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Gas chiromatograplhy and combined gas chromatography-miass spectrometry
have been used to study the fatty acids and hydrocarbons of a bacterium from the
Pacific Ocean, Vibrio m7arinus, a freshwater blue-green alga, Anacystis nidulans,
and algal mat communities from the Gulf of Mexico. Both types of microorganisms
(bacteria and algae) showed relatively simple hydrocarbon and fatty acid patterns,
the hydrocarbons predominating in the region of C-17 and the fatty acids in the range
of C-14 to C-18. The patterns of V. inarinus were more comparable to those of the
algal populations than to patterns reported for otlher bacteria. An incomplete cor-
relation between fatty acids and hydrocarbons in both types of organisms was ob-
served, making it difficult to accept the concept that the biosynthesis of hydro-
carbons follows a simple fatty acid decarboxylation process.

The nature and composition of the hydrocar-
bons and fatty acids found in the lipid extract of
Sarcina lutea have been reported recently by
Albro and Hustoni (1, 8, 9). The hydrocarbon
pattern shows no odd carbon preference and
little or no relationship to the fatty acid distribu-
tion between C-8 and C-20; most of the hydro-
carbons are between C-16 and C-36. This finding
is in contrast to the popular concept that hydro-
carbons are derived by a loss of carbon dioxide
from fatty acids. To our knowledge, Serratia
inariniorubra and Vibrio ponticuts (W. G. Mein-
schein, unpublished dctai) are the only other bac-
teria for which straiglht chain hydrocarbons have
been reported in the lipid extract.

This report presents evidence on the hydrocar-
bon and fatty acid distribution of V. miiarinus,
a marine bacterium isolated from the Pacific
Ocean (4); a freshwater blue-green alga, Anacystis
nidulans (22); Cand of at least three different species
of algae as found in algal mat communities (23;
D. W. Nooner, Ph.D. Thesis, Univ. of Houston,
Houston, Tex., 1966) from the Texas coast of the
Gulf of Mexico. This has been done primarily to
compare the composition of the above lipids in
different microorganisms and, in addition, to
obtain some understanding of the biogenesis of
hydrocarbons by malrine and freshwater micro-
organisms.

MATERIALS AND METHODS

O(-rgatnismiis. V. Iinarinliis M P-I was cultivated at 15 C
with heavy aeration to the late exponential plhase of

I Present address: Texaco Inc., Bellaire, Tex. 77402.

growth in an S. D. B. mediulll previously described
(6). The cells were sent to us in the frozen state,
immllediately after harvesting, as a gift from R.
Morita. The frozen culture was dried over P20, under
vacuum.
A culture of A. nithidans. was obtained from D. S.

Hoare, and was grown autotrophically in the light at
about 28 C on medium Dm of Van Baalen (27).
Cultures were grown in 3-liter batches aerated continu-
ously with filtered air. At the early stationary phase
of growth, the cells were harvested by centrifugation,
washed with a saline solutioni, and dried over P.05 as
above.
The algal mats, collected on the Texas Gulf Coast,

were furniished in a dried formnby C. C. Smith, Ten-
neco Oil Co., Houston, Tex. The algal mat sample
SM-7 was collected on 23 February 1964 southwest of
San Luis Plass on the southeast of Oyster Bay. Sample
SM-8 was collected on 1 August 1964 west of Horse
Triangulationi Station and south of Harlingeni Channel
through Laguna Atascosa National Wildlife Refuge.
Sample SM-9 was collected on1 1 August 1964 from the
Laguna Madre mud flat on the lagoonal side of
Padre Island. The algal species found in sample SM-7
were idenitified as Microcoleius chthono)plasies (Mert.)
Zanard, Lyngbya (aeslcuir/ii (Mert.) Lyngb., and, in
lesser amounts, Schi:othrix calcicola (ag.) Gom.
A 3-g am-1ounlt of the dried bacterial cells, 0.26 g of

.-. nidulans, and samiiples of 4 to 5 g of the driecd algal
mats were analyzed.

E.xtration proceldure. The metlhod used to extract,
fractionatc, and analyze the hydrocarbons and fatty
acids from the bacteriumi and algae has been thor-
oughly tested and was essenitially the saime whiclh we
have used for the analysis of meteorites, sediments,
and materials of biological origin (15, 18-21). All the
glassware used in this experiment was cleaned with
hot chromic acid and rinsed with distilled water.
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Proper analnatical coitr-ol runIIs were lperforiiiedc oni all
inistrulmiienits ancdt miatericals. The dried cells were
placed in an all-glass Soxhlet-type apparatus anid
were extracteci with 5( nil of a benzene-methanol
nixture (3 :1) Jor 8 hr. Tlhc extracts fromii the Soxlhlet
apparatuLs were transfcri-ect to beakers, and the solvent
was removed bV evaporatioll at 4(0 C Linder a streaim
Of pUrified nitrogen.

C'olioizii Jr(actiooaiioii. The orgaclnic residLe *was
sepcarated oti a glalcss CofumiiL< 1w\h I() Cilil provided
with a sintered-gfcass filterdisc aind filled to a depth of
1 8 cil with silica -el that had becii heat-activated for
24lir at 410 C. TheCOILuiIin \waclS WZaShCd With 15 niil of
n-heptane. The resiLue Was aIdtledI to the colunIIIn and
thenl eluted iito three fractions. The first fraction
containing the aliphatic hydrocarbons was cluted
froni the columni witth -liheptanie. The secoiid fraction
was obtained by elutioll with benzelie arnd was saved
for future analysis, and the third fractioti was ob-
tained by eiutioil wVith methanol. Tlis fraction con-
tainied the glycerides anid other lipids. With A. ki/a-
lans, the nt-heptanie eluate recovered fromii the silica
gel colimin was furtlher purified hy passinig it through
a 10-Ciil colunMII of heat-activated aluLiiina. The ali-
pliatic hydrocarbon s were recovered 1wlCutiritg with
10nml of n-heptane.

Prep)aratiol of, derivadiies. The acltty acids were

liberated from the gl\cerides of the niietliaiiol fraction
b)y alkaline hydrolysis (16). Methyl esters of the fatty
acids were preplared for gas-liquid chromatography
analysis as previously described (8).

Gas chlroinatogralAy. Thie solutions of hydrocarbons
and fatty acid methiyl esters were driecd undcer a stream
of purified nitrogeni. The residLuCes were dissolved in
benzene, andi sarniles were taken lor the gas cliro-
matographic arid iiiass spectromnetric analyses. The
hydrocarbon arid flatty acid rnetlyl ester cliromato-
granis were obtainedi oll a stainless-steel columnn (0.076
cni b\ 91 meters) coated witlh Polysev [iu-bis an-
(plilienioxyphenoxyr ) -phienoxNy beiizenlle] at a nitrogen
pressure of 700 g Cm1l2 alid oil a coluiinIl (0.076 cni by
1 55 nicters) coatect with Igepal C'o-990() Inioniyl phe-
noxy polyoxyethyleiie ethyl alcohol Lt 1a niitrogeni
pressure of 933 gi,/Cm112, Lby uIS ol' an F. & MI. 810 gas
chironiatograpli (F. & MI. Scienitific Corlp. Avondcale,
Ila.) equipped with a flanie ionizatioii detector.

Gas choinatoguaraph'l-mass s)ectrometrY. The coni-
liined gas chromatograpliic-mass spectronietric analy-
sis was performed by usc of (an LKB 9()00 gas chro-
niatograph-niass spectronieter (24, 26) and similar
capillary columnls and conditioins as describecd abiove.
Mass spectra of the niajor coIpOItlelits of a given
mixture were takeni as each of the corresponiding
individual COIlpOLIIndS emiierged froIml the gas chro-
iiiatograpliic coluIIIiI. The componienits eiitered the ion
source of the masns spectrornieter aridc were ionized by
electron impact at 7t e\v for Ilatty acids. An ionizing
poteintial of 20 cv xIas usCd for the long-clhain hlidro-
carbonis since the nIolecuLlar iOn peak tendis to be low.
The ionizing currenit w.as set at 1 25 ,a. and the
accelerating fielc, at 3.5 kv. The electroii multiplier
voltage was adLjlsted etWeCIn1 1.7 Cand 2.5 kv according
to the size of eachi peak. Each peak was scainned within
the range of 10 to 400 m-ass unllits ini approximately 10

se. The spectra skere recorcled 1Y means of aii oscillo-
g-raph recorder.

R[SULTS
The gals chronatograLplic palttern for the hydro-

carbons ot V. Imarina1ls is given in Fig. IA. By
nieasur-itig relative retention titiies, the individucal
hydrocarbonis were identified a,s al kanes and
alkenes ranging frotii C-15 to C-I8, with ni-C-17
arld ,n-A-C-17 being the two ntiajor colmipolnenits.
The otlher two niiajor peaks were identified ats
alnother ui-heptadecene (peak I arnd aLnn-heptade-
cadiene (pecak 2). It is possible thltt ther-e was a
highietr cfuantity of the lower tiolecular weight
hydrocarbons, since smiall atimounts may be ex-
pected to be lost by the drying procedure and the
evaporation of the extr'act under a stream of ni-
trogen. The results calnnot be due to any artifaict
or contamnination during our studies, since no
rncasuralble hydrocarbons were found in the pro-
cedur e as slhown by the controls and solvent
blanks (see Fig. 1 B). It is obvious frotii the pattern
shown in Fig. IA thcat there was Lipredominance
of hydrocarbons witi arn odd nuniiber of caliobns.
The gas chroniatograpfiic paLttern for the fatty

acids is given in Fig. IC. The components wer-e
identified by relative retention timiie niaiiily as
fatty acids with an eveni nutiiber of carbons,
r-anging froni C-12 to C-I 8, the niajor components
being p(almitoleic and oleic acids.
The gas chromnatographic canalyses of three

ditferent algal maLt samples are shown in Fig. 2.
A resemblance to the V. Inarinus hydrocarbons
was apparent, but the canalyses showed a larger
nuniber of hydrocarbons, ranginig froni n-C-15
through n-C-3l, with small Caniounts above n-C-
23. The small amounts of hydrocarbons above
,n-C-23 were separated on a stainless-steel capil-
lary column coated with Apiezon L and are not
showni here. The cotiiponetits Iabove n-C-23
showed a strong predominanice of alkanes with
odd rather- thran even nunibers of carbons. It
could not be deternmined froni these results
whether the sniall arnounts of high moleculalL
weight lhydrocarbons were produced by the algae
or were derived from otlher sources. The sanie can
be said with regard to the isoprenoid hydrocar-
bonis pristane and phytane which are shown as
peaks a and b, respectively, of Fig. 2. The riiajor
coniiponients were mn-C-17, n-A-C-17 plus br-A-C-
18 (peak 1), and anteiso-C-18 (peak 2).

Thle fatty acids of the allgal mats (Fig. 3,
sliowing chiroiiiatograniis of the corresponding
methyl esters) were ini fair algreenient witlh the
fatty acids found in aclgale by Parker and associ-
ates (22, 23).

TFhe hydrocarbons and fatty acids of A. nidlacnttsi
aire slhowni in Fig. 4. There was a general resern-
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iiijectcd. Rouge, 102; atieiiuitioli, 2. B) Algall niat
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FIG. 3. Gas chroinzatographic separationi of the fjity
acid methyl esters of algol miiats. All comiditionis are tile
sameas in Fig. 1. Abolut '(Oo of each sample waS injected.
The first numbers inldicate the number of carboni atoms
in the clhaini of the fiitty acid; the second niumber imldi-
cates the number of dloubhle bondt.s. SYmbols: i = iso;
ait-- (lilteiso.

blance to the hydrocarbon and fatty acids tof
marine organisms just described. The distribution
of fatty acids in A. niidlal(ns was in fair agreement
with those published recently by Parker et al. (22).
Mass spectrometric analysis made on major
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F-G 4. Gas chromatographic separationt of hydro-

carhonns andit1 faitty' acid mnethyl ester.s of Aniacystis
n1idulans. All cn(dlitionls are- the sane as in Fig. 1, except
for- tlhe srart:nig temlpera tire at 125 C. Fi-momi 0.26 g of
extracted cells, (A) approximately , of the sample was

inljectedl; (B) L 0 Of the s(mple)lI)l was inljected.

hydrocarbon and fatty acid methyl ester peaks as
they emerged from the columns confirmed most
of the above assigntmienits of compounds. The
assigned identities and the relative estimation of
the percentage compositioni for V. mnarinus, A.
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nidulans, and algal mats are summarized in Tables
1 and 2. The summary in Table 2 notes which
fatty acids were identified by both gas chromatog-
raphy and mass spectrometry and which were
assigned an identity only on the basis of their
retention time. Unmarked compounds in the gas
chromatograms (Fig. 1-4) were in amounts too
small to be properly identified, or gave complex
mass spectral data. Mass spectra, identical to
those described in the literature (19, 25), were
obtained for all the hydrocarbons listed in Table 1
and for most of the fatty acid methyl esters listed
in Table 2 (see Fig. 5 for representative mass
spectra).
Mass spectra showing the M-32, M-74, and

M-1 16 maxima were observed for the methyl
oleate and other monoenoic fatty acid methyl
esters. In general, the mass spectra of the posi-
tional isomers of monounsaturated carboxylic
acids are very much alike (7) when the double
bonds are at position 6, 7, or higher in the chain.
Usually, a peak corresponding to the loss of
methanol (m/e = M-32) is found in their specta
together with other characteristic peaks at m/e --
M-74 and m/e = M-116. The peak at M-74 is
produced by d cleavage with concerted rearrange-
ment of a y-hydrogen atom to the carbonyl oxy-
gen of the ester group (3, 14). The peak at M-161
arises from a 5, 6-cleavage. Similar fragmentation

mechanisms were observed in the monoenoic
fatty acid methyl esters.

Sightly different characteristic fragmentation
patterns were observed with the C-18 di- and
trienoic fatty acid methyl esters (Fig. 5). Since
these two important acids, linoleic and linolenic,
have only been analyzed once before (7, 25), their
mass spectra are shown in Fig. 5 as confirmation
of this work and as a representative example of
our analyses. With methyl linoleate and metlyl
linolenate (Fig. 5), a peak appears at m/e = M-31
instead of the M-32 peak corresponding to the
monoenoic esters. Two other peaks appear for
linolenate at m/e = M-56 and m/e - M-69. It is
possible that these peaks originate through single-
bond cleavage favored by resonance stabilization
of the alkyl cation and concerted rearrangement
of hydrogen atoms.
The percentage composition of the hydrocar-

bons and the fatty acids shown in Tables 1 and 2
was calculated on the basis of their gas chroma-
tographic peak areas, which were obtained by
mulltiplying the peak heights by the widths at half
the peak heights. For V. miZarinus, it was estimated
that the total lipid fraction accounted for 9.8%
and the total hydrocarbons for 0.01 % (or 100
ppm) of the cell mass. For A. nidulans, the lipids
constituted 12.267% of the cell mass, whereas the
hydrocarbons accounted for 0.006%m7 (60 ppm).

TABLE 1. Relative per-cenltage comiipositioni of hydrocarbons

Il-ydrocarbois"

n-C-14
n-C-i 5

n-A -C-1 5
n-C-16
n-C-1 7

n-A -C-17
ii--S-C-1 7 (a

ii-2-L-C-17 (b)
br-.\-C-18 plus
/i-,LA-C-17 (c)

anteiso-C-18 (c)
n-C-1 8
In-C-19
n-C-20
n-C-21
n-C-22
nI-C-23

Pristane (a)
Phytane (b,
Others

I
ibrio

mearinilts

3.5
3.1
2.3

23.8
30.8
18.0
7.5

1.5

9.5

A4nacyslis
'nidulans

0.63
23.31

7.88
43.85
19.95

2.52

0.32
0.50
1 .04

Alga aiid algal imiats

Sm-7 Smi-n-S Sm-9
l l~~~

;-

0.88

2.0
11.9
30.6

6.28
10.1
6.7
6.6
4.84
3.96
2.4
2.4
2.52
2.5
6.32

3. ()

28.7
43.0

'- -

4.5
2.1,
1.1
0.8
0.7

3.75
1.5

10.85

92
23.92
21 .e4

21.32
15.6
1.2
1 .3
1 .04
0.91
0.78
1.1
0.26

9.17

All the hydrocarbons listed by specific name or abbreviated formula were identified by mass spec-
trometry and by comparison with the retention of autlhentic compouLnds. (a) l'eak (Fig. I ); (b) peak
2 (Fig. 1); (c) peak I (Fig. 2); (d) peak 2 (Fig. 2i.
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TABLE 2. Relative percenitage conmpositionl of fatty acids

H(I i'll, i(
.A nacvstis mndidlals

0. 7'o 1.586
- 1 .71b

14.4 2) 97
3.7 (2.4) 4.05

0.72

19.6
32. 1

1.5

2.98

0).9)8

Alga and algal inats

Snm-

1 .(0
(.9'
2 54
4.0.

1.1

2.7(

24. 1.
22.6.
3.7

6.4.
3.4'
3.6
3.74

15.5.

2.16
30.74
33.35

0.36
1 .17
0.36
3.56

17.99

Sm-S Sm-9

2.016O
0.91, J *5b

56(1.56 2.26
3.58' 6.46

5"' 1.50'2
5, 3.58" 6.66

3.45 6.1

5 .72 3.4
0 3. 71 1.4

5 3.45 6.94
16.9 21.5

5 9. 88 8.8
5", 1.37'1 2.56'

5 2.6 9.4
5 2.28

3.2 2.6
0 7.15 2.0
5 27.15 18.66

a Symbols: br, branlching; i, iso; ai, anteiso.
I Identified by retention time alone. All the other fatty acids were identified by retention time and

mass spectrometry.

z

-J

LIJ

LINOLEIC 18:2
100
sooL L M 4 M A 3 294 M
50- m- 3a

60 80 100 120 140 160 180 200 220 240 260 280 300

m/e LINOLENIC 18:3
s00

50
292

M-56 M

M-96Ml

60 86 100 12C 40 16C 20' 200 24C 260 280

m e
300

Fibc. 5. Mas.s specia wt-ere takeli tas the componncts were elitted fromi t 91 meters h,v 0.076 cmn catpillary tlubinlg
coatedl with Polysev. T'he compoitenlts it-ere ionized by electroni impact at 70 e1' as theyv clatered the ioln solitce of
the LKB 9000 gas c'hromatograph-mass. .specctroneter. Each peak vas scannedjI(itliin thle rrange of 0.O to 400 mass
units in 10 sec. The .spectra vere recorded bh ieancas of ani oscillo,graph re(onrder. cidi the c/icait speedl ua.s .'Set at
4 iniches per sec.

The respective values for the allgail mats varied
from 2.7 to 5.8%' for- the lipid fraction and from

0.001 to 0.01 %- for the hydrocarbons. The per-
centages obtained for the algal mats should be
considered only as lower-limit values because of

possible loss of volktile components by extensive
drying (in situ) before the samples were analyzed.

DISC'USSION

The rrange and nature of the hydrocarbons and
fatty acids of V. mzarinas, are relatively simple as

compared with the bacterial hydrocarbons (1;
W. G. Meinsheini, ainpithlished clata) and with
bacteriall lipids in general 8-10, 12, 13, 17). Thc

1816 J. BACTERIOL.

Fatty
acid"

8:0
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i17:0
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17:0
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18:2
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Others
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patterns obtained for V. Imatrinus compare closely
with those of algal mats and the blue-green alga
A. niclulans, showing a predominance of fatty
acids with even numbers of carbons and hydro-
carbons with odd numbers of carbons. It would
be unwarranted to attempt to draw a biochemical
and ecological relationship between the algae and
V. Imiarinis, since very little information is availa-
ble concerning the lipid-extractable content of
marine microorganisms and freshwater blue-
green algae.

In line with previous proposals (5, 11), it may
be safely concluded that there are several possible
pathways for the production of hydrocarbons and
that the decarboxylation of a fatty acid resulting
in a hydrocarbon is not an exclusive one. This
conclusion is based on the fact that only some of
the hydrocarbons of V. marinus (n-C-15, n-A-C-
15, and n-A-C-17) and algal mats n-C-17 and
n-A-C-17) show a possibility of correlating to the
corresponding fatty acids.
On the other hand, no apparent direct correla-

tion with the corresponding fatty acids was shown
by the following hydrocarbons: n-C-17, n-
heptadecadiene, and n-C-18 of V. mlarinus; br-A-
C-18, anteiso-C-18, n-C-18, and other hydrocar-
bons of the algal mats; and some of the blue-
green algae hydrocarbons. A more marked lack of
correlation has been observed in other cases (1, 5,
8, 11), yet no other pathways for hydrocarbon
formation have been adequately demonstrated.
Work with radioactive precursors, which is being
carried out in our laboratory with bacteria, algae,
and other microorganisms, may provide some
insight about other possible routes of hydrocar-
bon biogenesis.
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