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Candicld lipolyuica ATCC 8661 was grown in a mi ner-al-salts hydrocarbon medium.
ni-Alkanes and I1-alkenes with 14 through 18 carbon atoms were used as substrates.
Ether extracts of culture fluids and cells obtained from cultures grown on the vari-
ous substrates were analyzed by thin-layer and gas-liquid chromatography. Analyses
of fluids from cultures grown on n-alkanes indicated a predominance of fatty acids
and alcohols of the same chain length as the substrate. In addition, numerous other
fatty acids and alcohols were present. Analyses of saponifiable and nonsaponifiable
material obtained from the cells revealed essentially the saLme products. The pres-
ence of primary and secondary aLlcohols, as well as fatty acids, of the same chain
length as the n-alkane substrate suggested that attack on both the methyl and cy-
methylene group waIs occurring. The significance of these two meclhanisms in the
degradation of ni-alkanes by this organism was not evident fromll the data presented.
Analyses of fluids from cultures grown on 1-alkenes indicated the presence of
1 ,2-diols, as well as w-unsaturated fatty acids, of the same chalin length as the sub-
strate. Alcolhols present were all unsaturated. SaponiiaLble fand nonsaponifiable
materiall obtained from cells contained essentially the sanme prroducts. The presence
of 1, 2-diols and c-unsaturated fatty acids of the sanme chain length as the substrate
from cultures grown on 1-alkenes indicated that both the terminal methyl group
and the terminal double bond were being attacked.

Few of the reports, cited in another paper
(,M. J. Klug -and A. J. Markovetz, Appl. Micro-
biol., in press), on the assimilation of hydr-ocar-
bons by members of the genus Candlidla haLve been
concerned with the fate of the hydrocarbon sub-
strate. Bruyn (1) demonstr-aLted the formation of
1, 2-hexadecanediol from I -lhexaLdecene in cul-
tures of C. lipolYticj growing in l defined medium
at the expense of the alkene. This finding was
confirmed 16), and, subsequently, atmospheric
oxygen was implicated in the oxidaLtion of the
1-alkene to the diol (6).
Mizuno et al. (13) repor-ted the composition

of cellular lipids of C. peirtoplilluini grown on
sever-al ni-alkanes Cand compared it with that
fouind when the s;amne organiismn was grown on
glucose. The fatty acid composition was essen-
tially the sanme whetlher the orgalnism was grown
on n-hexadecane or glucose. Wheni n-tridecane
served as growth substrate, an increalse in number
of odd chalin-lengtlh fatty acids wcas seen.

lizuka, lida, and Unrami (5) described a number
of degradation products isolated from cultures
of C. riigosns growni .at the expenise of n-decane.

nt-Decyl ralcohol, ni-decyl alldehyde, and ni-decaLnloic
acid were isolated, as well as a number of di cLr-
boxylic acids. These products reflect a mono- and
a diterrninal attack on the ni-aLlkane molecule.

IdentificaLtion of products found in the fluids
of cultures of C. lipolvtic( grown on ni-alkarnes
and 1-Clkenes possessing 14 through 18 clarbon
atoms is the subject of the present paper. The
composition of saponifiable and nonsaponifiable
m-aterial of the cellular lipids from these cultures
is described. Culture fluids and cellular- lipids
fromi the yealst gr-owIn on glucose also were ana-
lyzed, and these results are compaired with those
obtained wheni hydrocarbons served as substraites.

MAIA.LRIALS AND \MIEHODS

Orgalnis(lsm (0/10clol methods. C. lipolIiico ATC(
8661 was olbtained from the Americani Type CultLire
Collcctioin, Washington, D.C. Large-scale cLiltLI-es
were gro\ ln in a l4-liter lermilenitor (Ne\v Brunswick
Scienitific Co., New B3ruLIsw\ick, N.J.) containing 1i)
liters ol iii nerail-salts mcdlililm olf the following comil-
position (lpcr liter of cdistilled water) KHA0I 7.() g
Na-HP1'0; _ ; !\1uSO, 7H2O, 200 img; NHSOj,
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3.0 g; CaCI. 2H1-O.:2050 mg; NaCI, 50 mig; CuSO-
5H.,O, 80 jg; K l, )00 ,ig; FeCl: 6H1O, m11g; MnSO-1
2H1O, 30 jig; Na-,M/1oO H,O, 10 jig; ZnSO,, 80 jig;
boric aciC, 500 jig. Filter-sterilized ti-alkanes and 1-
alken1es were addcledl to a finiial concentrLation of at
the tilm1e of inOCUIatI1o. GIuICose, WhenI USed as SUb-
strCate, was addedt aseptically to a finiial con1centratioIn
of 2',. All CuLltures were agitated at 400 rev/Tiln for
60 h1r at 30 C, withI aln air t10W of 200 to 3(X)0 mlI/mim.

Sourc of compoundvs. Hydrocarbons of 98 mole ',
p)urity were obtaiiedc froIm1 TIhe Humphrey Clhemical
Co., Nortlh Haven1, Conn11. Oxygenated im11p)Urities were
removed frnom the -alkenes by, passing tlhem tlhrOugh1
a COILIumn containing Acdsorbosil I (Applied Science
Laboratory, State C'ollege, P3a. ).

Methyl esters of fatty acids used as standards were
obtained from Applied Science Laboratory and The
Hormel Institute, ALustin, Minn. 1 2-Diols were syn-
thesized accordinlg to the methods of' Swern, Billen,
and Scanilon (17>. Alcolhols were obtainied from Ald-
rich Chenical Co.. Milwaiukee, Wis. 1 3-Tetradecenioic
and 1 5-hexadecenioic acids were syntlhesized by the
Chelmlistry Departmient ot' the University of Iowa.

Lipfidl ex'tractionI. Lipids were extracted (9) in an
atmosphere ol' nitrogeni with CH:jOH-CHCl; (2: 1,
v/v). Saponifiable and nonlsaponifiable materials were
separated by preparative thin-layer chromiatography.

Recovery alilu(aetection of netlabolic prodlucts. Cells
were removed from the cultures by sUCtiOI1 filtration,
and the clarifiecd fluid was extracted continuously with
diethyl ether for 72 hr. Extracts were dried over
Na2SO4 and reduced in volume by flash evaporation.
ResidLial hydrocarboni was removed by adding the
extracts to a columll of Adsorbosil-1 ancd eluting with
n-hexane. Oxygeniated products were removed from
the column with cliethtl ether.

Extracts were assayed by thin-layer chromatog-
raphy on layers of Adsorbosil 1 (250 j) according to
Stahl (15). Chromatogram-s were developed in a sol-
vent of n-hexane-diethyl ether-acetic acid (85:15:2,
v/v). Lipid material fluoresced yellow-green under
ultraviolet light (254 rp)

Preparative thin-layer chromatography was used to
recover detected classes of' compounds. Thin layers of
Adsorbosil-5 (250 ,) were used, and n-hexane-diethyl
ether-acetic acidt (85:1 5:2, v/v) was employed as
developing solvent. Developed plates were sprayed
lightly with 2',7'-dichlorofluorescein, and visible spots
(bands) were markedl. Silica gel from the marked
areas was scraped from each plate, and the com-
pounds were eluited from the silica gel with diethyl
ether. Compouncds were stored under nitrogell until
they were analyzed. The saponifiable andi nonsaponifi-
able materials obtailned from the cellular lipids were
assayed, separated, and stored in a similar manner.

Analyses of the components of each class of com-
pounds generally were obtained by gas-liquid
chromatography. Instrulmnents used were an F & M
model 700 (F & N4 Scienitific Corp., Avondale, Pa.)
and an Aerograplh modiel 600 D (Variani-Aerograph,
Walnut Creek, Calif.). Both instruments were
equlipped with flamiie ionizationl detectors. Heliumn was

the carrier gas, ancd flo\ Wias mlleasLurecd bVy use of'eitlher
a rotamieter or a so0ap-blulheC tflowmeter.

Carboxylic acids were converted to tlheir methyl
esters (14) and chromatographed oni tss o colums: (i)
polar columrnn -8 ft by (.25 inchi (outer diameter)
copper tulinlg packedi with 60, 80 mesh li)iatoport S

Fl- & NI Scientific C'orp. coated with 9.1' Lac-2R-
446 (diethll7ene glcol pentaerythritol aldipate, Ap-
plied Scienice Laboratory s; operationacl coniditions
columnIII tetmperatLire, 150 C; dtetector temperature.
25(0 C; injector temiperature, 25i( C; flow rate, 60) ml
mmlill; (ii) nonpolar colulmnll 8 ft by 0.25 inch (outer
diaimieter copper tuhing packed with 60 8(0 mIesl
I)iatoport S coated with 6' , Apiczon L; operational
COIndIitiOInS -COIlumn1 tellperature, 197 C'; detector
tempertcure, 265 C'; injector temiperatUre, 280 C' flow
rate. 6(0 ml, rmin.

Analyses of I ,2-diols vcre carried Lout on a polar
coluimn consisting of 6 ft by ). 1 25 inchi (outer dicam-
eter) stainlless-steel tubing packed wkith 6(/80 mesh
C'hirocmaLsorb AW coated with 2',Versamid 900
ICcolumn1l1 packing obtained from F & NI Scienltific
Corp. ). Operational conditions employ ctl were:
columnIII temiiperatLure, 1 85 C; dletector temperature, 1 85
C; ilnjector temperatuLre, 22() C; flow rate. 25 ml, min.

Alcohols were anialyzed oni a nonpolar coluImnll con-
sisting of' 6 ft by (). 1 25 inch 'outer dianieter) copper
tubing packed with 61), 80 meslh C'hromasorb AW
coated with 5' SE-30 (colulmnl obtained fromii Varian-
Aerograph). Operationial conditions employed were:
colunin tenmperature, 14(0 C; detector temperature,
140 C; injector temperature. 180 C; flow rate, 25
mI/min.

Tentative identificationi of methyl esters of isolated
f'atty acids was based on a comparisoni of retention
timies (relative to methyl hexadecanoate with authen-
tic compounds on both polar and nonlpolar liquid
phases. Unsaturation was determiiined by the bromina-
tion technique of James and Martin (7). Since au-
theitic unsaturated f'atty acids were not available in
all chaini lengths, aniotlher method was used to as-
sigin tenitative designations for unsaturated peaks.
Tlhis method involved plottinig log,,-, values of the
relative retention times of authentic fatty acids on
Apiezon L against times obtained on Lac-2R-446.
The number of double bondcs and the number of car-
bon atoms in all uinknowni f'atty acid can be deter-
mined by plotting its relative retention time on the
grid f'ormed by plotting the authentic compounds.

IPeak areas were measuLredi in square centimeters by
LuSe of a polar planimetcr. In some cases, only approx-
imate areas could be obtained because peaks were not
completely resolvedl. Tentative identification of alco-
h1ols andt diols was mrlade hy comparison of retention
times of authentic comprounds with those of' un-
knownis.

RESULI S AND DTSCUSSION

Thin-layer chromatograms of ether extracts of
culture fluids obtained fronm cultures grown on
the various n-alkanes indiccated that the scame
classes of compounds were present regardless of
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the substrate. Spots corresponding to primary
and secondary alcohols and monocarboxylic
acids were detected. A number of unidentified
spots were also seen on the chromatograms. Spots
corresponding to 1, 2-diols, primary alcohols,
and monocarboxylic acids were detected on all
thin-layer chromatograms of ether extracts of
culture fluids obtained from cultures grown on
1-alkene. No fluorescing classes of compounds
were detected from fluids of cultures grown on
glucose.

Chromatograrns of the saponifiable and non-
saponifiable material from cells grown on n-
alkanes and 1-alkenes exhibited the same classes
of compounds as did chromnatograms of the
respective culture fluids. Thin-layer chromato-
grams of the saponifiable and nonsaponifiable
material from cells grown on glucose indicated
the presence of primary alcohols and monocar-
boxylic acids.
The presence of 1,2-diols in cultures grown on

1-alkenes, and the presence of secondary alcohols
in cultures grown on n-alkanes, were the only
notable differences between the classes of com-
pounds ordinarily detected when 1-alkenes or
n-alkanes served as growth substrates. Neither
1,2-diols nor secondary alcohols were found in
cultures grown on glucose.

Individual classes of compounds were sepa-
rated and recovered by preparative thin-layer
chromatography and analyzed by gas-liquid
chromatography. Further characterization of the
components of each class was hindered by the
small quantity of each sample available for anal-
ysis.

Gas-liquid chromatographic data on the 1,2-
diol fractions from culture fluids and nonsaponi-
fiable cellular material from the organism grown

on all the 1-alkenes showed that each contained
a 1 2-diol of the same chain length as the respec-
tive substrate. 1,2-Diols with the same carbon
skeleton as the substrate were reported previ-
ously in the fluids of cultures grown on 1-hexade-
cene (1, 16) and 1-octadecene (6). The presence
of these compounds in the cells and the fluids of
cultures grown on all of the 1-alkenes suggests
that diols may be interm-lediate products in the
catabolism of I -alkenes by the organism. -This
point will be discussed later.
Data on gas-liquid chromatograplic analyses

of alcohols from fluids of cultures grown on
n-alkanes with 14 thlough 18 carbon atoms, and
from the cellular lipids of cells grown on glucose,
are presented in TaLble 1. Both primary and sec-
ondary alcohols of the saLme chain length as the
hydrocarbon substrate were detected. Primary
alcohols were detected in the cells, but not in the
fluids, of cultures grown on glucose; no second-
ary alcohols were present.

Because of the lack of standards for unsatu-
rated alcohols, analyses of allcohols from cultures
grown on 1-alkenes will not be reported. All the
alcohols detected appeared to be unsaturated.

Gas-liquid chromatographic data on fractions
containing mono-carboxylic acids from fluids of
cultures grown on ,z-alkanes and 1-alkenes with
14 through 18 carbon atoms, and from the cellu-
lar lipids of cells grown on glucose, are presented
in Table 2. With the exception of minor varia-
tions, the profile of fatty acids found in the cells
and in the respective culture fluid was essentially
the same. For this reason, only data concerning
fatty acids found in the culture fluids are pre-
sented.

Fatty acids in the fluids of cultures grown on
n-tetradecane, n-hexadecane, and n-octadecane

TABLE 1. Alcohols fromZ cuiltuires growin oli n-al/kanes, wid glucosel

Substrate
Alcolhol __

Glucose ,s-Tetradecane

I-Dodecanol ...... 10.00, 6.12
1-Tetradecanol. 10 .00 40.80
2-Tetradecanol- 28.50
I -Pentadecanol ......... 20.00
2-Pentadecanol.
1-Hexadecanol 45.00 24.50
2-Hexadecanol..
I -Heptadecanol - -
2-Heptadecanol .....

I -Octadecanol. 15.00
2-Octadecanol .. l--

a Alcohols from culture fluid.
Alcohols from cells.
Results expressed as percenltage of total.

nt-Pentadecane n-Ilexadecaoe

12

59j

3.60 11.10
11 .1(

).30
7.30
- 48.70)
- 28.70

t-I leptadecane n-Octadecane

34.50 -

10.00

41.30
24.00 -

--- 665.00
25.0)

184')V()L. ')3, 19'67
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TABLE 2. Fatv ((icids fromi (ciltures growvi on,,/-a/lkoc's"s I- lakcles", and g/licoset

Substrate

(Glucose nz-ret ra-dlecanie
I-Te t ra - nt-Penta
lecene dIecane

Tr
. '() Tr

(.9() Tr
1 1 2.50
2.(X) 0.80
1 .(X)
2.30 20.80

1 .73

26.70 2.60
6.90 4.30

1.52 0.80
3 .05 25.40

26.71 12.30
3.81 8.60

1- Penta-a
(lecette

Tr
Tr

3 .40

5.20
5.20
6.90
12.10
6.90

1 .70
.60

8 .60
15.60

34

24

4.03 14.90 2.29 19..73 22.60

1-tiexa- 1-I lexa- n.-I lepta- I-I lepta it-Octa- 1 -Oteta-
decane deccle (lectile dececie decane (lecene

Tr 1.30
Tr 1.20 2.60 2.80

5.00 2.40 1.96 0.69 4.00 1.40

5.() 1 .20 Tr Tr Tr 1 .40

5.00 7.20 3.9( 1.70 Tr 1.40
-. ~~~3.90 _

0.0() 7.22 5.20 13.90 21.40 8.50
0.00 8.43 2.60 3.49 6.70 5.70

7.22 --- 5.70
Tr Tr 14.30 3.49 Tr 7.10
Tr 3.61 36.60 16.80 5.30 15.70

3.61 13.90 -- Tr
0).0() 3.61 19.60 20.90 6.70 8.50
5.00 9.63 3.90 9.09 16.70 11.40
- -- __ 5.70

36.10 5.20 13.28 34.80 8.50
10().((

a Fatty acids tfroI CLItLire 1Luid.
CeIluIlar fatt\ acids.
First figuLre deinotes nulmber of carbon atoms; S

d ResuLlts exprcssed as percentage of total; Tr, trt

were similar in that prredominant chain

lengths were 16 and 18 carbon atoms. This is

contrasted with whaLt was found in the fluids of
cultures grown on n-pentadecane fand n-hep-
tadecane. Predominant faLtty acids fromii cultures
grown on n-pentadecane were pentadecanoic
cacid and heptaLdecenoioc acid, whereas those from
ni-heptadecane-grown cultures were heptadece-
noic acid and 1 8-carbon acids. Ther-efo-e, the
utilization of n-alkanes witlh odd numbers of
cacrbon atoms resulted in a p,redominaclnce of fatty
acids having aLn odd number of catrbons; the
utilization of uz-alkanes witlh even numbers of
carbon atoms resulted in a predominance of
faLtty acids with an even number of cacrbons.
Further, some of these predominaLnlt fatty acids
were of the saimie, or nerily the saimie, chain

length as the substrcate. The possibility arose that
a high propor-tion of the (acids of the samne chalin
length1 as the substrate wer-e derived fromii the
direct oxid'ation of the hydrocarbon rather than
by cellulalrI resynthesis. This WalS supported by
finding prinmlry allcohols of the saLmlle chaLin
length as the substrate in each of the fluids of
cultures grown onl the valrious n1-alkanes. Other-

predomninan111t acids may have been synthesized
fr-omii two-carbon condensation 011o, or by 4-oxi-

ecold tigLire. ILIInublr of douLble bonds.
ice.

dcation of, the fatty acid arising from direct oxi-

dation of the hydrocarbon.
Results somewlhLat similar to ours were re-

ported by Davis (2) for the fatty acids from cells
of Nocardia grown on a series of ni-alkanes. P1re-
domincant fatty acids found in these cells reflected
the chain length of the growth substrate. This
was interpreted as evidence for direct incorpora-
tion of alkan_me-derived fatty acids into the glyc-
erides. Furthermore, only acids with odd nluIm-
bers of carboni were detected fromii glycerides of
nocardial cells grown on n-alkanes with an odd
number- of car-bons, nd only acids withi even

number-s of ccarbon were seen from even-num-

bered n-alkanes. This 'odd or even" observation
differs fromii our data concerning fatty acids from
C. lipolivica, since both odd- and even-numbered
acids were detected regar-dless of the number of
carbon aitoims in the n-alkane. Mizuno et al. (13)
also found that both odd- and even-numiiber-ed
fatty acids wer-e produced from n-tridecane acnd
n1-hexadecanie by C. plrop/lill/l/n.
A comparlison of the fatty acid profiles ob-

tainled flr01om cultuires gr-own onl n-alkane aind

I -alkenie showed an increase in number of unsatu-
rcated aLcids of the saLme chain length Cas the sub-

strbate wheln I-alkenes served -as substrates. Fur-

lFattty
aicid

1 I: 0()
12:0
13:0
13:1
14:0
14:1
15:0
15:1
15:1
16:0
16:1
16:1
17:0
17:1
17:1
18:0
18:1
18:1
18:2
18:2

Tr'
Tr
Tr

Tr

Tr

32.60
17.80

Tr
Tr

3.25
40.30

Tr
Tr
Tr

2.98

4.48

13.45
7.45

Tr
Tr

44.80)
10. 1(
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thermore, the predominant fatty acids were not
necessarlily of the saLme clcalin length aLs the sub-
strate.

In cultures grown on 1-pentadecene, 1-hexade-
cene, I -heptadecene, and 1-octadecene, two
monounsaturated fatty acids of the sLlame chain
length as the substrate were seen. One of these
acids can be compared with a cis A!v-unsaturated
acid. However, double-bond position was not
verified by oxidative cleavage. The other unsatu-
rated Lcid present when 1-hexadecene served
aLs growth substrate was tentatively identified as
15-hexadecenoic acid by comparison with a syn-
thesized standard. On the basis of a logaritlhmic
plot of the relative retention times of two authen-
tic c-unsaturated acids, 1 3-tetradecenoic, and
15-hexadecenoic acid, it was speculated that in
all cases the second acid is an ce-unsaturated acid
of the same chain length as the substrate. When
1 -octLdecene was the substrate, the 16-carbon
co-unsaturated acid', 15-hexadecenoic acid, was
also present.

Alkacnies. The presence of primary alcohols and
monocarboxylic acids of the same chain length
as the substrate in cultures grown on n-alkanes
with 14 through 18 carbon atoms indicated that
the oxidative attack was on one of the methyl
groups of the hydrocarbon molecule. This mode
of attalck is similar to whalt hals been observed in
bacterial systems metabolizing n-alkanes (12).

Occurrence of a secondary alcohol of the sacme
chalin length las the substrate in these cultures
may be explained by a meclhanism involving the
formation of an calkyl hydroperoxide on the
penultimrate carbon. This mechanism waIs pr-o-
posed by Leadbetter and Foster (10) to explain
ketone formation from saturated hydrocaLbons.
However, Kallio et al. (8) indicated that this
mechanism appeairs to be operative only in sys-
tems involving n-alkarnes with less thln 10 carbon
atoms. This wals concluded from a survey of the
literaLtur-e concerning ni-alkane oxidations which
indicated that methyl ketones hlmd not been de-
tected in systems involving n-alkanes with more
than 10 carbon atoms (except, see 11). The sig-
nificance of the occurrence of secondaLry alcohols
in n-alkacne cultures is not clear at this time.

Alk-enes. Accumulation of I 2-diols of the
sanme chain length as the substrate indicated an
attack on the terminal double bond of the 1-
alkene. Foster (3) proposed a mechalnisnm for the
degradation of 1, 2-octadecanediol derived from
I-octadecene by C. lipol'VtiUca. Tlis mechanism
proceeds tlhr-ough the a-hydroxy acid and then
to a faitty acid with one carbon less than the
originaLl substrate. In the present study, no
oe-hydr-oxy aLcids were seen; however, fatty Cacids

witlh one carbon less thln the substraLte were
present in a higher percentage in 1-alkene cul-
tures than in the corresponding n-alkane cultures.
These acids may have arisen through cleaLvaLge of
l 1 2-diol
The presence of co-unsaturated acids of the

same chain length as the substrate demonstrated
that an attack on the termninal methyl group of
the I-alkene also was occurring. It was indicated
thalt co-unsaturated acids were subject to further
oxidation when I-octadecene served as growth
substrate and both 17-octadecenoic Lcid aLnd
15-hexadecenoic acid were detected.
Huybregtse and van der Linden (4) concluded

that the main pathway involved in the oxidation
of 1-octene by a species of Pseludoniionuas was via
the terminal methyl group. They also indicated
that a number of minor reactions occuI at the
double bond: (i) epoxidation, (ii) proposed
nonenzymatic rupture of the epoxide bond to
yield 1, 2-octanediol, and (iii) formation of a
saturaLted acid possibly via the aldehyde. Further,
these authors suggested that, on the batsis of
these observations, C. lipolylica maiy produce
only smaLll amounts of I ,2-diols fronm the corre-
sponding I-alkene, the ma-jor degradaLtion pro-
ceeding by way of al primaxry attack on the methyl
group.

MaLrkovetz, Klug, aLnd Forney (120) hlave iso-
lated 1 3-tetradecenoic acid from cultur-es of
Pseuidoinonus ceruiginosca grown on 1-tetradecene.
No diols were detected, but 2-tetradecaLnol was
present. Finding these compounds indicates that
pathways are operative through both the ter-
minal double bond tnd the methyl group. It may
be thalt pathways involved in the oxidration of 1-
alkenes by bacteria and C. lipolYtica are essen-
tially the same; i.e., oxidaition occuIrs through
both the terminal methyl group aLnd the double
bond. The relative significance of the two paLth-
walys in C. lipol.vtica remalins to be deter-mined.
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