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ABSTRACT

*

The lipid composition of Acinetobatter lwoffi was studied

during a d%auxic growth cycle which occurs when this bacterium is
incubated in the presence of ethanol and hexadeééne. During this diauxie,
ethanol is first utilized, then after a relatively long lag phase a -
second growth cycie occurs during which hexadecane is used as carbon

source.

Aftef an initial increase in the amounts of all fipid
comqonents during ethan61 utilization, the amount of phospho1ibid present
in the who]e culture increased rapidly during hexadecane métabo]ism,
while the amounts of the other 1ipids changéd relatively little after
dép]etion of the ethanol. The average chain length of the phospholipid
fatty acids remained relatively constant until growth on hexadecane

during which it decreased rapidly,\approaching.that of pa1ﬁitic acid
| which is probably de}ived directly from the oxidation of hexadecéne.,.
During diauxie, the averagé)chain Tength of the fatty acids of the other
1ipid components changed only é?ight1y. After the initial %ncrease
accompanying the utilization of the ethanol, the amount of every major
fatty acid remained nearly constant excepf for the C1s'fatty acids which
increased rapidly during the utilizabion” of hexadecane. The major

fatty acid formed durinj this period was palmitoleic acid.

-

-

“IE;was found impossible to separate completely the cells from
/

the unutilized hydrocarbon so that extracellular 1ipids could not be
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be measured directiy. The 1ipid composition of the cell pellets and of the
culture supernatants, which- containedr an- important proportion of the cells,
were found to be relatively similar and, tﬁus, no large accumulation of

- lipid species in the extracellular medium is apparent.

Extracellular 1ipids'were estimated from the amounts of lipids

present in the cell pellet and supernatant fractions, as well as from estimates

of the proportion of cells present in these two fractions. These calculations
suggest that extracellular 1ipids are present during diauxie at.a level

similar to that found in cultures grown'on ethanol in ‘the absence of

hydrocarbon.



RESUME

ta composition des lipides d'ACinetobacter-1woffi a &té suivie .

au cours d'une croissance diauxique qui se produit lorsque cette bactérie
est incub&e en présence d'é&thanol et d'hexadécane. Durant cette diauxfe;
1'éthanol est utilisé €n premier, puis, suivant une phase de latence relativement

longue, 1'hexadécane est utilisé pehdant une sgcoﬁﬁe phase de croissance.

Apres uné augmentation initiale du montant de tous les lipides
au cours de .1'utilisation de 1'&6thanol, Te montantlde phospholipides présent
dans la cu1turgﬁentiére a augmenté rapidement au cours du m&tabolisme de
1'hexadécane, tandis que 1e montant.des autres lipides 2 changé relativement
peu aprés T'utilisation de 1'&thanol. Le nombre moyen d'atomes de carbone
des ac1des gras des phospholipides est demeuré relativement constant
Jusqu'd Ta phase de croissance sur 1'hexadécane pendant laquelle ce nombre a
diminué rapﬁdement, se rapprochant de celui de 1'acide paimitique dui.est
probablement form& directement par oxidation de 1'hexadecaﬁe. Pendant toute
la d1aux1e, Te nombre moyen d'atomes de carbone des ac1des gras des autres
Tipides n'a changé que T&garement. Aprés 1° augmentat1on initiale accompagnant
T'utilisation de 1' éthano], Ta quantité de Ta pTGpart des principaux acides
gras présente dans Ta culture entigre est demeurée & peu pras conétante.
Seul Te taux des acides en C]ﬁ a changg, ayant(sugmenté ragidement bendant
1'utilisation de 1'hexadécane. L'acide gras principalement formé au cours
de cette période fut 1'acide palmitolé&ique.

¥
"I1 s'est avéré impossible de séparer complétement les cellules de

1'hydrocarbure non-utilisé et les lipides exocellulaires n'ont donc pas pu
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Btre dosés directement. La composition des lipides étant semblable dans les
_ culots et dans les surggdéants, qui contenaient une paﬁtié importante des
cellules de’la cu1&y££;raucune accumulation de certains lipides n'est
apparente dans le milieu exoce?]u]airé.

Les lipides exocellulaires ont &6t6 estimds en utilisant les
données sur les mpntants de lipides présents dans les culots et les ¢
sﬁrnageants de la culture, ainsi que des estimés de la p%oportion de ce11h1es.
ﬁrésenté dans.ces deux fractions. Ces calculs suggdrent que des'lipfdes
exocellulaires sont présents au cours de la diauxie & un niveau semblable
d celui. que 1'on trouve dans les cultures sur éthanol', en 'I'ai:senc.é

"~

d'hydrocarbures.

-
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- CHAPTER I GENERAL INTRODUCTION

1. Introduction

" Interest in the biclogy of hydrocarbdn-oxidizing microorganisms © -« |
includes the technological, ecological, ahd fundamental aspects. Of course, -
these three aspécts are interconnected and progress in one is influenced
by progress in the others. -

Earlthork in this field devefoped techniques for the cultivation
of petroleum degrading microorganisms and demonstrated their wide taxonomic
and ecological distribution (ZoBelT; 1946, 1950; Beerstecher, 1954).
Attempts were madé to use these microorganisms for exploration and for
various transformations of crud; 011 (Beerstecher, 1954; Davis and
Updegraff, 1954). A number of methods fér stimulating petroleum
biodegradation,'especialTy by modification of environmental parameters,
have shown great promise as tools. for the removal of oil pollutants
(Atlas, 1977). These methods find their application in oil tanker operations
since the water used to clean the tanks can be treated before being discarded
into the'sea, thus reducing thé?impact of this major.source of hydrocarbon
po11u£ants (Gutnick and Rosenberg, 19f7). '

Much attention has been given to the production of single cell
protein from petroleum (Johnson, 1964, 1977; Evans, 1968; Champagnat, 19714
Gutcho, 1973; Ehampagnat and Adrian, 1974; Rockwell, 1976) since microorganisms

growing on hydrocarbons are known to contain high levels of protein

-

3

- -
r



{Champagnat et al., 1963). In addition, most organisms used in this
process grow on paraffins of relatively long unbranched chains which
increase the freezing point of hydrocarbon mixtures. The 0il, which
remains after growth of the microorganisms, is thus more resistant to
freezing in cold climates. Tpe_oi] is then said to be "dewaxed" (Champa-
gat;, 1971). |

- The use of crﬁde 0il raises some problems, however, because of
its rising price, and because it contains toxic compounds which are diffi-
cult to separate from the.ce1ls as are hydrocarbons in general. For the&;
reasons, methane, methanol, and ethano] are repﬁacing crude oil and various
hydrocarbon mixtures as the preferred raw materials used for single cell
protein production (Wilkinson, 1971; Kharatyan, 1978).

The production of certain oils and fats from hydrocarbons has
also stimulated some interest, especially, as will be seen in detail in
this dissertation, in regards to the possibility of manipulating the
composition of cellular fatty acids by choosing the appropriate hydrocarbon
growth substrate (Ratledge, 1970)}.

Deterioration of oils used in emulsion or lubricant oils, in
which a sufficient amount of water is present, has Eaused some concern
because growth in the aqueous phase is accompanied by chemical changes
in the o1l which Tead to modifications of the engineering préperties of
these materials (Hi11, 1968).

Increasing use of petroleum-derived pfbducts has Ted to an

increasing frequency of highly polluting crude oil spills. At‘the_same



time, foreseable shortages have led to exploration fgr petroleum in_areas
such as the ocean floor; here the risks of oil spills are AUite high
because of the difficulties involved in extraction. Fear of contanﬁnation

of fragile environments such as the Arctic has stimulated a great deal

‘of research in the ecological aspects of hydrocarbon-degrading microorganisms
(Bartha and Atlas, 1977; Colwell and Walker, 1977).

- The biodegradabi]ity of most hydrocarbons has long been demons-
trated in a large variety of microorganisms including baéteria, actinomycetes,
yeasts, and filamentous fungi (ZoBel1; 1946, 1950; Beerstecher, 1954; Klug
and Markovetz, 1971). One characteristic common to all known hycrocarbon-
oxidizing microorganisms is that, each organism has a specific range of
hydrocarbon melocules it cam utilize. There exists a rather great diversity
amongst different microorganisms, éome being_ab]e to utilize only methane,
others being only able to utilize aliphatic hydrocarbdns of certain chain
lengths, and others being only able to utilize certain aromatic compounds
(Klug and Markovetz, 1971; Soli and Bens, 1973; Gutnick and Rosenberg, 1977).

Hydrocarbons, being highly reduced organic compounds, provide
organisms which can oxidize them with a very rich source of energy. These
compounds are also highly insoluble in water, a fact which, in addition to
raising some technical problems, poses the duestion as to how hydrocarbons

or their oxidation products are incorporated into -the cell.



2. Pathways for the oxidatiéh of Tiphatic hydrocarbons
. 1 T * ; .

Mechamisms of.hydrocarpon oxidatign havé been frequently
reviewed (Foster, 1962; McKenna and Kallic, 1965; van der Linden and
Thijsse, 1965; Traxler and Flannery, 1968; Klug and %ankovetz, 1971).
Work in this field has involved the iso1ation‘from cultures of compounds
that could logically arise from the oxidation of the parent.hydrocarbon
molecule, the use of radioactive tra;ers with whole cells or cell free
extracts, and the purification of the enzymes involved.

Although aT{phatic hydrocarbon oxidation has beén shown Eo
proceed through many different pathways in different microorganisms,
leading to a variety of alcoholic and ketonic products, the most studied
and probably the most common pathways appear to involve the formation of
the corresponding fatty acid via the primary alcohol and aldehyde intermediates
(Klug and Markovetz, 1971). Three different mechanisms, discussed below,
have begn proposed for the transformatién ;f a}iphatic hydrocarbons to the
corresponding fatty alcohol: formation of 1-alkylhydroperoxide intermediates,
formation of 1-alkene intermediates, and formation of the primary alcohol
directly without additional intermediates.

#

Early work on the: oxidation of hydrocarbons by Acinetobacter sp.

HO]—N] (Finnerty et al., 1962 a) has demonstrated the production by this

. Th1s bacterium has long been designated Micrococcus cerificans but will be
referred to, in this dissertation, as Acinetobacter sp HO1-N, its now accepted
name, to avoid possible confusion since 1t is one of the most studied hydrocar-
bon oxidizing bacteria, and since its characteristics are generally close to
those of Acinetobacter Iwoffi.

LY
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bacterium of wax esters from the hydrocarbon used as growth substrate

18

(Stewart and Ka111o, 1959). Gaseous 02 was incorporated to the extent

of 75% into cety1 palmitate produced from hexadecane {Stewart et a1 , 1959).

This result was interpreted as suggest1ng the production of 1-hexadecylhy-

droperoxide as the first interﬁediate in the.following pathway:

18
CH3(CH2)14CH3 + 2 02
(n-hexa%fcane)

- 18,18
CH3(CH2)14CH2 0 "OH
(1-hexadecylhydroperoxide)

18
CH (CH2)14CH2 OH

{n-hexadecanol)

il 18 1 .
== 18
CH3(CH2)]4 C ~ _CH3(CH2)]4CH2 OH
(n-hexadecanal) . {n-hexadecanol)
' 16
+-H2 0
-L 18
OH
/
CH4(CHy) 14 CH
160H

(n-hexadecanal hydrate)

Lo

0
CH3(CHo)qg ¢ ::j’ H
16,

(palmitic acid) '

18 or '160 _L

Wy
CH3(CHy)14C- "®0- (C“2)15 3
(cetyl palmitate)



This scheme‘was supported'by the finding of Finnerty et al.
(1962 b) that Acinetobacter sp. HO1-N could utilize 1-alkyl hydroperoxides

with wax ester forﬁation at approximately the same rate as when alkanes
are used as growth substrate. Support for this pathway was also provjded'
by studies on wax ester formation from 1-alkenes showing a preferential
- oxidation of the hydrocarbon molecule ét the methyl group (Stewart gg_gl.,;
1960).
Dehydrogenation of n-alkanes and formation of 1-o{efins has,
however, also been proposed as'tﬁe first step in the oxidation of these
compounds (Senez and Azoulay, 1961). This proposal was based on the'observétion

that cell-free extracts of Pseudomonas aeruginosa reduced pyocyanin in

the presence of n-alkanes under anaerobic conditions (Azoulay and Senez,
1958), and confirmed by infra-red spectrophotometric analysis of the 1-olefin
produced (Chodteéu et al., 1962). It was also substantiated by the isolation

of 1-hexadecene from cultures of different bacteria, including Acinetobacter

sp. HO1-N, growing on hexadecane (Wagner et al., 1967). The following
anaerobic pathway-for the oxidation of alkanes was thus proposed (Senez

and Azoulay, 1963):

ReH.cH ML pencH 2R L CH Ot O C00
2 é—?;)RC =CH3 C 2 2OH?i_?RCi-{zC OH—rO-‘;.;)RCHZ OO0H

2
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The formation of the primary alcohol from the aikane molecule
was fpund, hoyever, to rgquiré atmospheric oxygen M this strain of
E. aefdginosa (AzouTéy ég_gl,, 1963) as well as in a number of other
microorganisms (Foster, 1962).

The pathway proposed by Senez and Azoulay (1963) was névefthe]ess
substantiated by the work of Iizuka et al. (1966, 1968) wﬁa observed the
fgfﬁation of decanoic acid from n-decane under anaerobic -conditions by cell

free extracts of Candida rugosa, suggesting that the oxygen of the product

could originate from water rather than from air. Accordingly, a Pseudomonas
sp. was grown anaerobically on n-alkanes as the only carbon source (Traxler
and Bernard, 1969). A NAD;dgpendent n-alkane dehydrogenasé, & NADPH-dependant
alkene hydroxylase, and a NAD-, FAD-, and iron-dependent alcohol dehydrogenase
were latter purified from this organism (Parekh et al., 1977).

= Alpha-olefins may be oxidized at either the methyl group or the
double bond. For example, intermediates isolated from éuTtures of Candida
lipolytica growihg on T-hexadecene or l-heptadeceng indicated that three
different pathways were probably simu1taheous]y operating in this yeast:
methyl group oxidation, Teading to the omega-unsaturated primary alcohol
(H2C = CH(CHZ)HCHZCHZOH) and fgtty acid (HZC = CH(CHZ)nCHZCOOH), subtermi-
nal oxidation, leading to the omega-unsaturated secondary alcohol
(HZC = CH(CHZ)nfgCH3, and double bond oxidation, 1eadiﬁ; to the 1, 2-epoxide

<0 ] OH QH
(CH3CH2(CH2)n CH - CHZ),‘the 1, 2-diol (CH3CH2(CH2)nCH CHZ) and the 2-hydroxy



~
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Hoo . . : |
acid (CH3CH2(CH2)n2H COOH). A1l these intermediates had the same chain -

length as the parent 1-alkene (Klug and Markovetz, 1968).
Epoxidation of 1-alkenes (CH3(CH2)nCH = CH

0

I
2—>CH3(CH2)nCH - CH2)

. was shown to occur readily in Pseudomonas putida] {Abbott and Hou, 1973).

It was concluded that the epoxide was probably degraded via beta-oxidation

after oxidation of the methyl group since 1,7-octadiene (H2C -

0
was epoxidated to 7,8-epoxy-T1-octene (HZC/-\CH(CH2)4CH = CH2) but could

CH(CH2)4CH = CHZ)

not support growth, nor could 7,8-epoxy-1-octene or 1,2 - 7,8-diepoxyoctane

0
FAAN <N
(HZC - CH(CH2)4CH - CHZ)‘

Aerobic oxidation of alkanes was studied extensively in P._putida.

Cell free extracts of this bacterium where shown to catalyze the oxidation

of octane'to octanoic acid, and the presence of NAD-dependent dehydrogenases

acting on octanol and octaldehyde was demonstrated (Baptist et al., 1963).

The initial step in the oxidation of octane was found to involve two enzymes

-

and to require NADH and iron ions (Gholson et al., 1963). Similar results

were obtained for the omega—oxidatfon of fatty acids by cell free extracts

of this bacterium (Kusunose et al., 1964 a, b). A third protein component,

rubredoxin, was also found to be involved in the omega-oxidation of fatty

acids and alkanes (Peterson et al., 1966; Kusunose et al., 1967}, and the

following pattern was proposed for this reaction (Peterson et al., 1967):

1, This bacterium has long been designated Pseudomonas oleovorans.

ol
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. NADH . ———Reductase ¢ 3 Rubredoxin - RCHy -
(ox.) | (Fe™*) 0,
. %,

pmega-hydroxylase
NAD Reductase Rubredoxin
(red.) ' (Fe™™")

~

The stoichiometry of this reaction was demonstrated (Peterson

et al., 1969), and the components of this syétem were purified and studied

in detail. The rubredoxin reductase {Ueda et al., 1972; Ueda and Coon, 1972)
has a molecular weight of about 50,000 and used FAD as a prosthetic group.
NADH is the preferred electron donor but NADPH can serve also te a Timited
extent. Rubredoxin (Peterson and Coon, 1968; Lode and Coon,‘1971, 1973)
has a molecular weight of 19,500 and binds one or two Fe ions. Both forms
of rubredoxin function equally well in the omega-hydroxylase system. The
amino acid sequence of rubredoxin was established and comﬁéred with that of
rubredoxins isolated from different anaerobi? bacteria (Benson et al., 1971).
The omega-hydroxylase (McKenna and Coon, 1971; Ruettinger et al., 1974, 1977}
is another non-heme iron protein containing 1 iron atom bound to the only
cysteine residue present in a polypeptide chain of 40,800 molecular weight.
This ehzyme also requires the presence of phospholipids for maximal activity.
The presence of these three components was confirmed in P. aerugjnpga
and'the omega-hydroxylase activity was shown to be most1y.associated with l
membranes while rubredoxin and rubredoxin reductase were found exclusively

in the soluble fraction (van Eyk and Barfels, 1970).
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Using thesé purified cdmpqﬁents, Boyer gﬁ_gl. (1971) demonstrated
the reduction of a1ky1hydroperoxides to the corresponding alcohol in the
presence ;f rubredoxin, rubredoxin reductase and NAbH. The pmega—hydroxyv
lation of alkanes or fatty acids and the reduction of aikyThydroperoxides
all have the same pH optimum (7.4) and a%e both inhibited by cyanide. It
is not yet clear whether an enzyme bound hydroperoxide is formed during the
hydroxylation reaction (Lode and Coon, 1973).

Epoxidation of 1-alkenes was also demonstrated using the purified
componénts ofithe omegthydroxylase system (May and Abbott, 1972, 1973).

Another enzyme system which catalyzes the oxidation of alkanes to

the primary alcohol was studies in Cerynebacterium sp. strain 7EIC. This

system requires ho1ecu1ar oxygen and NADH and involves cytochrome P-450
(Cardini and Jurtshuk, 1968, 1970). This Tlatter molecule is part of a groﬁp
of cytochrome P-450 molgtules, some of which are also involived in the hxdro-
xylation of Cahphor infvarious Pseudomonas species and in a number of )
hydroxylation reactiony-in animal tissues (Jurtshuk and Cardini, 1971;
Coon et al., 1975).

Lebeault et al. (1970 a) préposed that ‘the anaerobic pathway of

Senez and Azoulay (1963) was operating in Candida tropicalis. However, an

enzvme system that requires molecular oxygen and cytochrome P-450
f
was found in this yeast to be active in hydroxylation of alkanes, fatty acids,
and certain drugs (Lebeault et al., 1971; Duppel et al., 1973). Phospholipids

were required and lysophosphatidylethanolamine isolated from thé’yeast cells
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restored maximal activity. Gallget al., (1973) demonstrated that this
system was probably the only one responsible for Ehe formation of the i
alecohol in C. trog1ca11 and that reduction of NAD °, previously considered
as evidence for an alkane-dehydrogenase activity by Lebeault et al. (1970 a),
did not correspond to the formation of the alpha-olefin which could not be
detécted in the assay system. Since reduction of NAD™ was obtained with
only 2 ;ommercia] batches of n-decane out of 10,'it was conc]uded‘that this

reaction was due to impurities contained in the hydrocarbon used in ®arlier

experiments.

Cell free extracts of Candida intermedia were also shoyn to oxidize
decane to decanoie acid, the formation of decanol requiriﬁg mo?E%ETar oxygen
(bﬁu and Johnson, 1971).

NAD-dependent 1ong chain alcohol dehydrogenases have been demons-
trated in various strains of Pseudomonas (Azoulay and Heydeman, 1963; Baptist
et al., 1963; Payne, 1963; Tassin and Vandecasteele, 1971) and yeast (Roche
and Azoulay,-1969; Lebeault et al. 1970 a, Liu and‘Johnsog, 1971). In C. tro-
Eica]%s, two alcohol dehydrogenases were studied, one in £he particulate
fraction (Lebeault et al., 1970 b) and one in the soluble fraction (Lebeault
et al., 1970 c). These two enzymes differ in their substrate specificity
but are both induced by alkanes or long chain alcohols.

A constitutive NADP-dependent alcohol dehydrogenase and at least
two NAD - and NADP- independent alcohol dehydrogenaséS‘induced by gr9wth
on alkanes, primary alcohols, or alpha-omega-diels were found in P. deruginosa

{van der Linden and Huybregtse, 1969). In fact P. aeruginosa was shown to



contain constitutively at least two NADP-deﬁenﬁent aﬁd‘one NAD-dependent .
‘alechol dehydrogenaée isoenZymes.(Tassin and VandeﬁasteeTe, 1972). In ‘
§ddition, a membrane bound NAD; and NADP-jndependent dehydrbgenase, active
on long Shain alcohoTsvand induced by g}owth'on hydrocarbons, was purified

and studied in detail (Tassin et al., 1973).
Aldehyde dehydrogenases afe,éiso present in hydrocarbon grown
. yeasts (Lebeault et al., 1970 a, b; Liwand Johnson, 1971). In P._aerugi-
nosa, a membrane bound (Heydeman and Azoulay, 1963) and a soluble (Bertrand
et al. 1973) aldehyde dehydrogenase have been described.
The presence of alcohol and.a1dehyde'dehydrogenases' as well as‘

a requ1renent for molecular oxygen were also demonstrated n an Alcaligenes

(Bertrand 1 , 1976 a) and -in the filamentous fungus C1adospor1um

resinae (Walker and Cooney, 1973 a) grown on alkanes.
In addition to pathways leading to the corresponding fatty acid
from aliphatic hydfocarbons, diterminal oxidation has been observed, Teading

to the corresponding dicafboxyTic acid (HOOC(CHz)nCOOH) in Corynebacterium

7E1C (Kester and Foster, 1963) and in a Pseudomonas sp. (Ali Khan et al.,

1963), as well as a variety of subterminal oxidative pathways, leading, for

example, to the formation of internal monoalkenes in a Nocardia (Abbott and
. .

Cassida, 1968), or various alcohols and ketones in Mycobacterium rhodochrous

(Fredricks, 1967).

The subject of subtermirgT oxidation of aliphatic hydrocarbons was

reviewed in detail by Markovetz (1971). SévekaT authors have reported the
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formation of méthy1 ketones from alkane molecules. The degradation of
methyl ketones was discussed by Forney and Markovetz (1971). The pathway
that was studied in greatest detail involves the formation of a primary
alcohol, shorter by two carbon atoms than the parent methyl ketone or

alkane. PseudomonasvcepaciaI produced 1-undecanol from 2-tridecanone

(Forney et al., 1967). Undecyl acetate was also isolated from cultures
of P. cepacia and P. aeruginosa growing on 2-tridecanone and-the fo]lbw&ng

pathway was proposed for the oxidation of n-tridecane (Forney and Markovetz,

1968):

141
'0 H /,0 . i ’ : I,O
CH3(CH2)9CH2CH2CH3-—>CH3(CH2)9CH2CHCH§-—+CH3(CH2)9CH2CCH3—ﬁ CH3(CH2)9CH20QCH3
(n-tridecane) {2-tridecanol) (2-tridecanone) (undecyl acetate) -

— CH3(CH2)9C_H20H + CH3COOH

(1;undecan01) (acetate) .

This pathway was supported by the detection of 2-tridecanone, undecy1
acetate; and T-undecanol when‘z-tridgcanoT was supplied instead of 2-tridecanone.
Cell free extracts of P. aeruginosa formed labelled undecyl acetate and 1-un-
decanpne-3—14c, when incubated with 2-t§ide6anone-3-14c, and labelled acetate
when incubated-in the presence of unﬁecy1 acetate-2-14c (Forney and Markovetz, 1969):
When n-tridecane was used as substrate, 2-tridecanol and T-undecanol were detected
(Forney and Markovetz, 1970). The férmation of undecyl acetate from 2-tridecanone

was shown/rg,neqﬁ?ke molecular oxygen (Britton et al., 1974) and the enzyme cata]yzinb

1. This bacterium has long been designated Pseudomonas multivorans.




this reaction was purified (Britton and Markovetz, 1977)f Undecyl acetate
gsterase, the enzyme catalyzing the last st%P in this pathway was purified
and studied in detail (Shum and Markovetz, 1974 a,b).

Methane oxidation was reviewed by Ribbons et al. (1970), Quayle
(1972), and Colby et al. (1979). It is thought to proceed via the following
pathway which is similar to those involving molecular oxygen in the first

reaction, discussed above for Jong chain 3 $anes:

o~}
L /
0, Hy0 v
CH,—=Z=——> CH,0H—3>HCHO 7—5 HCOOH ~7——5 €0, -
NADH NAD™ 2H H,0 2H NAD ¥ NADH °

The enzymes involved in this pathway, methane monooxygenase, metha-

-~

nol-, forma1dehy&e-, and formate-dehydrogenases, have all been'stuﬁied in
some detail (Colby et al., 1979). '

Methane is generally considered as being bio1og1ca11y-inerf under
anaerobic conditions. However, a recent report demonstrates the oxidation
of tﬁis‘hydrocarbon to CO2 in the absence of oxygen in samples of lake wéter
(Panganibaﬁ gﬁ_gl,f 1979), Furthermore, pure.cultures of a variety of metha-
nogenic bacteria were abie to oxidize small quantities of methane, some of
which was incorporated into cellular material (Zehnder and Brock, 1979). These
experiments were based on the detection of radioactive material produced from

14CH

2 under strictly controled anaerobic conditions. The pathway for anaerobic
oxidation of methane is completely unknown but must be quite different

from those described for aerobic methane oxidation and for anaerobic oxidation



of higher paraffins. Some of the first questions requiring clarification
are those of the-oxidizing agent and of the intermediates involved (Zehnder
and Brock, 1980).

Although moﬁf studies on hydrocarbon oxidation have'involved
microorganisms using these substances as growth substrates, a number of
microorganisms are-known to oxidize hydrocarbons without the ability to
assimilate anS/further metabolize their oxidation products. This ecologi-

cally importaqt phenomenon of hydrocarbon cooxidation was reviewed recently

by Perry (1979).
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3. Regulation of hydrocarbon metabolism.

Hydrocarbon metabolism is generally considered to involve induci-
ble enzymes in most microofganisms studied (van der Linden and.Thijsse, Q
1965; Klug and Markovetz, 1971; Perry, 1979). This conclusion is mostly
based on respiration experiments showing a lag in 02 consumption when
cells.grown on & non-hydrocarbon substrate are transfered to a medium
containing hydrocarbons as the only substrate.

Possible cases of microorganisms capable of oxid{zing hydrocarbons

constitutively are those of Pseudomonas stutzeri (Hansen and Kallio, 1957)

and of Micrococcus paraffinae (Harris, 1957) for which a lag phase was not

observed during this type of experiment. Fredricks (1966) maintained

also that Pseudomonas fluorescens and a Coryhebacterium sp. oxidized hydfo-

carﬁons'con§titutive1y éince the same number of cells was obtained, after

3 days, when cells cultured qQn glucose were transfered to a medium conéaning
alkanes as the sole carbon source, no matter after how many transfers on
glucose. ' i

These results were found to be insufficient evidence for conclu-
"ding that hydrocarbons are oxidized constitutively by these drganisms since
Le Petit et al. (1975) isglated some bacEeria which, in respiration experi-
ments, did not show a lag phase, but qid not consume oxygen in the presence
of chloramphenicol. In these organisms, protein synthesis is required for

oxidation of hydrocarbon to occur and at least one inducib]é enzyme is

involved. Strains were also isolated which showed a lag phase without
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chloramphenicol in the system and others which did not, even in the presence
of chioramphenicol. This latter group of bacteria is the only one that
can be considered as oxidizing hydrocarbons constitutively.

Cells of Pseudomonas aeruginosa grown on n-heptane were found

to be simultaneously adapted to utiliie 1-heptanol and n-heptanal. The
bacteria cultured on the alcohol were adapted to the .aldehyde and fatty
acid, but not to the alkane, and those grown on the aldehyde were adapted.
to the acid, but not to the alkane or the alcohol (Azoulay and Senez, 1960).
These observations were taken as indicating that these substances are
intermediates in the pathway for the .oxidation of alkanes.

| Seme strains were found to be adapted te hydrocarbons if they
were induced to utilize a compound which requings an oxygenase for its
oxidation. Thus, an Arthrobacter SP. was fouSH to oxidize propane without

an induction period, even in the presence of chloramphenicol, after being

induced to grow on o-phthalic acid (Perry and Scheld, 1968).

Volfova et al. (1967) found that4a1though cells of Candida lipo-

lytica grown on glucose could adapt to alkane utilization, protoplasts
prepared from glucose grown cells could not. Protoplasts prepared from

alkane grown cells of Candida tropicalis, however, oxidized alkanes (Lebeault

et al., 1969). It was concluded that h¥drocarbon oxidation is possible,
but that induction of the necessary enzymes is impaired in protoplasts.
In P. aeruginosa, substances such as cyclopropane, 1,2-dimethoxy- -
ethane, diethoxymethane, n-butane, dicyclopropylmethane, 1,2-dicyclopropy-
lethane, and dicyclopropyimethanol were effective inducers of n-hexane
oxidation although they cannot serve as growth substrates. Malonate and

-C5 to C8 n-atkanes were good inducers as well as good growth sdbstratés
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(van Eyk and Bartels, 1968). Induction of alkane oxidizing enzymes by-
1,6-hexanediol was demonstrated iﬁ a strain of P. aeruginosa (van dér Linden
and Huybregtse, 1967) which is able to metabolize this substance (van der
Linden, 1967). This compound, as well as other alpha, bmega-diels, did not

act as an inducer of alkane oxidation in Pseudomonas putida, but dicyclopropyl-

methanol, dimethoxyethane, and dicyclopropyl ketone served as gratuitous
inducers, while alkanes and alcohols served as metabolizable inducers (Grund
et al., 1975). The a1kaﬁe itself is an effective inducer and does not need
to be oxidized, since some of the a1kane'hydroxy1ase proteins were induced
in mutants which were unable to oxidize the alkane becéuse they lacked one
of the three'protein components of ,the hydroxylase system described in the
preceding section {Benson and Shapire, ]975)._

V A variety of organic compounds, including glucose, were found to
repress the oxidation of alkanes in P. aeruginosa (van Eyk and Bartels, 1968).
In contrast,.n-aikanes were found to inhibit glucose. transport and metabolism
in the yeast Candida 107 {Gi1l and Ratledge, 1973 a). Hexane and heptane, but
not longer chain alkanes (C8 to C18)’ inhibit glucose transport in Cladospo-
rium resinae (Teh, 1975). Hexadecane was shown to inhibit glucose metabo;
Tism, bu§~20t its fransport, in this fungus {Siporin and Cooney, 1976).

Mutants of a few alkane utilizing microorganisms havé been isolated

and characterized. Some mutants of Pseudomonas denitrificans unable to grow

on alkanes were also unable to grow on the corresponding alcohol, aldehyde,

or fatty acid (I1larionov, 1972). Mutants of Mycobacterium rhodocrous were

found to have lost the ability to use some of the alkanes which the parent

J P S U S
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$train could metabolize even if all of them could grow on alcohols, aldehydes,
and fatty acids (Jenkins et al., 1972). Mutants of E, aeruginosa and P. putida
selected for their inability to use n-alkanes were able to grow on the
corresponding aicohols, aldehydes, and.fatty acids. Complementation studies
showed that cell free extracts of two or more df these mutants could oxidize

- n-alkanes. These different mutant t}pes are thought to lack one or hore of

the three components of the omega-oxidation system (Macham and Heydeman, 1974;
Benson and Shapiro, 1975).

E, putida grows on n-alkanes having six to ten carbon atoms.
~Revertible point mutants were isoclated which had simultaneously lost the
ability to grow on any of these a]kanes; but were still able to utilize the
corresponding alcohols, aldehydesy or fatty acids as sole carbon sourc;.

In contrast, P. aeruginosa grows on C6 to C.I7 n-alkanes, and mutants were
isolated which had only lost the ability to utilize C6 to C.[0 alkanes.

Other mutants had Tost only the ability to grow on Tonger chain alkanes.
_These results were interpreted as indicating that a single hydroxylése'is
present in P. putida while a second hydroxylase, .active on heavier n-alkanes,
is present in P. aeruginosa (Neider and Shapiro, 1975). Several mutants

of the yeast Saccharomycopsis 1ipolytica, selected for their inability

to grow/on alkanes, were also unable to grow on fatty acids (Bassel and .
Mortime:i 1973). One mutant of P. putida which had lost the ability to

grow on even-numbered n-alkanes or fatty acids, was found to lack igocitrqte
lyase. This enzyme is in§o1ved in the glyoxylate cycle without ﬁhich an

organism cannot grow exclusively on carbon sources such as acetate or
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e;en—numbered fatty acids. It was conc]uded that beta-oxidation is the
only pathway by which fatty acids are degfaded in this bacterium since
décarboxy1ation or alpha-oxidation would yield odd-numbered fatty acids
. that could support growtﬁ {Nieder and Shapiro, 1975).

A mutant strain of C. lipolytica has been studied which utilizes
n-tetradecane constitutively (Duvnjak et al., 1970 a). .

In the genus Pseudomonas, enzymes for alkane ogidation are induced’
by the alkane moiecu]e and are coded by genes borne on a fransmiséib]e plas-
mid (Chakrabarty et al., 1973). Transmissible plasmids carrying gene; for
the'degradative pathways of various hydrocarbons and othér organic substances
such as naphthalene, salicilate, camphor, to1uene, and xylene are found in |
this genus (Wheelis, 1975; Chakrabarty, 1976). Since these compounds represent
an important fraction of crudé 0il and no microorgan;sm found in nature is
known to oxidize all of them, much effort has been devoted to the intro-
duétion of several of these plasmids into a single bacterial strain {Friello
et al., 1976). |

Problems of this approach stem from the fact that some pf these |
plasmids are incompatible. For example, the OCT plasmid, résponsib1e for
alkane oxidation, and the CAM plasmid, which carries the genes for éamphor
degradation, cannot coexist in the same cell for more than a few generations
(Chakrabarty et al., 1973). These two plasmids were found to fuse, however,
under certain coﬁﬁitions, to gi;;-a stable CAM-OCT p1a§mid specifying the
complete set of genes for both pathways {Chakrabarty, 1973; Chou et al., 1974).

It was concluded that these p]asmids possess certain regions of homology that
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enable them to recombine and form a single piasmid. Although there exists
a large body of genetic evidence for these plasmids, it is only recently

that they were physitally isolated (Pa]chaudhur{ and Chakrabarty, '1976;

Palchaudhuri, 1977; Fennewald et al, 1978).

Recombinations between degradative plasmids and other plasmids,
readily transfered to other bacterial genera, carrying antibiotic resistance
genes (Benedik et al., 1977) have permitted the transfer of hydrocarbon

degradation genes to various bacteria such as Escherichia coli, Salmonella

typhimurium, Agrobacterium tumefaciens, and Azotobacter vinalandii. In

these bacteria, the antibiotic resistance genes were expressed, but the

hydrocarbons could not support growth. Hydrocarbon oxidation‘genes were,

however, fully expressed when transfered back to Pseudomonas strains (Benson
and Shapiro, 1978; Chakrabarty et al., 1978). In similar experiments, Jacoby
et-al., (1978) and Nakazawa et al., (1978) succeeded in transfering toluene

degradation genes from Pseudomonas to E. coli 4in which: they were expressed

at a Tevel dectectable by enzyme assay, but much lower than in the parent
strain. The reason for this Tow expression of hydrocarbon degradation genes
in foreign hosts could be that some regulatory or other genes present on the
Pseudomonas chromosome are required for'growth on hydrocarbons, or that the
properties of the membrane of other bacteria are not appropriate for hydro-
carbon uptake.

The OCT and CAM-OCT plasmids code for a membrane-bound alcohol
¢ehydrogenase which is NAD and NADP independent (Benson and Shapiro, 1976).
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Mutants lacking this enzyme grow on alkanes because the chromosome codes
for a number of NAD-dependent alcohol dehydrogenases. Some chromosomal
mutants cannot grow.on octanol unless they have a functional alcohol dehy-
drogenase coded by the plasmid. These mutants, however, possess NAD-depen-
dent alcohol dehydrogenase activity. They are thought to lack an alcohol
permease or another factor for metabo]isﬁ of exogenous alcohols (Benson

and Shapiro, 1976).

Three genes were identified in the alk regulon of the OCT plasmid:
alk A, specifying a soluble fraction of the hydroxylase system, alk B, coding
for the membrane bound fraction of the hydroxyﬂ@EE system, and alk C, for
the membrane bound alcohol dehydrogenase. Mutants having lost all three of
these activities were also isolated as demonstrated by in vitro complementa-
tion studies (Behson et al., 1977). Revertants of this latter group of |
mutants included some constitutive mutants for alkane oxidation, and mutants
showing an altered inducer specificity (Fennewald and Shapiro, 1977). An
additional regulatory gene (alk D) was found to be required for the synthesis
of the membrane bound alkane hydroxylase and alcohol dehydrogenase. IThis
gene is different from the previously mentioned regulatory gene (designated

alk R) since it is not required for the normal synthesis of the soluble
hydroxylase component. A second gene (alk E) codes for the membrane bound
alcohol dehydrogenase in addition to alk C (Fennewald et al., 1979).
Insertion of the Tn7 trimethoprim resistance transposon into or

near the alk loci of the CAM-OCT plasmid (Fennewald and Shapiro, 1979) has
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permitted mapping of these alk genes (Fennewald et al., ‘1979). ﬁolar effects
caused by this insertion into alk genes indicated the existence of an alk

BAE operon. Linkage studies with Tn7 inserts indicated that the alk BAE
operon forms a cluster distinct from alk C and from an alk RD regulatory
region {Fennewald et al., 1979). : -

As was previously mentioned, the omega-hydroxylase of the omega-
oxidation system of Pseudomonas was found to be associated with membrane
components (van Eyk and Bartels, 1970)}. Illarionov (1976) demonstrated
differences in the electrophoretic mobility and amounts of membrane-proteins

when comparing alkane negative mutants of P._denitrificans with the wild

type. The plasmid coded hydroxylase and alcohol dehydrogenase were both

found to be exclusively present in the inner membrane of P. putida (Benson
_;__l.,' 1979). -Induction of alkane oxidation activify resulted in the appea-
rance of at least three new membrane peptides, coded for by the plasmid, and
the disappearance of two membrane peptides coded for by the chromosome. One
of the induced peptides was identified as the hydroxylase since the alk 8
mutation resulted in a modified electrophoretic mobility of this molecule
(Benson et al., 11979). Induction of alkane oxidation activity appears to
involve the membrane since it was blocked by local anesthetics such as

procaine and piperocaine which are known to affect membrane processes in

mammaiian and bacterial cells (Benson, 1979).
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4. Influence of the carbon source on the fatty acid composition of hydro-
carbon oxidizing microorganisms.

A rather extensive literature has accumulated, over about the
last twenty years, showing a direct influence of aliphatic hydrocarbons
on the fatty acid composition of hydrocarbon-oxidizing micfoorganisms.
Thus, the 1ipids of microorganisms growing on hydrocarbons of 13 to 18
carbon atoms were substahtia]]y enriched with fatty acids having the same
chain length as the parent hydrocarbon molecule. This enrichment was
observed in many species of bacteria (Stewart and Kallio, 1959; Stewart
et al., 19593 Stevenson et al., 1962; Makula and Finnerty, 1968 a, b, 1972;
Edmonds and Cooney, 1969; F%nnerty et al, 1973; Patrick and Dugan, 1974;
Makula et al. 1975), actinomycetes (Davis, 1964; Dunlap and Perry, 1967,
1968; Fukui and Fukui, 1970; Yano et al., 1971; Yanagawa et al., 1972;
Kiﬁg and Perry, 1975 a), yeasts (Mizuno et al., 1966; Klug and Markovetz,
1967; Ratledge, 1968; Thorpe and Raé?edge, 1972; Hug and Fiechter, 1973;
Mishina et al., 1973; Skipton et al.,1973, 1974; Volfova and Pecka, 1973;
Rattray et al., 1975),‘énd fungi {Cooney and Proby, 1971; CerniQTia and
Perry, 1974; Gerasimova et al., 1975). .

This correlation was not found in microorganisms érowing on

'ﬁydrocarbons shorter than 11 (Dunlap and Perry, 1967, 1968; Cooney and Proby,
18715 Vestal and Perry, 1971; Patrick and Dugan, 1974) or longer than 20
"carbon atoms (Dunlap and_Perry, 1968; Hankin and Kolattukudy, 1968; Hallas
and Vestal, 1978).

4
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With regards‘ to C11

for Cyy O C12 fatty acids during growth on n-undecane or n-dodecane was

and C12 hydrocarbons, a slight enrichment

observed in Acinetobacter sp. HO1-N (Makula et al., 1968 a), in

Candida lipolytica (Mishina et al., 1973), and in Mycobacterium sp. OFS

(Dunlap and Perry, 1968), but was not apparent in Cladosporium resinae
{(Cooney and Proby, 1971). Similarly, a slight enrichment for'c.Ig or C20

fatty acids during growth on nonadecane or eicosane was observed in a

Nocardia sp. (Davis, 1964) and in Arthrobacter simplex (Yano et al., 1971),

but could not be demonstrated in Mycobacterium sp. OFS (Dunlap and Perry,

1968) or in Mycobéctetium convolutum (Hallas and Vestal, 1978).

The fatty acid composition of a given organism will thus differ

_depending on the hydrocarbon growth substrate. It will usually be different

than when the organism is grown on a nonfhydrocarbon substrate or in complex
media. Accordingly, cellular lipids were shown to be enriched considera-
bly with fatty acids havfng an édd number of carbon atoms when the hydro-
carbon substrate had itself an odd -number of carbon atohs even with very
short chain length hydrocarbons such as propahe {Dunlap and ?erry, 1967,
1968, Vestal and Perry, 1971; King and Perry, 1975 b).

The fatty acids, formed by oxidation of hydrocérbon molecules,
appear to be incorporated directly into complex Tipids if their lengths
are:éompatibTe with_thé physiological requirements of the organism. Other
fatty acid molecules will be elongated, presumably by the fattfzacid synthe-
tase system, or shortened, via beta-oxidation, before being incorporated.

Of course, a certain proportion of the fatty acids will be'degraded further
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to provide the cell with energy and material for the synthesis of the
non-1ipid constituents. ) -
This‘interpretation was supported by studies on the oxidation

of 1-alkenes. Wax esters produced by Acinetobacter sp. HO1-N growing on ' )

these compounds were found to have omega-unsaturated alcohol moieties
(Stewart gi_gl;, 1960). This bacterium was later” shown to have omega-

unsaturated fatty acids in its'cé]1u]ar Tipids when growing on 1-alkenes

(Makula and Finnerty, 1968 b). Omega-unsaturated fatty acids were

also found in C: lipolytica (Klug and Markovetz, 1967), in Mycobacterium
sp. OFS (Dunlap and Perry, 1968),.in A. simplex (Yano et al., 1971}, in

* Corynebacterium simplex (Yanagawa"gg.gl;, 1972}, and in Cunninghamella

elegans (Cerniglia and Perry, 1974), when these microorganisms were

cultured on 1-alkenes.

The 1ipids of Mycobacterium vaccae were examined after growth

on a variety 6f h}drocarbons used individually as sole carbon source.
When n-alkanes were ﬁsed, the 1ipids were enriched with fatty acids of
the same chain length as the hydrocarbon. When 1-alkenes wefe used, high
1eve1§\of omega-unsaturated fatty acids were detected. Growth on 2-methyl
octadeéane resulted in the incorporation of iso-%atty acids and growth on
3-methyl octadecane, in the incorporation of anteiso-fatty acids. When
thé grgwth suSstrate was 8-heptadecene, the cellular Tipids contained

8- énd theptadecehoic acids, 6- gnd 7-pentadecencic acids, 9- and 10-
methyl heptadecaﬁoic acids, and 7; and 8-methyl pentadecanoic'acfds.

When acetate or n-alkanes were used as .growth substrates, double bonds !
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were'fbund-on1y in A9 pogition and methyl branchee were all situatéd
‘on C.IO (King and Perry, 1975:a, b). Desatu;ation of fatty acids thus
occurs always at the same distance from the carboxyl group. However,
addition of a methyl group can occur on a doub1e bond situated at other
pésitions on the fatty acid molecule derived from an unsaturated hydrocar-
bon.

| Furthermore, Beam and Perry {1974) demonstrated the incorporation
into cellular 1;pids of the omega-oxidation products of long chain alkyl

substituted cycloalkanes used as growth substrate by three species of

Mycobacterium. Growth of Acinetobacter sp. HO1-N on the alkane analogue

n-dioctyl ether resulted in the incorporation of 8 n-octoxy-1-octanoic
acid into cellular 1ipids (Modrzakovski et al., 1977).

Since the hydrocarbon used as growth substrate has such a strong '
effect on the fatf& acid composition, changes should occut, with time, after
a traﬁsfer from one substrate to another as™was éhown by Mishina et al.

(1973) and by Hug et al. - (1974).
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5. . Regulation of lipid metabolism in hydrocarbon utilizing microorganisms.

If fatty acids are derived diregtly from the oxidation of hydro-
carbon molecules rather than from de novo synthesis, there should exist a
mechanism by which the latter pathway is repressed. This interpretation
was substantiated by dual label experiments showing a preferential incor-

poration into complex 1ipids of 14C-pa‘lmitate in Acinetobacter sp. HOI-N

&e11s~grdwn on hexadecane, and preferential 3H—acetate.incorporation in
acetate grown cells (Sampson and Finnerty, 1974).
A more direct demonstration was provi&ed by Gi11 and Ratledge
(1973 b) who showed réduced Tevels of acetyl-CoA carboxylase and of the
fatty acid synthetase complex in a Candida sp. growing on n-alkanes. They
.poihted out that this repression is more pronounced for acefy]-CoA carboxy-
Tase, tHe fatty acid synthetase comp?ex being involved in the elongation
of fatty acids having 10 to 14 carbon atoms. In addition, these authors
demonstrated feed-back inhibition of these enzymes by Tong chain (C.16 or CTS)
fatty acyl-CoA esters.

Studies of the écety]—CoA carboxylase of Candida lipolytica

(Mishina etal., -1976 a) confirmed repression of this enzyme when n-hepta-
decane or n-octadecane are used as carbon source (Mishina et al., 1976 b).

Repression and inhibition of acetyl-CoA carboxylase and of the fatty acid

synthetase activity were also demonstrated in Mycobacterium convolutum

(Ascenzi and Vestal, 1979).:
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The presence of long chain acyl-CoA synthetase activity was de-

monstrated in the particulate fraction of mitochondria of Candida tropicalis

grown on n-alkanes (Duanak et al., 1970 b) This enzyme plays an essential
role in hydrocarbon-utilizing m1croorgan1sms since fatty acids must be acti-
vated before they can be incorporated into compliex Tipids{'or elongated by
the fatty acid synthetase pathway, or degraded by beta-oxidation. Accor-
dingly, the activity of long chain acyl-CoA synthétase of a Torulopsis sp.
was found.to be 3 times higher in alkane grown cells than in glucose grown
cells (Trust and Millis, 1970).

These results do not, however, exclude the possible iﬁterpretation
of King and Perry (1975 a) according to which fatty acids longer than the
alkane used as growth suSstrate are synthesizedlgg'gg!g from acety1-C6A
while fatty acids of shorter chain length are derived from  beta-oxidation
of the oxidized hydrocarbon. This coﬁc1usion was based on experiments in

which the 1ipids of Mycobacterium vaccae grown on hexadecane, in the pre-

‘sence of MC-acetate,-were found to contain Tow levels of radioactivity,
proportionally to the amount of each fatty, in C.[6 and shorter fatty acids,
but much higher levels in the C 18 fétty acids. Possibly the radicactivity
cou]d at least in part, be added to longer fatty acids by elongat1on of the
ox1d1zed hydrocarbon.

The results of Yanagawa et al., (1972) suggest that intact Tncorpo-
ration and elongation of the fatty‘acid formed by oxidation of tﬁe hydrocarbon
substrate, as well as de novo synthesis occur simultaneously when Corynebac-

terium simplTex is grown on 015 hydrocarbons. Growth on 1-pentadecene resulted




- 30 -

in the pro&uction of l4-pentadecenoic acid (indicative of intact incorpora-
tion), palmitic, oleic, and 10—methy1'stearic acids (indicating‘gg_gg!g 7
synthesis), and 16-heptadecenoic, 9,16-heptadecenoic, and 10-methyl-16-hep-
tadecenoic acids (probably derived from the elongation of 14-pentadecenocic

acid).

.
to b g el e d e e

e it
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6. Ultrastructure of hydrocarbon oxidizing microdrganisms.

Most ultrastructﬁra] studies of hydrocarbon-oxidizing microor-
ganisms have been concerned with the demonstration of hydrocarbon penetration
into the cell. Ludvik et al., (1968) and Murk et al. (1969) compared the

ultrastructure of Candida lipolytica grown on glucose and on hydrocarbons.

Using vanadium or nickel naphthenate, compounds soluble in hydrocarbons,
‘they showed aﬁ accumulation of these substances on the surface of the cyto-
p1asmié membrane, apparently after penetration through the cell wa11..The
membrane of hydrocarbon grown cefis was also found to be thicker and to
contain deep invaginations, some of which were interpreted as possible
pinbcytic vesicles suggesting an active translocation of the substrate

into the cell. Rylkin et al. (1974) claim they have demonstrated local

transport of n-alkanes through.jhe cell wall of Candida tropicalis using

time lapse microphotography. No detail.of this experiment is given, however,
in their paper. . .

Yeast cé11s were also found to contain many more microbodies and
a much stronger catalase activity, after being transferred from a malt extract
medium to a medium containing n-alkanes as the carbon source (Osumi et al.,
1974, 1975).

Methane-utilizing bacteria possess, within their cytopiasm, com-
plex membrane structures (Proctor et al., 1969; Davies and Whittenbury, 1970;
Smith and Ribbons , 1970; Smith et al, 1970; Nhittenbﬁry et al., 1970; de Boer

and Hazeu, 1972) which were not found in other bacteria growing on gaseous.

b3
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(C2 to C4) or liquid (011 to C]S) n-alkanes (Davies and Whittenbury, 1970).
Most methane-oxidizing bacteriaﬁére classified as "obligate methy-
lotrophs” because they can only utilize methane, methanol, formaldehyde, or
dimethyl ether as their carbon source. "Facu]iative methylotrophs” can utilize
.more compiex organic molecules, in addition to CT compounds, but not methane
(Ribbons‘gg_gl., 1970; Quayle, 1972; Wilkinson,+*1975). Two strains have been
described, termed "fTacultative methane-oxidizing bacteria", which can utilize
a variety of organic compounds in addition to methane (Patt et al., 1974;
Patel gg_glf;lTQYS). One of thém was shown to have characteristic intracyto-
plasmic membr§nes when grown on methane, but not when grown on methanol or
glucose (Patt et al., 1976; Patt and Hansen, 1378). Only the ultrastructure
of cells grown on methane Qas reported for the bacterium studied by Patel
et al. (1978).
Recently discovered methane-utilizing yeasts (Wolf and Hanson,
1979) did not exhibit the complex arrays of interné1 membranes characteristic
of methane-oxidizing bacteria (Wolf et al., 1980). These yeasts have an ultra-
structure which is similar to that 61" other -hydrocarbon-utilizing yeasts..
Maﬁy more microbodies and an increased level of catalase activity were found
in methane grown cells than in glucose grown cells. This result Qas also

obtained with Rhodotorula glutinis strain CY which can grow on hexadecane,

in addition to methane or glucose, when grown on either hydrocarbon.

Ce11§ of a Flavobacterium sp. and a Brevibacterium sp. contained

large electron-dense inclusions when grown on crude oil (Atlas and Heintz,

1973). These inclusions were probably lipids since they were stained with
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Sudan black B. Cells of the Flavobacterium sp. also contained these inclusions

when grown on "marine agar" containing no hydrocarbon, so that this feature
- cannot be attributed only to growth on ‘crude o0il. Intracytoplasmic electron-

dense bodies were also observed in two ‘Arthrobacter spp. and Candida utilis

growing in media containing n-butane or 1-butanol as the only carbon Eource

(Kbrmendy and wéyman, 1974). These structures were called "oxisomes" and it

was suggested that they represent the site of oxidation of alkanes and alcohols,

within the cell.

Bertrand et al. (1976 b) described intracellular disc-shaped vesicles

observed by transmission and freeze-etching electron microscopy in a marine
“A1ca1igenes sp. grown on n-alkanes. These inclusions are thought to be compo-

sed of 1ipids since, on a dry weight basis, the amount of 1ipid approximately

doubles during a single growth cycle on hexadecane.

Acinetobacter sp. HOI1-N was shown to contain electron trénsparent

intracellular vesicles when grown on alkanes, and electron dense osmiophilic
vesicles when grown on T1-alkenes, as well as intracellular membranes when
grown on either of these substrates (Finneézg—gg_gl,, 1973; Kennedy and
Finnerty, 1975; Kennedy et al., 1975). These intracef1u1ar membranes are
far Tess efaborated structures than those, previously mentioned, of methane-
oxidizing bacteria. The intracytoplasmic globular inclusions were shown with

X-ray diffraction analyses to be composed of the hycrocarbon used as growth

substrate (Finnerty et al., 1973; Kennedy et al., 1975). They were purified
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and shown to be bound by a 1ipid monolayer and to contain some protein
' (Scott and Finnerty, 1976 a; Scott et al., 1976). Similar inclusions were found
» in a var1ety of bacteria and actinomycetes, as well as in two spec1es of

Candida (Scott and Finnerty, 1976 b) and in a Penicillium sp. {Cundell et al.,
1976).
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7. Mechanisms for cellular uptake of hydrocarbons.

Hydrocarbons are characterized by their very low solubility in water.
The solubility of n-paraffins in water decreases with increasing chaiﬁ Tength.
The 1ogarithm of the solubility was found to be a linear function of the molar
volume for any homologous serie§ of hydrocakbons (McAuliffe, 1963, 1966).

In addition, the solubility of n-paraffins is smaller in sea water than in
distilled water (Sutton and Calder, 1974). Hexadecane, for example, was found
to have a solubility of 0.9 ppb in disti11ea water and O:Q ppb in sea water
(Sutton and Calder, 1974).

The generation time of bacteria gfowiﬁ% on aromatic hydrocarbons
depended on the solubility of the growth substrate, the growth rate increasing
with increasing solubility (Wodzinski and Johqun, 1968). Furthermore, the
growth rate of a Pseudomonas Sp. was the same Qhen the growth me&ium contained
just enough substrate for saturation or higher concentrations of naphthalene
{(solubility - 1.25 x 10-2 g/1) or bibgnzyT (solubiTlity = 1.4 x 10'2 g/1)
(Wodzinski and Bertolini, 1972). A similar result was obtained for the less
soluble phenanthrene (1.6 x 10'-3 g/1) (Wodzinski and Coyle, 1974). It was
concluded that growth on these aromatic compounds occurs at the expense of
the dissolved substrate. |

Long chain alkanes are far less soluble than these aromatic hydro-

14 14

carbons. The yptake of C-n-decane and production of

2

CO2 were extremely

small when Candida lipolytica was incubated with 107 ppm of this substrate,

a concentration just below saturation, but much higher at higher concentrations
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(Miura et al., 1977).
Hydrocarbon biodegradation appears to occur exclusively within
the cell as no report of extracellular breakdown of hydrocarbons was found

in the literature. Efforts to demonstrate such an activity were unsuccessful

d
b
hydrocarbons has been reported to be the cell membrane in Pseudomonas

(Wagner, F., cited in Hug et al., 19}-&3. As seen in the preceding sect?,

. ¥
hydrocarbons can accumulate within the cell. The site of oxidation of

aeruginosa (van Eyk and Bartels, 1970}, in Candida intermedia (Liu and

Johnson, 1971}, and in Pseudomonas putida (Benson et al., 1979), and micro-

somes in Candida tropicalis (Gallo et al., 1971, 1973) .- Hydrocarbon oxidation

was also suggested to occur in intracellular inc1usion§ in Arthrobacter spp.

and in Candida utilis (Kormendy and Wayman, 1974).

Congidering the very low solubility of the higher n-alkénes,
Johnson. (196Q) suggested that the more insoluble hydrocarbons are not used
in the soluble state, but the cells bind to hydrocarbon-g1obules and the
* hydrocarbon becomes part of the phospholipid bilayer of the membrane. A
hydrophobic pathway would exist through which the hydrocarbon would penetrate
the cell.

Several authors have reported that microorganisms grown on
hydrocarbon have a greater 1ipid content than when grown o ‘ nother carbon
source (Raymond and Davis, 1960; Miller et al., 1964; Mizx et al., 1966;

Nyns et al., 1968; Ratledge, 1968; Moo-Young et al., 1971; Vestal and Perry,

1971; Finnerty et al., 1973; Hug et al., 1974; Bertrand et al., 1976 b; Mishina

et al., 1977). During continuous culture experiments, Hug et al. (1974) have
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shown an adaptafibn phase, during which no growth of C. tropicalis occured,

following a shift in substrate from glucose to hexadecang. During this phase,

the amount of %ota] lipid or phospho]ﬁpid per cell nearly doubled, before

growth resumed at the expense of the hydrocarbon. It was pfoposed that the_ °

1ipids provide a hydrophobic environment which allows the diffusion of the

alkane substrate to its site of oxidation (Hug_gg(gl.,.1974). This differen-

ce in 1lipid content is not, however, found in all cases studied (Edmonds and

Cooney, 1969; Pelechova et al., 1971; Thorpe and Ratledge, 1972; Mishina

et al., 1977) and may depend on growth conditions or strains studied (Thorpe

and Ratledge, 1972; Rattray et al., 1975; Mishina et al., 1977).
Microorganisms attached to hydrocarbon globules are easily observed

microscopically. McLee and Davis (1972) have §ﬁown a series of micro-

graphs of a hydrocarbon giobule at different stages over a beriod of 169 hours

with a-ToruToEsié sp. growing at itsrsurface. Finnerty et al. (1973) published °

scanning electron micrographs of hexadecane globules with cells of Acinetobacter

sp. HO1-N coating their suffaces. A Penicillium sp. was shown to grow as hollow
mycelial balls. surrounding hydrocarbon dfop]ets (Cundell g;_gl,,'_1976).

Cells of hydrbcarbon-assimi1ating microorganisms have a stronger
binding affinity to hy&rocarbon globules than other microorganisms {Mimura
et al., 1871 b; Miura et al., 1977; Gutnick and Rosenberg, 1977). Cells grown
on hydrocarbons show a higher affinity than cells of the same microorganism _
grown on other substrates (Kdppeli and Fiechter, 1976; Neufeld et al., 1980).
ATl cells in a culture are not attached to hydrocarbon globules, however.

The ﬁroportibn of cells adhering to hexadecane globules fluctuated around
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70% of the total number during the entire growth cycle of C. 1{901xtica

(Nakahara et al., 1977). The proportion of cells of Acinetobacter calcoace-

;iggé bound to hexadecane globules was about 100% during the first part of
the growth cycle. It decreased rapidly during the second half of the expo-
nential phase to reach about 20% during stationary phase {Neufeld et al.,
1980). ‘

The binding affinity of C._tropicalis was found to be unaffected
by different bH values, temperature, ana Chain.1ength of the hydrocarbon
substrate (Kdppeli and Fiechter, 1976). A polysaccharide-fatty acid complex
was jsolated from this yeast grown on alkanes. This comﬁ]ex was.absent'in
glucose grown cells and was solubilized by treat1ng the cells with pronase.
This ttgatment also caused a marked decrease in alkane- b1nd1ng aff1n1ty of
the cefﬁ- (kdppeli and Fiechter, 1%77). _Thg_complex was 1dent1f1ed an mannan
cqntaining approximately 4% covanently bound fatty acid. It was shown to be
Tocalized at the ;urface of the cell wall, using concanavalin A which binds to
the mannan part of the complex. When this substance is added to the cells,
the mannan complex is masked and the a]kané binding affinity of tﬁe cells ié
much reduced (Kippeli et al., 1978).

Emulsification of hydrocarbons occurs during growth of microorga-
nisms on these compounds. The growth rate during the exponential phase of

growth of Candida gujlliermondii was found to increase with increasing rotation

speed of the fermentor impeller, leveling off at 1000 rpm. The interfacial
area between the hydrocarbon and aqueous phases was aiso related to the agita-
tion rate (Aiba etal., 1969 b). This result was confirmed for other hydrocar-

bon-degrading yeésts (Moo-Young et al., 1971; Wang and Ochoa, 1972). Growth
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rate was directly related to interfacia1‘area. not only when nfhex§chane was
used as the substrate, but also when the growth substrate was n-heﬁgdecéne
mixed with hydrocarbons not utilizable by the yeast ceTIs (Katinger, 1?73).
Hydrocarbon globules formed in the p;eeence of cells were shawnto
be much more stable than those formed in cell-free medium (Blanch and Fiechter,

1974). The mean diameter of hydrocarbon globules was dépendent on the cell

dengjty as well as oper&ﬁion-conditions such as the size of the fermentor and

ag1tat1on speed (Bajpai and Prokop, 1975).
The requirement for strong agitation for maximal growth rates on

hydrocarbons could be due to limiting amounts of dissolved oxygen. As pointed

-

e

out by theoretical considerations (Dar11ngton, 1964) and verified experimental-

1y (Mimura et al., 1971 a}, the oxygen demand for growth on hydrocarbons is

: about 3 times as high as with carbohydrates for the same biomass produced.

The rate of transfer. of oxygen to the water phase was found to decrease as

growth proceeded on hydrocarbons but remained constant when glucose was used.

-The cell concentration had a strong effect on fhe rate of oxygen transfer.

Micrographs of air bubbles in the culture broth with yeast cells and 0il dro-
plets at their surface were presented. Antifoaming‘agen£s made air bubbles
unstable and prevented tHe1r coat1ng with cells, resu1t1ng in higher oxygen
transfer rates to the water phase. It was concluded that the oxygen uptake
directly from these air bubbles cannot " be neglected and must be considered in
addition to the oxygen dissolved in the aqueous phase (Mimura et al., 1973).
Formation of flocs, or aggregates of oil drops, cells, air bubbles, and extra-
cellular materia],‘is thought to have an important influence on the growth

- ) ,
kinetics because incomplete_mixing can lead to oxygen limitations in cases of
=4, : -

-
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high cell density (Einsele et al., 1973). ~

High agitation rates thus appear to be necessary for proper aeratfcn
of the culture and for maximiziﬁg the surface area of hydrocarbon globules
to which. ce]1s can bind. Yoshida et al. (1971), however, compared the growth
kinetics of C._tropicalis 1n shaken fliasks, w1th the substrate C6 to CTS n=

paraffins present in the liquid form, with that obta1ned in a specially desi-

gas phase. Similar growth rates were obtained for the two types of cultures.
Although no oiledroplets could be seen, with phase contrast microscopy, in
the culture medium from the rotating disks fermenter (Yoshjda et al, 1971),
the amount of hexadecane present in the water was much higher than the §a1ue
expected from the solubility in water of this compound (quhida and Yamane,
1871). Fiitration through 0.8 and 0.lum pore size membranes reduced the ’
amount of hydroéarbon present in the medium., The alkanes thus "appear to be
"accomodated" in the‘form of submicron aggregates and these smdll vesiches

can account for the observed growth kinetics.

A similar conclusion was arrived at by Goma et al. (1971, 1972)

since the rate of "pseud04501ubi112ation" of the hydrocarbon intec the agueous

phase of the superpatant was of the same order of magnitude as the rate of
hydrocarbon uptaké by the cells. When C. Tipolytica was grown on 2 mixture-

of C11 to C 18 n-alkanes, the more so1ub1e compounds were utilized earlier

than the Tess soluble ones (Goma et al., 1973 ai; The "pseudo-solubilization™

of the alkanes followed the same order as their uptake-by the cells (Goma et al.,

1973 b, 1974). Small hexadecane droplets havihg diameters of 0.1 to 1.0 m
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were shown, in electron microgfaphs; to be attached to the surface of C. tro-
picalis cells growing on this substrate (Einsele et al., 1975).

Stabilization of the emulsion and formation of submicron vesicles
are thought to be due to emulsifying agents released by the cells. Production
of such compounds by microorganisms appears to be relatively common and not
1imited to those growing on hydrocarbons (Zajic and Panchal, 1977}.

Hany authors have reported the presence of extracellular lipids
in fhe cuktures of hydrocarbon oxidizing microorganisms (Klug and Markovetz, 1967;

VYolfova and Pecka, ) Cultures of Cladosporium resinae conta1ned extrace1-

Tular tr1g]ycer1de nd phosph011p1ds -‘While the cellular 11p1d fatty ac1ds
reflected the chain 1ength of the a1kane used as growth substrate, the extra-

cellular fatty acids did not (Siporin and Cooney, 1975). Acinetobacter sp.

HO1-N cultures were reported to contain extracellular mono- and trigiyceridesg

free fatty“acids, and wax (Stewart and Kallio, 1959; Finnerty et al., 1973; Makula
T et al., i975). These were pre;ent in very low concentrations when a non-hydrocarbon
substrate was used and they accumulated in the ﬁedium throughout growth on
hexadecane, reaching a maximum at the end of the growth é¥c1e. This bacterium

was recently found to produce also some extracellular phospholipid. Extracel-
Tular vesicles composed of hexadecane, phospholipid, 11popo1ysacchéride, and
proteins were isolated from the culture fi1irate. These have a polypeptide
composition similar to that of the outer membrane of the cel] and are thought

~ to provide a mechanism for emu]s1fy1ng the hydrocarbon in microdroplets which

bind to the cells (Kippeli and Finmerty, 19789).
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Many workers have isolated different substances having emulsifying

properties from cultures of hydrocarbon grown microorganisms. Ore such

substance, produced by Candida petrophilum, was found to be composed of a peptide

and fatty acid (Igushﬁ et al., 1969). An emulsifying factor, produced by

Endomycopsis lipolytica during growth on hydrocarbons, is thought to be a

complex of metal {ons with a peptide since it is inactivated by chelating
agents (Roy et al., 1979).

Arthrobacter paraffinéus and other members of the genera Arthrobacter,

Corynebacteriium, and Nocardia producé an alpha-branched-beta-hydroxy fatty acid
. trehalose ester when growiny on alkanes (Suzuki et al., 1969). Production of
alpha- branched-beta-hydroxy fatty acids and their emulsifying properties were

studied more extensively in cultures of Corynebacterium lepus growing on kero-

séne (Cooper et al., 1979 a, b). A mixture of these fatty acids is procuded
ranging from C28 to C43 with the length of the alkyl branch var§?ng from 6 to

. 14 carbon atoms. Corynebacterium hydrocarboclastus produced a complex polymer,

composed of protein, 1ipid, and carbohydrate and having emulsifying properties

when grbwing on hydrocarbons (Zajic_g; al., 1977 a, b). A polymer with emul-

sifying properties, isolated from cu]tures'df Arthrobacter RAG-1, was found

to be a polyssacharide fatty acid ester having an estimated molecular weight

of close to 10° (Rosenberg et al. 1979 a, b; Zuckerberg et al., 1979).
Rhamnolipids isolated from P. aeruginosa gfowing on n-hexadecane

stimuiated growth of this bacterium on n-afkanes, But did not affect its growth

on g]ucose: These 1ipids have a strong surface activity and emulsifying capa-

city (Hisatsuka et al., 1971;_Itoh et al., 1971). A mutant was isolated which

grows very slowly on n-paraffins (Itoh and Suzuki, 1972)}. Addition to the
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" etal., 1975, 1977). | -

medium of rhamnolipids, isolated from the pafent strain, stimulated the
growth on n-alkanes of both the parent and mutant strains. The mutant produced
small amounts of rhamnolipid as compared to the parent strain. The trehalose

1ipid, mentioned above (Suzuki et al., 1969) and isolated from Arthrobacter

paraffineus had little effect on the growth of wild type or mutant of -P. aeruginosa
(Itoh and Suzuki, 1972). The gréwth stimulating effect of the rhamnolipids is thus

not oﬁ1y due to their emulsifying properties. P. aeruginosa also produces a

protein having a molecular weight of about 14 300 which stimulates growth on

ﬁ-a%kanes. When the substrate is added to the medium as a fine emulsion pre-

pared by sonifieation, this protein has no effect on the growth so that it

either participates in the emulsification of the hydrocarbons or is necéésany
for the uptake of these cgmpounds from larger dropTets of n-alkanes (Hisa}guka

- The effect of detergents added to cultures of microorganisms
groewing on hydrocarbons can be stimulatory or inhibitory depending on the
structuré\and physical properties of these compounds and on the microorganism
studied (Tanaka and Fukui, 1971). While a numﬁér of synthetic surface-active
compounds inhibit growth of hydrocarbon-utilizing yeasts, naturally occuring
substances such as phospholipids and agar were found to promote growth of thes
organisms (Mimura et al., 1971 b). Llong chain fatty acids ((:]6 and C]B)’ as wéll
as triglycerides, phospholipids, and certain syntheticfdetergents, stimulated

hexadecane utilization by.Acinetobacter']woffi and P. aeruginosa, but shorter

fatty acids {isobutyric, CB’ and C12) were inhibitory (Breuil and Kushner, 1980)

Addition of certain surfactants to cultures of C. guilliermondii growing on

n-alkanes caused a reduction in the number of cells bound-to hydrocarbon
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globules and a reduction in the growth rate (Aiba et al., 1969 a). Short chain

_ free fatty acids (C6 to CiZ) were inhibitory for the growth of C. trogica]js
on n-alkanes or glucose (Duvnjak and Azoulay; 1972).

Uptake of hydrocarbons by the cells can thus occur from the
dissolved substrate, from large oil globules to which cells are bound, or from
small vesicles, formed of the hydrocarbon and extracellu]ar emulsifying agents,
that bind to the cells (Erickson and Nakahara, 1975). In a culture, more than
one of these mechanisms can probably occur simultaneously (Nakahara et al.,
1677; Gutierrez and érickson, 1977). 0nHy-sma1T differences in therrate of
uptake of radioactive n-decane were observed when this substrate was added to a
suspension of C. intermedia directly or in the form of a fine emulsion. This
yeast'shows a stronger adhesion force to oil globules than C. tropicalis for
which the rate of 14C--'n-decane uptake was much higher when the hydrocarbon
was added already emuIs%fied (Miura et al., 1977). The preferred uptake mecha-

nism thus appgfrs to. depend on.the organism studied, the so1u511ity and

dispersibility of the hydrocarbon and the growth conditions.
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8. The organism studied in this thesis and diauxie. ~

The bacterium Acinetobacter lwoffi 0,6 (ATCC 29064) was isolated
from a sample of sediment taken near the confluent of Brewery's Creek and
the Ottawa River, in Hull, Québec; Its psychrophilic and lipolytic properties
have been studied in detaf] in our laboratory (Breuil and Kushner, 1975 a, b).
Its biochemical characteristics have been described and_its taxonomical posi-
tion was established (Breui1'g§_§l,, 1975.). ‘This organism'can utilize a
variety of carbon sources including crude oil and certain pure alkanes { Breuil
et al., 1978 a). Among these, hexadecane gives the most important growth.

In the presence of ethanol and hexadecane, we observe a diauxic
growth. The ethanol is used dufing the first growth phase, while the hydrocarbon
is metabolized only after a long lag period that follows the depletion of
the first substrate. If hexadecane is labelled with'14c, radioactive,CO2 evolves
from the culture only during the second growth cycle (Breuil et al., 1978 a).

Studies on A. lwoffi have shown an important stimulation in the -
production of lipase activity when this bacterium grows on hydrocarbons {Breuil
et al., 1978 a). This phenomenon has also been obs&pved in Pseudomonas aerugi-

A

nosa, and a correlation seems to exist between the possibility of utilizing

hydrocérbons as sole ‘carbon source and the possession of lipase activity
(Breuil et al., 1978 a).

Lipase actiQity, which is negligeable during.the first growth
.phase.of diauxje, increases rapidly during growth on hexadecane (Breuil et al.,

1978 a). The presence of globular cellular inclusions, similar to those described by
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Finnerty gg_gl;_(1973), has also been demonstrated in this organism (Shindler
Eﬁ;ég:, 1978). These apﬁear only when the bacterium grows on hydrocarbon and.
are-not observed when a non-hydrocarbon Substrate is used. During diauxie,
they are present only during the second growth cycle.

This project was initiated to further our knowledge on the physiolo-
gy of A. lwoffi growing on hydrocarbon, especially as far as its lipids are .
concerned, in an attempt to clarity the involvement of the 1ipase in the uti1i-.
zation of hexadecane. The diauxic‘growth provides a convenient system for the
study of tﬁé physiological changes accompanying adaptation to hydrocarbon utili-
sation. After the first growth cycle, a number of cells, sufficiently large
for chemical analyses, .has grown on a non-hydrocarbon substrate. The long lag
phase that fol1ows (about 100 hours) is presumabTy occupied by the trans—
format1ons that are necessary for the uptake and metabo]1sm.;} the hydrocarbén,

before growth can resume.

4

Since h}ﬁ;BEE?bon metabolism is c1ose1y Tinked w1th that of lipids, -
the changes in 1ipid and fatty acid composition were followed throughout djauxie.
Since extracellular lipids may be involved -in the uptake of hydrocarbons,
an attempt.was made to estimate the amount of these compounds present in the

extracellular medium.

B &
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CHAPTER II  MATERIAL AND METHODS °

] 1¥ Growth conditions.

The basic mineral salts medium (éreuii et'al., 1978 a) contained
(ing/1): NH4N03 (2.0), KH PO (4.0), Na HPO (6.0), MgSO 7H20 (0.2),
paClz 2H20 (0.05)3 gnd FeSO4 7H20 (0.01). The pH was adjusted
to 7.5 before sterilization. The carbon sources, sterilized separately
and added aseptically to this m{npra] medjum, included 1% (v/v) hexadecane, 0.1
or 1% ethanol, or, for diauxie, 0.1% ethanol and 1.0% hexadecane.
The organism was ;;nserved on a semi- so11d soil-extract medium at 4°C
(Bréuil and Gounot, 1972) .-

Growth was carried out in Erlenmeyer f]asks containing 1/5
volume of Tiquid. Th;“?1asks were agitated on a reciprocal shaker at
| 100 strokes (2cm) per min at ZOSC. A strong agitation is required.for
appropriaté aeration énd mi%ing, and care mhst bé taken that the tempe-
rature remains above the freezing point of hexadecane (18°C). These
two conditions are necessary for the reproducibility of the diauxic
growth curve. Growth was monitored by fo11oﬁing absorbance at 610 nm,
in 18 X 150 mm cuvettes, with’a_Co]emanAJunioF 11 spectrophotometer.
Protein content was measured using the method of Lowry et al. (1951)

with bovine serum aibumin as étandard. Cell counts were ddﬁe by plating

suitable dilutions on the "Caulobacter"medium of Poindexter (1964) .
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" The bacterium was first grown on a complex medium, containing
20 g/1 peptone and 1.5 g/1 yeast extract, for 48 hours. One ml of this
culture was then added to 100 mi of the mineral medium containing the
carbon source used in the experiment. This sérved'as a preculture and,
when turbidity reached an absorbance of 0.8, 1 ml was transfered to 100 ml

of medium as the inoculum. For diauxie, ethanol was used as the -carbon scurce

for the preculture.

,,_
A




2. Extraction and separation of lipids.

The pelilets obtained after centrifgg;tion of the
washed twice with the mingral salts medium used for growth, but without
the carbon source. The supernatants and washes were combined and lyophi-
lized. The lipids were extracted from the pellets and supernatants by the
method of Bligh and Dyer (1959) as modified by Kates (1972). This method
for the extraction of supernatanf Tipids was preferred to that of Makula’
et al. (1975) who used diethyl ether after acidification of the medium to
pHS with HZSO4. Important amounts of 1ipid were found in the fifth and
sixth extractions with the method of Makula et al., while only traée
amounts could be detected in.the fourth and fifth extractions using the
method of Bligh and Dyer, which was also found simpler to perform. These
.procedures had the added advantages that both pelilet and sﬁpernatant 1ipids
were eQ%racted with the same methgod, contrary to Makula et al. who used
another method for the extract%on of the cell pellets. (Makula and
Finnerty, 1970).

" "The 1ipids were separated by thin-layer chromatography qn-si]ica
gel H (Merck). Hexadecéne was separated from the other 1lipids with petro-
Teum ether (60-70°C). This leaves all the lipids at the origin except '
hydrocarbons which migrate with the solvent front. when the soTvent reached
the top of the th1n 1ayer chromatography plate, it was dried under 8
vacuum, in a dess1cator7 After a few m1nutes, the plate was transfered

into a second jar containing a solvent system composed of petroleum

ether/diethyl ether/acetic acid, 80:20:1 (v/v/v) (Mangold, 1969).
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This time, the plate was removed when the solvent front had.reached
to about 4-5 cm from the top so that it was still well under the hexade-
cane band. | '

This step yielded three well separated fractions: wax,
trig]yceridés, and a fraction _containing the other lipids. A solvent
system composed of benzene/diethyl ether/ethanol/acetic acid, 50:40:2:0.2
(v/v/v/v) (Freeman and West, 1966) was used to separate this mixture
into -the phospho1ipids, the monoglycerideé, the digliycerides, and a band
containing free fatty acids and free fatty alcohols.

The-major ph&gaho1ipids'were separated using a solvent system
. composed of chloroform/methanol/30% ammonia, 60:50:2.5 (v/v/v) which
gave a band containing phosphatidylethanolamine and another containing.
phosphatidylglycerol and cardiolipin. This mixture was separated with a
quvent'system composed of ch1oroform/methanol/acgtic_acid/water, 80:26:4:
0.3 (v/v/v{v) (Mc Garrity and Armstrong, 1975). Lipid spots were scraped
from the plates, with a ﬁicroscope slide cover glass, into a funnel which
had its stem plugged with glass wool, and were eluted from the silica gel
with methanol/chloroform, 2:1 {v/v) (McGarrity and Armstrong, 1975).

The wax fraction was saponified in 90% methanolic sodium .
hydroxide {0.3N}), with refluxing, as described.byifates (1972). The
alcohol moieties were extracted with petroleum ether and the methanolic
phase was acidified before extraction of the fatty acid moietfes with
the same solvent (Kates, 1972). The samé procedure was used, except -
without refluxing, to Separate the frée fatty alcohols and free fétty

acids.
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In order to determine the amount of hexadecane remaining
after growth, it was extracted with n-hexane and separated from tﬁg‘
extracted lipids by passage through a ;ilica gel column (Kafes, 1972).
After concentrating the hexane eluate to dryness, the remaining hexade-

cane was determined by weighing.
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" 3. Visualization and jdentification of lipids.

* Thin-layer chrcmatogréﬁhy plates were exposed to ;2 vapour
- or charred, éf;er spraying with H2504, for nonrspecifié visualization.
Dittmer-Lester (1564) reagent was used to detect phosphate” in phospho-
1ipids, n1nhydr1n.(Sk1psk1 g;_gl., 1962), to 1nd1cate the presence of
a free aﬁino group %n phosphatidylethanolamine, and periodate-Schiff
reagent (Skipski and Barclay, 1969); with §02 treatmént, to detect
11p1ds with a viccinal hydroxy group.

| ~ Further identification involved co—chromatography ‘of the puri-
fied 1ipids with standards on thin-layer chy atography plates, as well
as co—chromatography, on paper, of the deatylated products of phospholipids.
After preparation (Kates, 1972), these Were run in phenb1/water, 100:38
(w/w) (Kafes, 1960), and in isopropanol/water/concentrated ammonia, 7:2:1
(v/v/v) (Létters, 1966). The g{ycol sp;ay of White and Frerman (1967)
was used to detect spots of deacylated phospholipids and glycolipids.
Wax samples yielded equimolar amounts of alcohol and fatty acid. A separate
plate, with standards of the 1ipids to be separated, accompanied, in
the same tank and at the same tihe, each thin—Tayér chromatography plate.
A separate pléfe for the standards was necessary because sma117(7 cm wide)
plates were used in this project; Scraping of the gel from the plates

was found to be easier with these small plates.

-,



4. Fatty acid and fatty alcohol analyses.

Samples were analyzed in a Hew1gt£ Packard model 402 ga§
chromatograph equipped with a flame \@nization detector. Columns,
183 cm long, were packed with 10% butanediol succinate on chromabsorb W
(Chromat;;raphit Specialties, Brockville, Ont.}. The hexadecane conta-
minating the 1ipid samples after the thin-layer chromatography proced;res
described above, did not interfere withlthg analyses with butanediol
succinate since the hydroéarson was present in relatively small amounts
ana gave a peak very close to that of the soivent. Nitrogen was the -
carrier gas. Fatty acid methyl esters were prepared using the method
described by Kates (1964} and fatty alcohols were analysed directfy. B

Fatty acids or fatty alcohols were identified by comparison
of retention times, relative to palmitate or to cetyT-alcohéT, with those
obtained for standards, as well as with pubTished values {Kates, 1972).
ﬁeight percentage was computed according fo the peak-height times reten-
tion time method (Carroll, 196]). Weight of }ipid components was calcu- -~
lated from the fatty acid composition using methyl arachidate as intemal

standard according to. the following equation:
wp = (Ap/AS) X NS

where wp is the weight of the fatty acid, and A  and A_ are the values

P
obtained for peak-height times retention time of the fatty acid and of the
standard; respectively. NS is the weight of standard added to the sample.

Arachidic acid is not produced by A. lwoffi under the conditions studied
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in thi§ projeét.mgverqge chain 1ength§ were calculated using the equation:

' P x N ]
100 .

where A is the average chain 1ength,'and where P is the proportion (in
% micromoles) and N, the number of carbon atoms of each fatty aciﬁ species.

- A1l calculaiibns were done by computer at the University of Ottawa

fComputing'Center. )

Pl
- 3



- 54 -

5. Source of 1ipid standards.

Free fatty acids, mefhy] esters of fatty acids, cetyl
palmitate, aﬁd mono- and diglycerides were purchased %rom the Sigma
Chemical Co. (St.louis, Mo.), phosphatidylcholine, phosphatidylethéno1émine;
and cardio1{pjn, froﬁ.Ca1biochem (San Diego, Calif.), tripalmitin, from the
Baker Chemical Co. (Phillipsburg, N.J.), hexadecane, from Humphrey Che-
mical Co. (North Haven, Conn.), and aliphatic alcohols, from Eastman

Kodak Co. {Rochester, N.Y.). Phosphatidylglycerol was a gift of Dr. M. Ka%ﬁi.
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CHAPTER III  RESULTS

1. Identification of 1ipids.‘

Acinetobacter lwoffi cultures were found to contain phoz:?o1i—

pids, mono-, di-, and triglycerides, free fatty acids, free fatty alcohols,

‘and wax esters as the major lipids. These were identified by co-chromato-

graphy with standards as described in Table 1 The major phospholipids -
were found ?o be phosphatidylethanolamine, phosphatidylglycerol, and
cardiolipin (Table 2). Further identification of the phospholipids invol-

ved co-chromatography on paper of their deacylation products with standards,

 as well as specific stains, as described in Material and Methods (Tab]e 3).

No evidence of the presence of glycolipids was found as the only spot
stained with periodate-Schiff reagest had chromatographic mobilities

corresponding to those of phosphatidylglycercl.

Identification of A. 1lwoffi fatty ac@s and fatty alcohols was

done by gas-liquid chromatography as shown in Table 4 and 5. No attempts

were made to determine the position of the double bond in clB:] fatty jf\ﬁ,/

acid or fatty alcohol and these are referred to as octadecenoate or
octadecenol. Chromategraphic data obtained were compared with bub1ished

-

values whenever these were available.

.

PP SRS
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" Table 1. Comparison of Rf values obtained for A. lwoffi lipids, standard

- 1lipids, and published wa‘lues.I with thin-layer'chromatography.
=
-AZ ‘ - . 83
= . - - . , .
Lipids A. Iwoffi Standard Kates  A. Iwoffi  Standard

lipids  lipids (1972)'  lipids  Tlipids

Phospholipids 0.00 0.00 0.00 0.00

Monoglycerides : 0.02 0.02 0.31  0.30
Dig1ycerides. ' 0.18 0.14° 0.15-0.21 ° 0.76 0.76
Triglycerides N 0.65 - 0.66 6.60 0.9§' ‘ 0.93°
Free fatty acids o 9.23 0.2 0.39 0.63 0.65
'Free fatty alcohols 0.29 0.22  0.30 0.52  0.50
Wax esters 0.9 091 0.8 . 0.88 . 0.88
Hydrocarbons . 0.98 0.95 098" 0.8 . 0.8

1, Values from Kates (1972). Fﬂ\f[

2. Petroleum ether/diethyl ether/acetic acid, 80:20:1 (Mangold, 1969).

3. Benzene/diethy] ether/ethanol/acetic acid, 50:40:2:0.2 (Freeman and
West, 1966).

4.‘——, Not shown.



Table 2.
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Comparison of Rf values obtained fo% A. Iwoffi phospholipids

and §tandard phospholipids with thﬁn-jayer chromatography.

Al B2
Phospho- - A. Iwoffi Standard A Iwoffi_ Standard
lipids3 v lipids  Tipids ©  1ipids  lipids
PE ©0.38 " 0.38 0.28 0.29
PG 0.70 0.70 0.33  0.38
oL .70 0.70 " 0.85 0.85

<

-

- Chloroform/methanol/30% ammonia, 60:50:2.5.
S
. Chloroform/methanol/acetic acid/water, 80:26:4:0.3.
‘Both solvent systems from Mc Garrity and Armstrong (1975).

- PE, phosphatidylethanolamine, PG, phosphatidylglycerol,
CL, cardfsdipin. - '
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Table 3. Comparison of R% values obtained for A. lwoffi phospholipid
| deacylation products, standard phospholipid deacylation

- producfs, and published values1 with paper chromatography.

—
A2 g3

=

Parent ‘deacyla- ~A. lwoffi Standard Kates 1} A. Twoffi Standard Kates ,
phosphg- tion- phospho- phospho- (1972)" phospho- phospho- (1972)

. lipids’™ products ~ lipids Tipids - lipids 1ipids
PE GPE © 0.43 0.44 - 0.45  0.59 0.60  0.62
PG GPG 0.52 0.54  0.54  0.48  0.48  0.46
cL GPGPG  0.21 - 0.24  -0.26  0.19 0.20  0.18
/ .

1T Values from Kates (1972).
2. Isopropanol / water / concentrated ammonia, 7:2:1 (Letters, 1966).
3. Phenol / water, 100:30 (Kates, 1960).

4. PE, phospﬁatidylethanolamine, PG, phosphatidylglycerol, CL, cardiolipin. .
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Table 4. Comparison of Rt values obtained for A. 1woffi fatty acid

methyl esters and standard fatty acid methyl esters with

gas-.h‘quid'chromatography.]’2
.

Fatty acid ' A. Iwoffi  Standard

o K ipids - 1ipids

_1aurate (C12:0) . . 0.34. 0.34
myristate (Cy,.q) N 0.58 0.55

palmitate (Cio.qy = 7100 1.00

palmitoleate (C&6:1) 1.17 1.16

stearate (CIB:O) : 1.77 1.75

octadecenoate (C18°1) 1.98 1.95

-

~

-

1. Column packed with butanediol succinate and used at

190°C under conditions described in Material and Methods.
. ) (
2. Yalues given relative to methyl palmitate.
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Tab]é 5. Comparison of Rt values-obtained for A. lwoffi fatty a]coho}s .
. : - ,2
and standard fatty alcohols with gas-l%huid chromatography. -

Fatty . A. lwoffi Standard
alcohols ~ 1ipids  alcohols
dodecanol (C12:0) ' q.30 0.33
tetradecanol (CId?O)- . 0.50 0.59
hexadecanol (CTG:d) _ . f 1.00 1.00
hexadecenol (C16:1) 1.4 0 =3
octadecanol (C18:0) 1.83 1.81
octadecenol (C]8:1) 2.02 1.97

p 2
1; Column packed with'butanedio1 succinate and used - .aﬁ\
at 190°C under conditions described in Material
and Methods.
2. Yalues given‘ielative to hexadecanol.

3. ‘——3 Not avajlabie.



-

2. Fatty acid compositions

a) ‘Changes in total amounts of the major fatty acids present in the
" whole culture during diauxie.

An examination of the total amounts of thérmajor fatty acids
present in the Qho]e culture revea?s that only the C15 fatty acids change
considerably (Fig. 1). During the hexadecane phase of diauxie, there is '
an increase of aboué 6- fold in the amount of palmitic acid and of about
14- fold in the amount of palmitoleic aéid’ However, the amounts of the

other fatty acids remain nearly constant throughout this period.

b) Changes in_the average chain length of fatty acids from lipid
components during diauxie.

Growth on hexadecane alone, or during the hexadecane phase
of diauxie resﬁ]ted in a decrease in the average chain length of the
fatty acids of A. Iwoffi (Fig. 2).>The changes are largest for the
phospholipid fraction fér which a rapid decrease occurs coinciding with
the utilization of hexadecane. In the free fatty acid fraction, a fapid
~ decrease occurs at the onset of growth on hexadecane buf the average chain
length returns to its former level soon afterwards. Changes in‘any of

the three forms of glycerides are small throughout diauxie.

c) Phospholipid fatty acids.

Though coﬁsiderab1e proportions of C]8 fatty acids were present
in the phospholipids of cells grown on ethanol, they represent only a

very small fraction of the fatty acids of phospholipids of cells grown
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Figure 1. Changes in the amounts of the major fatty acids
present in the total 1ipids of the whole culture
during diauxie.

Palmitate (0—--—0 ), Palmitoleate (O——O), Stearate (®---@),
and Octadecencate (@ °)

Growth curve is represented for reference.
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Figure 2. Changes in the:average chain length of different
1ipid components during diauxie.

Phospholipids (e ®), Free fatty acids (e—~——e), and
combined values for glycerides (o o)

Growth curve represented for reference.
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on hexadecane (Tables 6.to 8). After about two generations of growth

on hexadecane during‘?ﬁauxie, the re1afive amount of C]8 fatty acids in
phospﬁolipids had greatly diminished. Coinciding with this, waé an

increase in the C16_1 fatty acid content of all three major phospholipids. '

d) Changes in the degree of saturation of the major fatty acids.

-

The proportion of saturated fatty acids remained relatively
constant during diauxie fluctuating between 18 and 27% in the total

lipids and between 25 and 36% in the phosphq]ipids (Fig. 3).

-
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Table 6. 'Fatty acid composition qf Phosphatidyletﬁano]amine,after

groath on éthanol; hexadecane,'aqg during d"iemxie..I

-

- Diauxie(

" Fatty acids ‘ | Ethanol Ethaﬁﬁi He hdécane - ﬁexadécéne

_ 2lone phase phase alone
. (12) (.1%) ;,i{ﬁ) (1%)-

' Tdurate (c]2 TR g T 0.1 7
myr1state (C14 0) 1.4 © 1.8 1.1 1.0
palmitate (G0 281 232 19.9 21.9 °

palmitofeate (G, 322 ¢ 30.9 70.0 76.0
stearate {C18 0) | 6.1 1.9 0.5 T
_octadecenoate (c 8.1) "7 36.2 42.3 8.4 1.1

- ’ . - ’

Tate exponent131 phase of growth.

-

»

,‘1. F1gures shown as percentage of fatty acids. All 53@p1e5 taken 1n

’(/ E
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Table 7. Fatty acid composition of Cardiolipin after growth on )

ethaﬁo], hexadecane, and during diauxie.
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1

b

. 'Diauxie
Fatty acids - " Ethanol thano1 Hexadecane Hexadecane
‘ alone phase - phase - alone
(1%) (.1%)- (1%) (1%)
laurate C;,:0) 0.6 1.3 0.7 | T . _
myristate (C;,:0) 2.8 . 4.4 3.2 1.5 T
i - . . -
palmitate (C,z.0) 31.8 28.5 21.1 22.0
paimitoleate (C,.:1)28.0 28.9 59.0 73.2
stearate (C,g:0) 5.8 3.5 2.2 1.0
octadecenoate 31.0 3.4, - 13.8 2.2
(c-l-sz.l) ~ - '
N 7

1., Figures shown ag percentage of fatty acids. ;A]1 samples taken
in late exponential phase de growth. . —~



on ethanol, hexadecane, and during diauxie.
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Table 8. Fatty acid composition of Phosphatidylgiycerol after growth

1

Diauxie

Fatty acids Ethanol .Etﬁénol Hexadecane Hexadecane
alone phase phase . alone
C(1w) (.1%) (1%) - (1%)
laurate T 1.7 . 0.5 ‘ T
. myristate 1.5 5.7 e 18
palmitate 27.2 1.2 26 22.0
‘palmitoleate 28.7" 25.0° . §l2 - 713.2
stearate . 5.9 4.9 1.4 1.0
octadecenoatgb 36.8 28.6 8.6 ’ 2:2

-

-

Tate exponential phase of growth.

1. . Figures shown a5'peﬁcentagé of fafty\iiids. A11 samples taken in

N2

’

~-
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Figure 3. Changes in the percentage of saturated fatty acids
. : present in the whole culture total Tipids and
/—«'- __ phospholipids during diauxie.

To&\l ipids (o

Growth curve is represented f{t‘éferencéf
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3. Changes in the total amounts of 1ipid components present in
the whole culture during diauxie. .

The changes that occur in the total amounts of the
different 1ipid cqmponents present in the whole cu1tute at various
stages of diauxie were examined (Figures 4 and 5) JAlhen the culture
enters the lag phase separating the two growth cycles, the tota]
amount of phosphe*1p1ds decreases to about half the value 1t has
near the end of the exponential phase of growth on ethano] Dur1ng

this Iag period, the level of phospholipids stays nearly constant.

During the second grewth phase, at the expense of hexadecane, the total

amount of phospholipids ingreases approximately 8- fold and decreases .
afterwards, at the end of the growth curve, when cells appear to start
dyTng. Throughout diauxie, the total amounts of each of the other

1ipid components change re]at1ve1y Tittle. After the 1n1t1a] increase

from the amounts present in the 1nocu1um to those present at the end

" of the ethanol phase of growth, only small fluctuations are observed.



Figure 4. Changes 'in the amofmts of different 1ipid components
T present in the whole culture during diauxie..

¥

# 'y
Phospholipids (@—®), triglycerides (@-——-9), diglycerides
(o o ), and monogiycerides (o———-0).

Y

- Growth curve represented for reference.

~70 -



mg/| OF CULTURE
N -
o

10

Lop

//.\ /
.-._ s *
/.-—'

._"'. .-
\o/°

O-==0---0._9="
o N

- ~ -
,I 'l-n.‘-.-—___ —— — X
. ./ / - d'
- [

/0

o]

87 gm0 g ‘mono.

0--——=--""0

100 200 . 300 400
: HOURS
-

20

101

O.D. (610 hm )--

-70a-



-71 -

e

\
°

Figure 5. Changes in the amounts of different 1ipid compohents
present in the whole culture during diauxie.
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Growth curve represented for reference.
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4. ProbTems of def1n1qg extracellular lipids for hydrocarbon-
degrading microorganisms. _

a) Separation of cells from the unutilized hydrocarbon.
| When cultures of hydrocarbon-degrading miFroorganiéms are
centrifuged, a scum forms at the surface of the supernatant which

consists mostly of the unused substrate. The following experiment

' sho;;;\éhat free 1ipids, being insoluble in water and miscible in

hexadecane, also accumulate in this layer. To 10 ml of the miner;?
salts medium, containing‘o 1 ml of héxadecene, were added 10 mg of
tripalmitin and 1.0 mg of phosphatidylcholine. This mixture was ;oni—
cated to ;B$a1_,a’?The emulsion, and then centrifuged for 30 min. at
23,300 g at 2%c. At this temperature, hexadecane is frozen and forms
a crust whiéh is easily separated from the aqueous phase’of the super-
natant. Only about‘S% of the lipid fatty acidstrere detec;ed in the
aqueous phase while the rest remained associated with the hexadecane.
In addition, cells of oil-degrading microdrganisms are

known to bind, with considerable affinity, to gleobules of hydrocarbon

in emulsion (Chapter I, part 7). Different types of filters which

» .
,retain bacteria were found to also retain the hydrocarbon globules,

and glass filters that would yield an apprecjab1e fraction of the *hexa-
decane in the filtrate, also permitted cells to go through.

A method used to overcome the prob1em of separating the cells

‘from the unut111zed hydrocarbon is to wash-the cells with organic so1vents_

such as hexane (Walker and Cooney, 1973 b Siporin and Cooney, 1975).
This prodecudre was not used.in the present studyabecause some Tipids

cou1d‘possib1y be extracted from-tng cells. Detergents could also be
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used, but these can also extract material from.the cells. The Iibase

olf A. Iwoffi, for exampie, was shown to be released into the extra-

cellular medium by treating the cells with Triton X,q4, (Breuil et al.

+

1978 a).

Centrifugation at relatively high speed and above the free-

zing point of hexadecane was found, in preliminary experiments, to
increase the size of the pellet obtained. Cells were thus harvested .
by centrifugation at 23,300 x g (the maximum acceleration our Sorvall

centrifuge can maintain) for 30 min. at 20°C. This ceﬁir{fugation.

) procedure was used during this proaect except when spec1f1ed other-

wise. At 20° C, the supernatant cons1sts of two 11qu1d phasesvwh1ch

are difficult to separate. The supernatant as a who]e was thus used

- for the analyses.

’ ‘
Under these conditions most of the hexadecane remained in oy

the" supernatant fraction. Washing of the pellets with the mineral .
salts solution used for grﬁwth medium reduced the amount of hexadelane

remaining in the pellet fraction. The hexaﬁscane removed by washing_

-

~ was probably in large part adhering to the ;a11 of the centrifﬁge tube.

Only two washings were done for each sample since only trace amounts

of héxadecane were removed from the pellet fraction with a ¥/l waéhing.
Using this pracedure, about 90% of the unutilized pydrocarb::_ZZL ?eﬁu-
perated in the combined supernatant and wasﬁes fraction. The hexadécane
remain%ng associated with the precipitated cells dbu1d‘be present inside
the cells in the form of 1ntrace11u1ar 1nc1us1ons (Finnerty et al. 1973)

or on fhe,CéT1 surface in the form of small hydrocarbon globules (E1nse1e

o
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et al., 1975). Although some extracellular tipid.cquId probably be -
present in these hydrocarbon globules, most of it probably.remains in
the supernatant hexadecane phase. . -

« A large propnhtion (38 to 75%) of the total lipids was

e~

present'in the whole supernatant fraction after centrifugation, but
not all supernatant 1ipids can be considered as extracellular sigce
as much as 10 tp 402 of the cells from the‘whb1e culture did not"

sediment (Table 9).

' e—

b) .Comparison of pe11et and supernatant 1ipid compositions. .

-

Since the cel?s could not be separated from the unut111zed
hexadecane w1thout using techniques which could extract mater1a1 fronL\ -
the cells, the extrace11u1ar 1ipids could not be measured directly.

If some ]ipid'class(es) accumulated in the extracellular medium in
appreciable amounts however; a compahison of the lipid composftions

of the pellet and of the whole supernatant (conta1n1ng both the aqueous /:>‘?
and hydrocarbon phases) should revea1 an excess of th1s mater1a1 in

the supernatant since most of the hexadecane rema1ns in th1s fract1on

The percentage of the amount of tota1 pel]et Tipids was

calculated for each Tipid class and compared ‘with the.percentage of

A

total supernatant lipids of the same 1iptd class (Figures 6 to 12).

The propprtion of the-phospho]ipids‘( th.-ﬁ),decreased rapidty in . f\\““\
both theQL

e1Tef and the supernatant as the Ee115 from the exponehtia]
‘phase of growth on ethanol entered stat1onary phase During the lag
phase separat1ng.the two growth cyc]es the percentage of the: phospho-

Rt

]1prds appears to have 1ncreased sT1ghtly with rather 1arge fluctuat1ons

-
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Table 9. ~ Comparison of the amounts of total 1ipid ‘and numbers of
cells found_in the pellet ‘and whole supernatant fractions

during diauxie.

Total 1ipid! . CeTl counts?
. ) Lot _
Time 0.D. Pellet~ Supernatant’ _ 3

gfllef Supernatant
(h.) (610 nm) ~- -

h % 050 147 1370 3Lx1e S x 08
- 57  0.680 9.7 10.4 | 0 x10°- 1.8x.10%
9% 0.5  -8.6 134 1.8x10% 1.3x108
122 0620 .88 - 7.0  64x1% 7.3x70
145 0.690  11.2 6.9  5:4x10% 6.7 x10 ..
190 0.820 . 15.9 109 . 7.6x10% 1.5 x 108 /
248 1.0 1.5 33.6 - 7.5 x 10° 4.5 x 10°
306 . 1.390 353 %2 1.0x10° 3.1x10%
41 ,-i}fsoo S 14 24 9ax 10° 5.6 x 108

“ 1. Values shown as tota] weight of fatty acids and fatty alcohols -
: (in mg) per. Titer of culture.

2. Counts represent numbers per ml of original wh&]é culture and
- supernatan; Counts of the supernatant fractions were corrected
. for %jﬂut1on by the added washing solution. -~

3. including.aqueou5'hnd hexadecane phases of the-sﬁpernatant.
- ‘/ * . B
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Figure .6. “Comparison of the proportions of total pellet lipids and
' total supernatant lipids found in the Phospholipid frac-. .,
tion during diauxie. @ - -
Figures shown as % of total fatty acids and '?atty alcohols.
(o |

Growth curve represented for reference.

®), pellets (o 0 ), supernatants.

»

7 -
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Figure 7. Comparison of the proportions of total pellet 1ipids and

total supernatant lipids found in the trigiyceride frac-
tion during diauxie.

Figures shown as % of total fatty acids and fatty alcohols.

(@—d ), peﬂets., (o o), supernatants.

Growth curve represented for reference.

L
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Figure 8. Comparison of the proportions of total pellet 1ipids and
' total supernatant 1ipids found in the Diglyceride fraction
during diauxie.

Figufes shown as % of total fafty acids and fatty alcohols.

®), pellets, (o

(0— 0 ), supernatants.

Growth curve represented for reference.
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Fiqure 9. Comparison of the proportions of total peliet 1ipids

and total supernatant lipids found in the Monoglyceride
fraction during diauxie.

Figures shown as % of total fatty acids and fatty alcohols.

(e——mw), pellets, (0——9 ), supernatants.

Growth curve represented for reference.
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Figure 10, Comparison of the proportions of total pellet lipids
and total supernatant lipids found in the Free fatty
acid fraction during diauxie.

Figures shown as % of total fatty acids and fatty alcohols.

(@

e ), pellets, (0 O ), supernatants. _

Growth curve represented for reference.

{
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Figure 17. Comparison of the proportions of total pellet 1ipids '

and total supernatant 1ipids found in the Free fatty
alcohol fraction during diauxie.

Figures shown as % of total fatty acids and fatty alcohols.

(e~—e), pellets, (0~—0), supernatants.

Growth curve represented for reference.
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Figure 12. Corhparison of the proportions of total pellet 1ipids
. and total supernatant lipids found in the Wax ester
fraction .during diauxie.

Figures shown as % of total fatty acids and.alcohols.
(o

e ), pellets, (o o ), supernatants.

Growth curve represented for reference.
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the rapid//gétease in the average chain length of phospholipid fatty
) ‘
acids noted above. During_the stationary phase of the second growth .

cycle, the proportion of the phospholipids decreased, especially in the
pellet fract1on. ‘During diauxie, phosph011p1ds represent a higher pro-
port1on of total supernatant lipids than of total pellet Tlipids only
" near the middle of the exponential phase of growth on hexadecane.
In the other stages of the growth curve, similar or smaller proportions
of phosphoTipiqs were found in the supernatant than in the.pe11et.
. The probortion of triglycerides (Fig. 7) increased in both

the peliet and the supernatant at the beg1nn1ng of stat1onary phase of
growth on gthagnol. During the Tag phase separating the two growth cycles,
trigTyceridés remained re1ative1y constant in- the pellet, but fluctuated
somewhat-in the supernatant. Dur1ng growth on hexadecane, the proport1on
of tr1glycer1des decreased gradually before increasing again dur1ng the
stationary phase of growth on hexadecane. During diauxie, trigT;;eriQSS
represent & higher proportion of total supernatant 1ipids than of total
_pellet 11p1ds dur1ng the per1od preceding growth on hexadecane.

; DTg1ycer1des (F1g 8) represent a higher proportion of the
Tipids of the supernatant than of those of the pellet until near mid-
exponential phase of growth on hexadecane. Monoglycerides (Fig. 9) were

. found in similar proportions in the pellet and supernatant fractions
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'except dur1ng a reTat1ve1y br1ef peerd ‘near the onset of “growth
on hexadecane when the proportwon of th1s 11p1d was higher in the

supernatant

-

The free fatty acids (%ig. 10) were pfdportionna11y:more.

- abundant in tﬁe pellet fraiﬁigg:)ﬂ:ying diauxie, except during part
of the 1ag phase separat1n§ the tw&wgrowth cycles and at the end of
the exponent1a1 phase of g§owth on hexadecane ‘Alcohols {Fig. 11)
and wax esters (Fig. 12) reﬁbesented a small proportion of the total
1ipids of both the pellet and the supernatant fractions. The propor-
tion of wéx Qas_higher in the supernatant than in the pellet during a

‘
N

relatively bf;ef pefiod_near the opset of growth on hexadecane.

In general, the 1ipid compositions of the pellets and super- |
natants were relatively similar. The differences. ment1oned above suggest
that some 1ipids which were proport1onna11y more abundant in the superna-
tant fraction could be extracellular. This interpretation is based on
the assumption that, on the average, the cells that remain trapped
in the hexadecane phase of the supernatant during centrifugation-'have
the same Tipid compositioﬁ as the cells that sedimeﬁt. This is not
necessarily true, howeQer,-since the proportion of any dgiven class of
1ipids was often larger in‘the pellet than in the supernatant fractions.

Extracellular lipids could be present in the cultures in the
\\Egme prbportions as they are in the cells. This could possibly occur
if an important number of cells would lyse. The 1ipids thus 1iberated
" would be extracellular since they would no longer be associated with

intact and 1living cells.
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Estimaiions of the protein content of the pellet and super-

natant fractions show that a large proportion of the proieins remained

in suspension upon centrifugation (Tab1e 10). A good part of these
supernatant proteins, however, must be associated with the cells con-
tained in this fraction which were trapped in the hexadecane phase
(Table 9). As was mentioned earlier, microbiological filters retained,
in addition to the cells, most of the unutilized hydroﬁarbon. The’
filtrate consisted then of the agueous phase of the supernatant and
contained the water soluble proteins tﬁat would be Tliberated from the
cells’if these had lysed. The amount of protein found in fhe aqueous
phase of the supernatant, obtained by filtration, was very small, sugges-
ting that lysis of an impértant number of cells had not occured (Tab1e
10). |
To further test the possibility of cell lysis, an experiment

was done in.whith cultures were centrifuged at 25,000 g for 30 min. at
4°C so that the hexadecane was frozen and the aqueous ph;se of the
supernatant could be recuperated easily. The concentration of protein
found in this fraction was compared with the concentratién of protein
present in the whole supernatant (including both hexadecane and water
phases) and in the whole culture (Table 11). Again, the amount of
water soluble protein was small during diauxic growth.

"1t was demonstrated,. usiﬁg bovine serum albumin mixed by ‘.
sonification with 1% hexadecane in the mineral salts medium, that water

soluble proteins are recuperated entirely in the aqueous phase.after
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Table 10, Comparison of the amounts-of protein fodnd in the pellets,

NG _ jSupernataﬁt$;3aﬁqfin saﬁgje§ of_fil;eréd sﬂpernagént.l

e e RN -

0.D., .=2;;,Péiléﬁ : 7:.fSﬁberpaﬁantT;‘?.“}ﬁiféred"
(h.) (610 °mm) & e Lo s ' supernatant
. = [ . ~ * . - X .

e

:ﬁlk.24s:f‘$io€5§0.?¥i; 216 “#j ;ﬁfff ?ib *ﬂyj:quj'tTZ ‘-"~i- ‘.‘;_;€_Tf‘.
g e el LT ‘
ls4 - 0ues0 230 - _‘-;£‘12é-_if:‘i}ﬁt; B
22 o0 2s0. 129 SR
145 0.690 . .276- . 126 8

190 0.820 a1z . 1% L 8 o
‘g 100 s, - 80 - . 20

26 1% &5 s 3

a1 1.300 700 700 . | &

1, Values shown as rg/ml of original culture. Supernatant values
were corrected for dilution by the added .washing solution.

2. The supernatant was shaken vigorously and filtered through a
0.45 nm pore size Millipore filter membrane.
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Table i1. Comparison between the amounts of_protein fo&hd
in thé aqueous phase of the supernataqt,ﬁin fhg
. whole supernatant, and in the whole culture, du-
ring diauxie.! - -
Supernatanf
Time Whole culture Aquécus phaEEa WhoTE"
24 130 26 a2
28 372 30 Y46
97 380 3 Ny 146
143 380 | 40 | 140
192 - 695 . 46 255
241 927 . 54 560
300 1340 52 - 690
1. Values shown as ng of protein per ml.
2, Taken directTy from the centrifuge tube with a
Pasteur pipette Sfter centrifugation at 23,300 g
for 30 min. at 4°C. _ '
3. Including aqueous and hexadecane phases. of the

supernatant.
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'3'4E:‘1 : The extraceTTuTaf lipids (L) could be calculated from the
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{ihwééhiﬁ}ngétion under the -conditions used for thesé'experimépts.

[ Sw
SN N

. .¢) Estimations .of extracellular lipids.

. émounts.of 1iﬁid.present ih fhe pellets (Lp)-and in the whole superna-

ténts‘(LS) and measurements of the relative number of cells present in
the pellet (CP) and superpataht (CS) fractions using the following

equation:

LE:= 'LS - [ Lp (CS/C}',{I . _
Since thg Supernaéﬁnt contained a large number of cells, these calcu-
lations.give the -amount of 1ipid present in the Supernatant which is
not accounted for by the cells present in this fraction.
Cell counts (Table 9) or protein estimates (Table 10) were
used for the measurements of ‘the amount of cells present iﬁ“thsﬁrel]ets
and supernatants. Since the amount of water soluble proteins was small

during diauxie (Table 10), it appears that -extracellular proteins are

.present only in small quantities. The total amounts of 1ipid calcula-

ted as being extratelTuTar during diauxie are shown in Figure 18. These
are compared with the total amounts of 1ipid calculated as be1ng'_ﬁﬁ1u1ar
by subtracting the value obtained for extracellular J1p1ds from the
amounts present in the whole culture (Fig. 13). The amounts of 1ipid

calculated as extracellular for each 1ipid class using cell counts are
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Figure 13.- Total amounts of 1ipid calculated as being cellular

and extracellular during diauxie. .
(o ® ), cellular 1ipids calculated using protein content, (@-~---o),
extracellular 1ipids calculated using protein content, (0——o0), cellu-
lar 1ipids calculated using cell-counts, (0---0), extracellular lipids
calculated using cell counts. '

Growth curve represented for reference.
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shown in Table 12; those calculated using protein content are shown
in Table 13. The amount 6f calculated extracellular Tipids is gene-
rally higher for calculations based on protein content especially
during the hexadecane phase of diauxie. In these tab1e$. a number
of values were calculated as negative, the amount of supernatant
Tipids being more than accounted'for by the number of cells or the
amount of protein preseqt in the supernatant. More negative values
are obtained with the calculations based on protein content than
with those based on cell counts.

During the first growth cycle of diauxie? hexadecane is
not utilized. The lipids produced during growth on ethanol alone
should be comparable to those produced during the ethanol phase of .

diauxie. Since the hydrocarbon is absent, it cannot interfere with
<

<
the sedimentation of the. cells and supernatant 1ipids are, in this

case, truly extracellular. A. 1woffi was grown on 0.1% ethanol
until early stationary phase under the conditions used for diaux}e
experiment§ except that hexadecane was absent. The cells were cen-

tr;;Eggg\End total 1ipids were measured in the peliet and supernatant.

Theg whole culture contained 24.4 mg/1 total fatty acids while the
;Zpernatant contained 4.2 mg/1 or 17.2% of the total fatty acids
éf the culture. A similar proportion of extracellular Tipids was
found for midexponential phase cultures of A. Iwoffi grown on 1.0%
ethanol (30.7 mg/1 in the whole culture and 6.3 mg/1 or 20.5% of

the total, in the supernatant). Ethanol grown cells thus produce

-
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Table 42. Changes iﬁ the amounts of Tipids calculated as extracellular
using cell counts duriﬁé diauxie.]

Ethanol Lag Hexadecane
phase phase ' phase
G
- Time (h.} 24 57 94 122 145 190 ~ 248 306 . 4N
0.D. {610 nm) .530. .680 .650 .620 .690 .820 1.100 1.390. 1.300
phospholipids 1.0 -0.2 0.4 1.3 1.1 3.5 19.0 10.1 8.7
monoglycerides 0.4 0.6 0.2 0.6 1.3 0.8 1.5 1.1 0.9
- .
diglycerides 1.6 1.5 1.1 1. 1.1 1.4 2.6 2.0 1.0
triglycerides 2.5 1.8 3.6 2.1 1.5 1.6 3.4 1.9 2.
free fatty acids .0.4 0.9 1.1 0.2 0.1 0.1 . 1.2 2.8 0.8
alcohols 0.1. -0.1 0.1 0.1 0.1 0.4 0.1 0.3 0.3
wax esters -0.1 0.0‘ r0.3 0.6 0.4 0.0 0.2 0.1 0.3
"Total 5.6 4.5 6.8 6.0 5.6 7.8 28.0 18.3 14.1
1. Values shown as mg of 1ipid per 1 of culture. .

~

—~
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Table 13. Changes in the amounts of lipids calculated as extracellular

using protein content during diauxie.1 |

Ethanol Lag Hexadecane

phase phase . phase
Time (h.) 24 57 ¢ 94 122 145 190 248 306 411
0.0. (610 nm) 530  .680  .650 .620 .690 .820 1.100 1.350 1.300
phospholipids -1.3 -0.4 1.1 0.1 0.2 1.8 10.2 -1.0 6.0
monoglycerides -0.4 0.6 0.5 0.4 1.1 0.6 0.5 ~ 0.8 0.6
diglycerides 0.8 1.4 1.5 0.8 0.7 0.9 0.3 0.7 0.4
triglycerides 1.6 1.7 41 1.5 0.7 0.9 -0.3 0.5 1.2
free fatty acids -0.3 0.8 1.4 -0.2 -0.4 -0.4 -0.8 2.2 0.5
alcohols -0.1  -0.1 0.2 0.0 -0.1 0.3 -0.3 0.2 0.2
wax esters - -0.6 0.0 0.3 0.6 0.3 0.0 -0.2 0.0 0.2
Total 0.3 4.0 9.1 3.2 2.5 41 9.4 3.4 9.0

1. Values shown as mg of 1ipid per 1 of culture.
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felative1y large amounts of extracellular lipids. Thése'amounts are
comparable to those calculated as extrace11u1ay for early stationary

phase of the ethanol growth cycle of diauxie usiﬁg either cell counts

or protein content.

1

d) Problems of measuring cell mass in the presence of hydrocarbon.

The results of extracellular lipid estimates: presented in
the pfevious section, depend on the method used for estimating thé
proportion of cells remaining in the supernatant after centrifugation.
The accuracy of extracellular 1ipid measureqeﬁts thus depends on the
accuracy of cell mass estimates.

Cell counts, eépecia11y of.the_supernatant samples, proba-
bly yield underestimates since many cells adhe;e to a hydrocarbon
globule and form a single colony. This problem was recognized by ‘
Raymond and Davis {1960). Extensive shaking of thé culture probably
increases the numbers obtained by‘breaking the hydrocarbon phase into
smell globules but can probably not eliminate this source of error.

- Direct cell counts, under the microscope, are alsc inaccurate because
some small hydrocarbon globules in the emulsion are difficult to dis-
tinguish from the cells, even using phase contrast microscopy. Large
hydﬁﬁtarbon globules, also, probably prevent some of the cells from
betng seen during microscopic observations.

' Protein estimates probably give more accurate results since
a 1argér number of cells.is taken for the measurements. Fhrfhgrmore,

the samples are not diluted, as for cell count measurements, before
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the actual assay is performed._ The presence of hexa ecane in the

. . ° ) _
assay system did not interfere with measurements of ¥nown amounts

: i T " -~
of protein {Breuil et al., 1978 b). A strong cogfelqp n betweéﬁ\

increase of protein and 0.D. has been demonstrated for tultures of

A, Iwoffi with 0.D. values above 0.4 {Breuil et al., 1978 a).

These considerations are consistentlwith the results
obtained in the present study. The proportions of total protein
and cells from fhe whole culture that remained in the'supernatant
upon centrifugat%on are Tower than the proporti&n of total lipids
found in the supernatant (Table 14). While the proportion of pro- |
teins remaining in the supernatgnt is relatively close to that of
the lipids, the, proportion of cells counted in the supernatant fraction

is much Jower.
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Table 14. Comparison of the proportions of total 1ipidsf total

proteins, and cell numbers found in the supernatant

fraction during diauxie.T

r Tihe  © 0.0. - Total ~  Total el
o (h.) (610 nm) lipids protein numbers

24 0.530 8 50 - 35

57 0.680 52 ST 38

8¢ 0.650 60 - 35 42

1'22.'_. , 0.620 44 34 10

145 0.690 .3? | 31 omn

190 0.820 - 41 32 16
248 10078 69 38

306 130 © a2 - 40 IR F:

411 1.300 6l 50 37

1. VYalues shown as’percentage of material present
in.the whole culture, found in the supernatant
fraction after centrifugation.
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. CHAPTER IV  GENERAL DISCUSSION

v -

1. Extracellular Tipids.'.

Extracellular emulsifying agents are thought to be involved
in the microbial uptake of hydrocarbon moTecu}es {Chapter I, part 7).
Most of_;hese compounds that have been characterized are 1ipids or con-
tain lipid moieties as was descriﬁéd earlier. In most studies, however,
ghese compounds were assumed to be at least in part extraceliular and
litt1é effort has’been devoted to demonstrating tgeir extracellular
location or to estimating the améunt present in the extracellular medium.
Somg_authors~(K1ug and Markovetz, 1967; Volfova‘and.Pecka, 1973)
were mainly interested in characterizing possible intermediates in the
pathway for the oxidgtion-of hydrocarbons while others were concerned
with the demonstration o? the emulsifying properties of compounds produced
by-microorganisms growing on hydrocarbons. Since the emulsifying compounds

are most 1ikely associated with the 0i1 phase of the culture, this fraction

' (Suidki etal,, 1959; Cooper et al., 1979 a, b) or the whole supernatant

(Igushi et al., 1969; Rosenberg et al., 1979, a, b; Zuckerberg et al., 1979;

Itoh et al., 1971; Zajic gg_gi,, 1§77 a, b) were taken for the analyses.
In o%%er cases, emulsifying compounds were isolated from the‘ce11 pellet
(Hisatsuka et al., 1971) or from the supernatant obtained after treating
the cells with EDTA (Hisatsuka g;igi,, 1975). 1In all these studies, at

least part of the material analyzed was probably extracted from the cells.
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In some studies (Kappeli and Finnerty, 1979; Roy g;_él,, 1979),

the aqueous phase of the supernatant was obtained_by filtration and used
as a source of the compounds studied. In these cases; the substances
analyzed were truly extracellular, but no estimate of the amount present
in the extracellular medium could be done since the amounts of emulsifying
agents associated with large hydrocarbon globules remaining on the filter
wére not taken into account. |

Because of the difficulty encountered in separating the ce[1s

of Acinetobacter Iwoffi from the unutitized hydrocarbon of the cultures,

it was impossible to measure directly the amount of lipids present in
the extracellular medium. It is somewhat surprising that cultures of

Acinetobacter sp. HO1-N (Finnerty et-al., 1962 a ), a closely related

bacterium growing on hexadecane, could apparently be sedimented cbmpletely
upon centrifugation at 25,000 g for 15 min.'a; 25°C, since it was rgported
that no phospholipid was detected in the supernatant fraction {Finnerty

t al., 1973; Makula et al., 1975). In contrast, -in this work, hardly

h

more than half of the cells were found in the peliet fraction when cultures
of A. 1woffi were centrifuged at 23,000 g for 30 min. at 20°C. In both
studies, the supérnatant*was‘the cuTture broth remaining after centrifu-
gation and separation from the peliet and, thus, contained both the

* aqueous and hydrocarbon phases.

In fact,.relative]y large amounts of phospholipids were found

recently in the filtrate of the Supernataht of cultures of Acinetobacter

sp.HO1-N grown on hexadecane (Kappeli and Finnerty, 1979). Phospholipids

thus had to be present in the supernatant and at least part of the 1lipids

“*
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reported as extracellular by Finnerty et al., (1973} and by Makula et al.

(1975) could have been extracted from cells 6r have been iiberated because

of cell lysis.

Hydrocarbon degrading microorganisms are well known to bind

. quite strongly to hydrocarbon globules in the culture (Mimura et al.,

1971 b; Mc Lee and Davis; 1972; Finnerty et al., 1973; Cundell et al., -
1976; Miuta g;_gl.; 1977; Gutnick and Roéenberg, 1977). The proportion

of A. Iwoffi cells bound to large hexadecane globules which do not sedi-

+ ment was estimated to about 40% of the total number present in the whqlgfﬂ

culture. This value is relatively smaller than that of 70% reported for

Candida lipolytica cultures (Nakahara EE:El-; "1977). In both of these

studies relatively TargelfTuctuations were observed in the proportion of

.cells remaining in the hydrocarbon phase of the supernatant during any

of the growth stages. In contrast, cells of Acinetobacter calcoaceticus

had binding affinities which were characteristic of different parts of

the growth curve. A1l cells were associated with the.hydfocarbon phase
until midexponential phase gf growth. The proportion of cells bound to

the hydrocarbon then decreased rapidly during the second half of exponen-
tial growth. During stationary phase, the proporfionaof bound cells remained

constant at about 20% of the total number of celis present in the whole

culture (Neufeld et al., 1980). The binding force can thus differ even

for two relatively closely related microorganisms, as was observed for

- Candida tropicalis and Candida intermedia (Miura et al., 1977).
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If 11p1ds were somehow secreted from the cells, the compos1t10n

of extrace11uiar 1ipids should probab?y be different from that of the ce11u1ar

lipids. Accord1ng1y, the pellets and supernatants of Acinetobacter sp.

. HO1-N contained different proportions of the various lipid classes

~

(Finnerty et a1 1973 Makula et al. 1975) Hexane extracts of cultures

" of Cladosporium resinae contained 1ipids having a much higher proportion

of ‘lauric acid than celiular 1ipids (Siporin and Cooney, 1975). A. lwoffi
fs known to possess a strong‘ﬁipase activity when growing on hydrocarbon,

and most of this activity can be assayed wjthout breaking the cells ( Breuil

et al., 1978 a). The composition of extracellular 1ipids would thus be

further modified by this enzyme. The lipid composition of the peliet and super-
natant fractions of cultures of A. lwoffi were relatively similar, however,
so, that no accumuiation of Targe amounts of any single 1ipid class in the
extrac§31u1ar med1um is apparent during diauxie. o

The supernatant of cultures grown on ethanol, in the absence
of hydrocarbon, was found to contain te]ativeiy hign amounts of extracellu-
Tar 1ipids. The proportion of whole culture 1ipids found in the supernatant
of ethanol grown cultures was similar to that estimated for extracellular
Tipids during the ethanol phase of diauxie. These estimates were calcu-
lated from the amounts of Tipid present in the cell pellets and cuiture

supernatants and the number of cells present in these two fractions.

Extracellular 1ipids were estimated for cu1tures of Acinetobacter

sp. HOI-N during a two growth cycle experiment (Makula et al., 1975). This
experiment does not involve.a true diauxie since the hexadecane was added

only after the cultures growing on acetate had reached stationary phase
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of Qrowth. Extracellular mono- and triglycerides weré present in réla-
tively small amounts during growth on acetate. After addition of hexadecane
to the cultures the amount of monoglycerides increased gradually ﬁbout 1
fold in the suéernatant during growth on the hydrocarbon. The amount of
supernatant wax esters, which was very sma]f during acetate metabolism,
increased greatly during the latter part of the growth on hexadecane. The
amount of triglycerides remained relatively constant throughout the exhe—
riment. These data are difficult to compare with those of the present
study since neither the amount of 1ipid present in the whole culture nor
the total amount of cellular lipids were reported for this experimenf.

Acinetobacter sp. HO1-N grown on hexadecane was also reporfed to accumulate

much higher amounts of supernatant free fatty acids and triglycerides than

when it is cultured in a nutrient broth-yeaét extract medium. The total
amount of supernatant 1ipids was 60 times greater in hexadecane grown
cultures (Finnerty et al., 1973).

" In contrast, the results of the present study suggest that,
although some extracellular 1ipids are preSent during djauxie, their
amount does not increase greatly during hexadecane metabolism.  Although
the precision of the estimates presented here for A. Iwoffi extracellular
Tipids was criticized in the preceding chapter, these are probably more

realistic than those reported for Acinetobacter sp HOT-N cultures (Finnerty

‘<§§;§i:, 1973; Makula et al., 1975) since in these latter studies all cells
were assumed to be in the pellet fraction. This is not necessarily true,

however, as it would contrast with the results of the present and other

- 100 - _-




. - 101 -

studies (Miura et al., 1977; Nakahara et al., 1977; Neufeld et al., 1980).
In any case, a demonstration of the absence of cells in the supernatant
" fraction of Acinetobacter sp. HO1-N cultures was not published.

-

Recentjy published experiments have showh that addition of

certain 1ipids such as long chain fatty acids, triglycerides, phospholo-
pids, and wax esters, or certatn synthetic detéréents to cultures of

A. Iwoffi stimulates grbwth on hexadecane (Breuil and Kushner, 1980).
The lipids were added in concentrations ranging from 200 to 500 mg/1

of culture and Tower concentrations had no detectable effect on the
growth kinetics. Although these amounts of 1ipid support relatively
Tittle grqyth, they are much'higher than the amounts of extracellular
1ipids estfhated in the present study.

TH? stimulatory effect of added 1lipids was mostly due to a
sharp reduction in the lag phése of growth. At least part of this ef;ect
can be attribufed to the emulsifying properties of the added 1ipids.
These considerations support the hypothesis that extracellular 1ipids
are involved in the uptake of hydrocarbon by microorganisms. The results
presented in thig dissertation, however, suggest that the amount of
extracellular lipids produced by A. Iwoffi is too small to stimulate
growth significantly. Although this small amount may contribute to the
emulsification of the hydrocarbon, binding of the ce11s‘;o large hexa-
decane globules appears to play a major role in the uptake of the
substrate. This hinding also makes it difficult to measure the precise
amount of extracellular 1ipid since these are not easily distinguished
from the lipids associatea with cells trapped in the hydrocarbon phase

of the cultures.
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2. Hydrocarbon metabolism.

The results presented in this disseftation confirm the ofteq
reported observation (Chapter'I, part 4) tha£ a substantial proportion -
of the fatty acids of microorganisﬁg groﬁn on long chain-aliphatic hydro-
carbons, have the same chain length as the,parenf hydrocarbon molecule.
There is good evidence that this correlation during hydrocarbon utiliza-
tion is caused by direct 1ncorporation of the hydrocarbon, after oxidation
to the correspondihg fatty acid, into c&EpTex Tipids, coupied with inhi-
bition of de novo fatty acid synthesis (Gil1 and Ratledge, 1973;_Sampson
and Finnerty, 1974; Mishina et al., 1976; Ascenzi and Vestal, 1979).

Incorporation of oxidized hexadecane, during the hydrotarbon

phase of diauxie of A. Iwoffi, was found to take place mosﬁTy in the

phospho1ipids:\Acinetobacter sp. HOT-N was shown to incorporate radio-

active hexadecane at a higher rate into phospholipids than into neutral
1ipids {Makula and Finnerty, 1971). Most of the hexadecane incorporated

into the phospholipids of A. Iwoffi or Acinetobacter sp. HO1-N (Makula

and Fiﬁnerty, 1968) was in the form of palmitoleate rather than paimitate.
This suggests the presence of a partjcu1ar1y active fatty acid desaturase
in both organisms when growing on hexadecane. This accumulation of Cfe
fatty acids, also greatly reduces the proportion of C18 fatty acids .
during growth on hexadecane, The proportion of unsaturated fatty acids
was maintained within relatively narrow limits, thus, apparently maintai-
ning membrane fluidity and function (Mc Elhaney, 1976).

Those metabolic activities that are reflected by chénges in

1ipid composition appear, during diauxic growth, to be 1imited to the
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phospho1ipid.component. No.accumulation or depletion of reserve forms,
such as glycerides or wax esters, was observed during the hexadecane
phase. A1tpough the total amount of neutral 1ipid in the whole culture
remained relatively constant, their proportion decreased gradua11y'as
phospholipids were synthesized. Higher proportions of neutral lipids

were found in hydrocarbon grown cells (compared with Ee]Ts grown on

other carbon sources) of a Nocardia sp. (Raymond and Davis, 1960), Candida

petrophilum (Mizuno et al., 1966), Mycobacteriﬁm vaccae (Vestal and Perry,

1971), and an AIcaiigenes sp. (Bertrand et al., 1976 b). This was not

the case for other microorganisms including Candida 107 and C. tropicalis

(Thorpe and Ratledge, 1973) and Acinetobacter sp. HO1-N (Finnerty et al.,
1973).

During theliag period of diauxie, following depletion of the
ethanol, the amount of all I}pid classes present in the whole culture
remained essentially constant. In contrast, Hug et al.,(1974) observed,
ﬁuring continuous culture experiﬁents in which the substrate was changed
suddently from glucose to hexadecane, a transition phase during which the

amount of total 1ipids and phospholipids of Candida tropicalis cells

nearly doubled before cell growth resumed. This Tatfer result was interpre-
ted as  supporting the hypothesis that a high 1ipid content of the cells
s neééssary for hydrocarbon uptake (Hug et al., 1974). The results of
the present study cannot rule out this hypothesis but the 1ipid content

of A. Iwoffi cells grown on ethanol appears to be sufficient for growth

on hexadecane,
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3. Intracellular inclusions.

Ag was mentioned earlier, during the hexadecane phase of
diauxie, globular electron transparent inclusions, similar to those
described by Finnerty et al., (1973), appear in the ce11§ of A. Iwoffi
(Shindler et al., 1978). 1In the case of Acinetobacter sp. HO1-N, these

inclusions were shown, using X-ray diffraction techniques, to be composed
of hexadecane, or whatever hydrocarbon the cells.had been grown on, which
had accumulated inside the cell {Finnerty et al., 1973; Kennedy gg.gl.; 1975).
The resuits obtained for Tipid analyses of A. Iwoffi cells during diauxie
are consistent with this conclusion since no accumulation of neutral

1ipids was observed and phospholipids would tend to form small vesicles

and bilaminar structures in the aqﬁeous cytoplasmic med{um (Lu;y and Glauert,
1964). These inclusions, which appear to have a uniform structure énd

have diameters of 1/8 to 1/4 of the cell diameter (Shindler et al., 1978),
are probably too large tb be formed by a simple accumulation of phospho]ipfd

in the cytoplasm. Phospholipids could, however, as was shown for Acinetobacter

sp. HO1-N, form the Tipid part of the membrane surrounding these inclusions
(Scott and Finnerty, 1976). Of course, more direct experiments would be’

required to fully characterize these inclusion bodies in the case of A. Iwoffi.
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4. Role of the lipase.

No involvement of a lipase activity is apparent from the 1ipid
analyses presented in this'dissertatioﬁ. Although a strong lipase activity
is induced during the hexadecane phase of diauxie (Breuil et al., 1978),
the amount of all three forms of glycerides remained essentia1iy constant
during this period. The lipase could have.been involved in maintaining
these metabolic pools to constant levels, but if glycerides were formed
during the period of hexadecane metabolism and degraded at the same rate,
one w;u1d expect the average chain length of these compounds to decrease
and gradually approach that of pailmitic acid. This was not observed,
however, the average chain length of the glycerides remaining quite
constant. These considerations do not rule out an involvément éf the

Tipase, but its metabolic "role" remains difficult to identify.
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