Souza, N. J, and W. R. Nes. 1968. Sterols: isolation
from a blue-green algae. Science 162:363.

8. Fornter, H. J., K. Beann W. G. Haigh, N. H. Tat-
trie, and J. R. ColvIn. 1973. The structure of novel
pentacyclic terpenes from Acetobacter xylinum. Bio-
chem. J. 135:133-143.

9. Goldberg, L, and A. P. Jensen. 1977. Phospholipid and
fatty acid composition of methanol-utiliing bacteria. J.
Bacteriol. 130:535-537.

10. Goldberg, L, J. S. Rock, A. Ben-Bassat, and R. I.
Mateles. 1976. Bacterial yields on methanol, methyla-
mine, fonnaldehyde and formate. Biotech. Bioeng.
18:1657-1668.

11. Haigh, W. C., H. J. Forster, K. Biemann, N. H. Tat-
trie, and J. R. Colvin. 1973. Induction of orientation
of bacterial cellulose microfibrils by a novel terpenoid
from Acetobacter xylinum. Biochem. J. 135:145-149.

12. Kramer, J. K. G., S. C. Kushwaha, and M. Katee.
1972. Structure determination of the squalene, dehy-
drosqualene and tetrahydrosqualene in Halobacterium
cutirubrum. Biochim. Biophys. Acta 270:103-110.

13. Kushwaha, S. C., E. L Pugh, J. K. G. Kramer, and
M. Kates. 1972. Isolation and identification of dehy-
drosqualene and C4o-carotenoid pigments in Halobac-
terium cutirubrum. Biochim. Biophys. Acta 260:
492-506.

14. Reitz, R. C., and J. G. Hamilton. 1968. The isolation
and identification of two sterols from two species of
blue-green algae. Com. BiochemL Biophys. 25:401-416.

15. Ribbons, E. W., J. E. Harrison, and A. M. Wadzinski.
1970. Metabolism of single carbon compounds. Annu.
Rev. Microbiol. 24:135-158.

16. Rock, J. S., I. Goldberg, A. Ben-Bassat, and R. I.
Mateles. 1976. Isolation and characterization of two
methanol-utilizing bacteria. J. Agr. Biol. Chem. 40:
2129-2136.

17. Schubert, K., G. Rose, and C. Horhold. 1967. Choles-
tern in Streptomyces olivaceus. Biochim. Biophys.
Acta 137:168-171.

18. Schubert, K., G. Rose, H. WachteL C. Horhold, and
N. Ikekawa. 1968. Zum vorkommen von sterinen in
bakterien. Eur. J. Biochem. 5:246-251.

19. Suzue, C., K. Tsukada, C. Nakai, and S. Tanaka. 1968.
Presence of squalene in Staphylococcus. Arch. Bio-
chem. Biophys. 123:644.

20. Suzue, G., K. Taukada, and S. Tanaka. 1968. Occur-
rence of dehydrosqualene (C30 phytoene) in Staphylo-
coccus aureus. Biochim. Biophys. Acta 164:88-93.

21. Tchen, T. T., and K. Bloch. 1957. On the mechanism of
enzymatic cyclization of squalene. J. Biol. Chem.
226:931-939.

22. Tornabene, T. G., ML Kates, E. Gelpi, and J. Oro.
1969. Occurrence of squalene, di- and tetrahydrosqua-
lenes, and vitamin MK8 in an extremely halophilic
bacterium, Halobacterium cutirubrum. J. Lipid Res.
10:294-303.

23. Yamamoto, S., K. In, and K. Bloch. 1969. Some prop-
erties of the microsomal 2,3-oxidosqualene sterol cy-
class. Proc. Natl. Acad. Sci. U.S.A. 63:110-117.

J. BACTERIOL.


