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PHYSIOLOGICAL CHANGES AND RESPONSES OF PSF:f 'n(}/\,-{ONAS Af:R{ !li/NOSA

ATee 9027 WHEN GROWN ON PETROLEUM COMPOUNDS.

Physiological and compositional changes in Pseudomona,· aeruglnosa (ATCC 9027)

were monitored during growth on various petroleum compounds in a chemically-defined

medium. Growth ofP. aerugtnosa was observed when fumace oit kerosene, aviation fuel,

1ight crude oil and hexadecane were used as carbon and enerb'Y sources. A variable and

extended lag period before active growth was achieved was characteristic of petroleum-

grO\\lTl cells as compared to gluco~e-growncells. Gro\\1h on the petroleum hydroearbons,

compared with that on glucose, resulted in changes in cell lipid composition, outer

membrane proteins, celJ-surface hydrophobicity, surface-tension~ and pH changes in the

growth medium during transition from early to late-Iog phase. Cel! composition and

physiology of ceUs grO\VO in the petroleum mixtures varied due to differences in the

chernical composition of the material. Production of an exopolymer (characterized as a

peptidogJycolipid) was assoeiated with petroleum-grown ee]]s but not \\Iith glucose-bJfO\\l1

cells. The above ditTerences illustrate sorne of the dynamic and physiologlcal and

biochemical changes the microorganism undergoes to access its hydrophobie carbon and

energy source.
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CHANGEMENTS ET RÉPONSES PHYSIOLOGIQUES DE PSEL'ï)OAIO."!.4.S

AERlYJIX()SA ATeC 9027 EN CROISSANCE SUR DES COMPOSÉS PÉTROLIFÈRES.

Les changements de compositions et physiologiques de Pseudomonas aeruglnO'\"Q

(ATCC 9017) lorsque mis en croissance sur divers composés pétrolifères (dans un milieu

chimiquement défini) ont été évalués. P. aeniglnosa démontre une croissance sur les

millieux de croissance sujvants~ huile de fournaise, kérosène, carburant d~ avion., huile légère

non raffiné, et sur hexadeca.ne en tant que source d'energie et de carbones Des retards variés

et prolongés ont été-obtenu avant la croissance active., ceci reflétant les caracteristiques de

la croissance des cellules en millieu pétrolifères comparé aux cellules en milieu à base de

glucose. La croissance des cellules en mi1lieu à base d"hydrocarbone de pétrole et de milieu

à base de glucose révèlent des changements au niveau de la composition lipidique de la

cellule. des protéines de la membrane externe., de rhydrophobicité de la surface de la

cellule, et de la tension de surface et des changements de pH du milieu de croissance du

début à la fin de la consignation des données. La production d"un exopol}mère est associée

avec la croissance des cellules en milieu pétrolifères mais non en milieu à base de glucose.

L~hétérogénéité des composantes à l"intérieur des melanges à base de pétrole résulte en

différences visible dans la composition des cellules et de la physiologie entre les cellules en

111



cultures sur les différent~ milieu:'< à base de pétrole. Les cellules en culture dans le glucose

démontrent des différences uniques par rapport aux cellules en mjlJjeu pétrolifères. Ces

différences illustrent certaines des changements moléculaires dynamiques et non statiques

des cellules pour accéder à leurs sources d'énergie et de carbones.
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L[ST Of CONTR[BUT[ONS TO KNOWLEDGE

Cell gro\\1h was observed on different petroleum products (fumace oiL kerosene.

aviation fuel) and light crude oil: this is the tirst reported instance of gro\\1h on ail

these petroleum substrates by P. ueruglnnsa and specifically this strain ( ATee

9027). Growth on small n-alkane<; (hexane, heptane, and octane) grew marginally.

Gro\\1h patterns differed amongst the different petroleum-gro\\n cells. [n ail

instances where petroleum hydrocarbons \vere the sole carbon and energy source. a

pronounced lag period in the initial stages of growth and a requirement of 8-9 days

to reach stationary phase was noted.

Gro\\th on hexadecane sho\ved different pattems in the outer membrane profile from

the early to late stages of growth, \vhile cells grown on glucose showed no change.

Changes in the protein profile occurred in the 19-40-kDa range.

3. Distinct differences were noticed in the outer membrane protein profiles among the

cells gro\\n on the various petroleum hydrocarbons. Aviation fuel-gro\\n cells

revealed pronounced 45- and 30-kDa proteins. Overall, samples gro\\'n on

hexadecane, fumace oil and kerosene showed similar protein profiles.

4. Growth on different petroleum compounds results in changes in cell-surface

hydrophobicity and lo\vering in the surface-tension of the gro\\1h medium.

xv
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Differences in cell-surface hydrophobicity and surtàce-tension were observed

amongst the different petroleum-gro\\ll cells. Furnace oil- and hexadecane-gro\\ll

cells showed the highest increase in cell-surface hydrophobicity and largest drop in

surface-tension.

5. Analysis of extractable-lipids of P. aerU[!.lnosa grown on different hydrocarbons

showed the presence of four phospholipids (phosphatidylethanolamine. phosphatidyl

-choline, (vso-phosphatidylethanolamine, and cardiolipin), neutral lipids. and !Wo

unknown lipids (Unk# 1 and Unk~2). The amount of each lipid varied among the

different petroleum-grown cells.

6. Different patterns in the lipid spectes as weil as the fany actd composition was

observed from early- to late-Iog phase. As cells entered late-Iog an increase in the

cyclopropane, Iran....-, and saturated fany acid species \vas noted.

7. Cyclopropane fany acids accounted for approximately 30-40~'o of the total fatty acid

composition in each lipid of the petroleum-grO\\l1 cells. \vhereas, in glucose-gro\\ll

cells it accounted for 1%.

8. Release ofa polymerie compound (exopolymer) into the liquid growth medium and

on solid culture media was associated solely with petroleum-grown cells and not

glucose-grown cells. Preliminary analysis of the exopolymer showed that the

XV)
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compound consisted of protein~ carbohydrate and lipid. The exopolymer was

observed to be tightly bound to cells and the petroleum hydrocarbons substrate.

XVII



1. o. ISTRODl~CTIOS

Pseudomonas aenl~/nfl.'\a ATee <)027, has previously been sho\\ll to oxidize and

"1...

utilize hexadecane as a sole carbon and energy source (Miguez el al., 1986). however. there

is no literature describing the growth of [>seud()monas aerugrno.\'a ATee 9027 on refined

petroleum products (furnace oiL kerosene~ and aviation fuel) and light crude oil. Gram-

negative bacteria~ such as P. ueruglnosa are characterized by having two cell en ,,"elope

membranes separated by a layer of peptidoglycan. The inner c)'10plasmic membrane

eontains ail the necessary oxidative enzymes associated WÎth petroleum degradation~ as weIl

as many of the ceH envelope enzymes and ail the knov"11 transport systems. The outer

membrane is distinguished by a unique component, lipopolysaccharide (LPS), and a distinct

set ofproteins and phospholipids (Sikkema t!11I1. .. 1(95). The presence of the LPS causes the

outer membrane to have a very low penneability towards hydrophobie compounds.

The ability of microorganisms to utilize water-insoluble substrates~ such as

petroleum hydrocarbons, has been attributed to their remarkable ability to adapt to the

presence of such subS1rates~ both at a physioJogical and molecular level (Hanson t!1 al ..

1995). Microorganisms growing on hydrocarbons have been reported to undergo

ultrastructural changes as weI) as to produce surface-active compounds (Hanson el ul.,

1995). Questions arise as to how the hydrocarbon-utilizing microorganism deals \\;th the

hydrophobicity or lipophilicity of the substrate and consequently the transport of such

substrates into the enzymatic and degradative centre of the cel1 (cytopJasmic membrane),

and how the microorganism responds to sorne of the toxie components within the petroleum
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mixture. Hydrocarbon uptake has heen sho\vn to occur via 1'\\·0 processes: a direct interaction

between the cell surface and the hydrocarbon (unmediated transport). or through the action

of surface-active agents (mediated transport ).. by emulsifying the hydrocarbon (Hanson t!/

al., 1995).

The main goal ofthis research, was to provide a detailed documentation of changes

in membrane composition associated ,vith the gro\\1h ofPseud[)m[)nus aenlglnosa ATee

9027 on a number of different petroleum hydrocarbon substrates (fumace oil, kerosene,

aviation fuel., and light cTUde oil) and to compare these changes to those observed during

growth on a non-petroleum substrate, glucose. The results obtained here will he beneficial

to the other researchers anempting to shed light on the mechanisms by which bacteria alter

themselves to accommodate the utilization of hydrocarbon pollutants with limited water

solubility.



2.0. LITERATrRE RE\TI:'"

2.1. PETROLEFM DEGR-\DATION

2.1.1. Petroleum in the environment

Petroleum enters the environment because of waste disposai practices., accidentai

spills, intentional application, atmospheric faIl0 ut. and natural seepage. The manufacture~

distribution and transportation of petroleum have resuhed in petroleum heing a serious

environmental pollutant in marine, freshwater, and soil ecosystems. Petroleum is used not

only as a source of energy but also as a primary source for the production of lubricants.,

solvents., plastics. fibres, detergents. phannaceuticals, cosmetics, and animal feed. The

annual global release of petroleum by man into the environment, is estimated to he between

1.7 and 8.8 miJIion metrie tons per year (National Aeademy of Sciences, 1(85).

The fate of hydrocarbons in the environment depends on both biotie and abiotic

processes, which include chemical catalysis, adsorption, evaporation, solubilization. and

biodegradation (Leahy and Colwell, 1qqO). Studies on the environmental fate of petroleurn

have sho\\iTI a nearly ubiquitous distribution ofhydrocarbon-metabolizing microorganisms

(Atlas, 1988). Biodegradation of the hydrocarbons is detennined by the structure of the

eomponents, the proportion of the degrader populations, the environmental factors that

affect the aetivities ofthese mierobial populations and the bioavailability of the hydrocarbon

(Leahv and ColweIl., 1(90).



2.1.2. Predominant environmental factors atTecting biodegradation of petroleum

Factors such as temperature, pH, inorganic nutrient concentrations, and oxygen

availability are major physico-chemical influences on the biodegradation ofhydrocarbons

in the enviTonment (Zhou and Crawford, 1995).

2.1.2.1. Temperature

•

-

Temperature affects the physical properties and the chemical composition of the oil,

microbial metabolic rates, and the distribution and composition of the microbial community

(Atlas, 1981). Temperature has a direct influence on the petroleum by affecting ilS viscosity,

its water solubility, and the volatility of ilS toxie short-chain alkanes and small aromatie

components (Atlas and Bartha, t<)72a). OveraH, a decrease in temperature results in

decreased degradation due mainly to the reduced enzymatic activities of the microorganisms

(Gibbs el al., 1975). Nevertheless, biodegradation of petroleum does occur at lo\\'

temperature (Whyte el al., 1996: Col\vell el al., 1978: Huddleston and Cres\valL 1976).

2.1.2.2. pH

Most heterotrophic bacteria and fungi favour a pH near neutrality, with the fungi

being more tolerant oflower pH conditions (Atlas, 1988). Extremes in pH have a negative

effect on the rate ofbiodegradation. Researchers have shown a near doubling in the rate of

biodegradation~by adjusting the pH from 4.0 to 7.4 (Verstraete el al., 1976). The soil pH

will often detennine the microbial population that can participate in hydrocarbon
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biodegradation. The pH ofthe marine en\-ironment is some\vhat unifonn and consistent and

slightly alkaline (Bossert and Bartha. 1984).

2.1.2.3. Inorganic Dutrients

The availability of nitrogen and/or phosphorous lirnits the microbial breakdown of

hydrocarbons (Leahy and ColweIl, 1990: Mills and Frankenberger~ 1994). Studies have

shown that low concentrations of available nitrogen and phosphorous influence greatly the

ex1ent ofhydrocarbon degradation after most major oil spills (Swannell f!/ (11.~ J976: Jobson

el al., t974: Ward and Brock, 1976: Atlas and Bart~ 1972b). Rapid biodegradation of large

quantities ofoil requires high rates of inorganic nutrient replenishmenc and these nutrients

are generally lacking~ therefore, nitrogen- and phosphorous-containing organic and/or

inorganic fertilizers are often added to stimulate and enhance microbial hydrocarbon

degradation (Swannell et al.. t9(6). Braggs et al. (1994) concluded that the application of

inorganic nutrients accelerated the hiodegradation of crude oil hy a factor of three to fivc

2.1.2..... Oxygen availability

-i

Oxygen plays an essential raie in hydrocarbon degradation since the initial steps in

the breakdown ofaliphatic, cyclic and aromatic hydrocarbons by fungi and bacteria involve

oxygenasesand molecularoxygen (Singer and Finnerty, 1984: Perry, 1984: Cemiglia, 1984).

Zobell estimated a theoretical oxygen demand value for the oxidation of oil~ as one gram of

oxygen for every 3.5 g ofoil (Zobell, 1969). Zobell also calculated that the oxidation ofone

litre of ail required the dissolved oxygen in 3.2 x 105 1of sea water. Oxygen limitation
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normally does not oeeur ln the upper levels of the \'later column in marine and freshv,,"ater

environments (Floodgate, 1984: Cooney el al., 1985). Biodegradation may be severely

hampered v,,;thin anoxie basins. the hypolimnion of stratified lakes and benthie sediments

(Atlas, 1981). The oxygen availability within soi1s relies on the rates of mierobial oxygen

consumption, the physical and chernical characteristics of the soiL and the presence of

oxygen-depleting utilizable substrates that compete with the microbes (Song el al., 1990:

Song and Bartha, 1990: Bossert and Bartha., 1984)"

Although rapid biodegradation of petroleum generally does not occur under

anaerobic conditions (Atlas, 1981). the rate of biodegradation under anaerobic conditions

ean sometimes be significant (Grbie-Galie and VogeL. 1987~ Milhekic and Luthy, 1988).

Anaerobie degradation of petro1eurn hydrocarbons and aromatie eornpounds by bacteria and

fungi has been documented (Villemur, 1995~ Kameya el al., 1<)95: Berry el al., 1987: Evans

and Fuchs, 1988: Rueter el al.. 1994: Zeyer el al., 19<)0, 1986: Grbie-Galie and Vogel. 1987:

Atlas, 1981: Bertrand el al.. 1989: Ward and Srock, 1(78). Sorne controversy as to the

significance of the role of anaerobie degradation of alkanes exists. Schink (1989) rernains

skeptical as to the possibility ofanaerobic alkane degradation, while Bertrand el Cl/. ( 1989),

state that this process may occur despite the fact that there is a lack of convineing proofthat

this is a real phenomenon. Further, as there is evidence for aromatie hydrocarbon

degradation under anaerobie conditions., one should not discard the possibility of anaerobic

degradation of other hydrocarbons involving the aliphatic hydrocarbons.
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2.1.3. The effect of chemical composition of the petroleum on biodegradation

Petroleum is an extremely complex mixture of hydrocarbons (Atlas, 1981).

Petroleum can he fractionated via sl1ica gel chromatography into three fractions: a saturated

or aliphatic fraction, an arornatic fraction, and an asphaltic or polar fraction (Brown et a/.,

1969). Others (CoJwelJ and Walker. ]977) have separated the petroleum mix1Ure into four

fractions: the saturates, the aromatics, the asphaltenes (phenols, carboxylic acids, ketones,

esters and porphyrins), and the resins (pyridines, quinolones~ carbazoles, sulfoxides and

amides).

Fuels contain a major proportion of aliphatic hydrocarbons and in sorne cases

aromatics (whieh may make up to 25 % of the fuel). Other eomponents in the fuel may

ine! ude oleofins, cyclie compounds, mercaptans, and additives such as antistatic,

antioxidant, antiicing or corrosion inhibitors (Hill, 1984). Song el al. (1989) and Perry

(1984) have quantitated the amount of aromatic, alicyclic, and paraffin ln various fuel

products which are presented in Table 1. The relative amount of components \\iithin the

refined fuels is largely dependent upon the origin and the nature of the petroleum erude

(Perry, 1984).

The petroleum hydrocarbons have been ranked in the following order of

susceptibility to biodegradation: n-alkanes > branched alkanes > low molecular weight

aromatics > alicyclics (Perry, 1984; Fussey and Oudot., 1984; Jobson el ul.., 1972; Walker

el al., 1976a). Hydrocarbons susceptibility to biodegradation depends on the structure and

size ofthe hydrocarbon molecule (Atlas, 1981). Short-chain alkanes (C< 10) tend to he toxic

to microorganisms because of their water so)ubility and their interactions with lipid
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Table 1: Composition of various refined fuel products

% Composition

8

Fuel Product

Gasoline

Aviation Fuel

Fumace Oil

..\romatics

10-20

20

..\.Iicyclics

50-60

20-30

2

Paraffins

15-20

50-60

60-70

-

Kerosene

Diesel

40

+- 30-40--+

+- 60-70 -4

60-70
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membranes (Pfaender and 8uckJey, 1984: Klug and Markovetz, 1971: Teh and Lee. 1974).

but tend to evaporate from slicks rapidly (Atlas, t981). Although biodegradation of n-

alkanes ranging in size up to 44 carbon units has been documented (Haines and Alexander.

(974), microorganisms exhibit a marked preference for n-alkanes of intennediate chain

length (C IO-C2~). As the chain length of the alkane increases., there is a tendency for the

all~ane to he increasingly resistant to biodegradation. Branched alkanes are degraded slowly

since the protruding carbon atoms may Interfere or block the degradative mechanisms of the

microorganisms (Watkinson and Morgan, 1990: FaU et al., t974~ Pimick., 1977). Schaeffer

el al. (1979) found that the tenninal branching of sorne alkanes inhibits biodegradation.

Methyl branching at the heta position has aise been shown to affect the biodegradation of

an alkane by. blocking P-oxidation (Singer and Finnerty, 1984~ Schaeffer el al.. 1979).

Substituted alicyclic compounds (or cycloparaffins or cydoaikanes) appear to be

degraded more readilv than unsubstiMed fonns. Microbia) attack on the substituted alicvclic. .

compounds generally occurs on the aliphatic side-chain, especially if the carbon chain is

long (Perry, 1977). Degradation ofalicycl ie compounds requires the cooperation of at Ieast

two microbial strains with complementary metabolic capabilities (Atlas, (981). Complex

alicyclic compounds are often the most resistant and persistent components of oil spiJ1s

(Perry, 1984~ Atlas et al., 1981).

The primary enzymatic attack on the light aromatic hydrocarbons is at the level of

the aIkyl side group or directly on the ring (Gibson.. 1971). Extensive methyl substitution of

light aromatic hydrocarbons can affect the initial oxidation by the microorganisms (Atlas.

1981 ). Condensed ring aromatic hydrocarbons are very resistant to enzymatic attack (Smith,
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1990). Investigators have observed biodegradation of structures containing more than four

condensed rings~ however~ degradation involved cooperation between microbes (Smith~

1990: Atlas~ 1981). Complete biodegradation of tluoranthene by pure cultures of

Pseudomona.~pauclmohilis was observed by Mueller et al. (1990).

The metabolic pathways for the degradation ofthe asphaltenic fraction of petroleum

mixtures are the least understood (At1as~ 1981 ~ Pendrys, 1989), and no common degradation

pathway has been found. Although researchers had, in the pas}., considered the asphaltenic

and resinous fractions to he very resistant to microbial degradation (Walker et al., 1975a),

aIl fractions of crude oil incJuding the asphaltenes and resins are degraded often involving

co-oxidation (Rontani et al., 1985, Bertrand et al., 1983: Horowitz and Atlas, 1977). The c<r

oxidation biodegradation ofasphaltenic compounds in a rnixed bacterial culture was highly

dependent upon the presence of n-alkanes (C 11 to C 18)' (Rontani et al.~ 1985).

One would therefore expect that the rate and degree ofbiodegradability of petroleum

mixtures will he intluenced by their qualitative hydrocarbon composition. Walker et

a!.( 1976b) compared the biodegradation of two fuel and two crude oils. Their

biodegradation study revea[ed that the decrease in the various fractions (saturate, aromatic,

resinous and asphaltenic hydrocarbons) \vas highJy variable among the four oils. Johson el

al. (t974) compared the degradation ofa "·high quality'~ erude oil to one of lower quality and

found a bener biodegradation rate \\t;th the higher quality crude. They believed that the

higher levels ofsulfur, aromatics, asphaltenes and resins in the lower quality crude may have

accounted for the decreased rate.
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2.1.4. Microbial degradation of hydrocarbons in the environment

A large and diverse group of bacteria and fungi cao degrade petroleum (Atlas and

Cemiglia. 1995: Cemiglia el al.~ 1992: Atlas~ 1981). The distribution of these hydrocarbon-

degrading microorganisms varies from milieu to milieu (marine, freshwater and soil) (Jones

el al.~ 1970: Pinholt el al.~ 1979: Hollaway el al.~ 1980)~ and their numbers within the

microbial community are highly influenced by the level of hydrocarbon in the environment~

less than 1(% and up to 100 °/0 of the microbial community in unpolluted and polluted

ecosystems, respectively (Atlas., 1981).

2.1.5. Microbial contamination of refined petroleum products

The microbial spoilage of refined petroleum products has economic impl ications

(HilL 1984). Three types ofpetroleum produet spoilage have been docurnented (Hill. 1984):

i.e., biodegradation of fuel ails, breakdown of lubricating oils, hydraulic oils and straight

cutting ails, and sPQilage of oil-in-water emulsions used in cooling and lubricating during

rnetal working processes.

The problems associated with microorganisms contaminating petroleum products

include: blockage ofscreens., filters~ etc. caused by the physical presence of the proliferating

microorganisms~ interference by the electrical properties of the microorganisms with the

capacitance fuel probes: production of surfactants preventing fuel and water separation:

fonnation ofcorrosive metabolie by-products (organic acids and sul fides )~ microbial uptake

of oxygen resulting in a corrosive electrochemical oxygen gradient eell~ corrosion due to

microbial depolarization~ degradation of protective eoatings in tanks (Hill, 1984).
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Contamination of fuel., bydraulic., and lubricating oils

..

-

MicrobiaI contamination problems have been described in gasoline.. kerosene..

aviation fuels, diesel and gas oil for road vehic1es, rail locomotive fuels. ships' light fuel

oils, and heating oils (Hill, 1984~ Walker et al. .. 1Q76b~ Hill and Thomas, 1Q75~ Jamison et

al. .. 1975: Patet et al. .. 1985). Contamination offuel oils in road and rail vehicles.. power and

heat-generating equipment and ships is widespread and results in fewer drastic consequences

than in airplanes. The symptoms of microbial contamination are a lowering of interfacial

tension~ filter plugging and injector fouling (Hin~ 1984). ln airplanes, filter plugging and

corrosion of the aluminum alloys are the major problems associateq wlth microbial

contamination of the aviation fuel (Hill and Thomas, 1975). Gasoline spoilage is not an issue

as the hydrocarbon range (C5 ta Cq ) and the additives within the gasoline are less likely to

support microbial growth due to their toxicity (Hill, 1984).

Microbial growth on hydraulic and lubricating oils differs from that of fuel oils.

Pressure additives, antifoaming agents, and corrosion and oxidation inhibitors wlthin the

fuel ails may act as reservoirs of nitrogen, phosphorous and sulphur (Hill. 1984). Microbial

growth on the oils (also referred to as ·"mineral oils·') results in changes in lubrication

capacity.. loss of effectiveness of the additives and an increased rate of corrosion (Hill.

1984). Microbial growth on hydraulic oils results in the plugging and malfunctioning of

valves, filters and orifices of the hydraulic system and a decrease in the viscosity of the

minerai oil (Hill and Al-Haidary, 1976). The overall result ofmicrobial contamination of the

hydraulic oil is inadequate hydraulic pressure. Microbial growth on lubricating oils may be

due7 in a large~ to a change in the composition of the components within the lubricant.
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The addition of nutrient-rich additives, changes in the base oils (less naphthenic in nature)

and generally less maintenance of the hydraulic system are contributing factors leading to

spoilage. The effects of spoilage of the lubricating oils result in decreased load bearing

properties~ additive depletio~ tilter pluggin~ and engine seizures due to pitting and rusting

ofjoumaIs., cams and bearings (Hill" 1978b). Pseudomonas aeruglnosa and Pseudomonas

spp. were found to initiate the breakdown (attack) of the oils (Naylor et al., 1982). Some

fungi as weIl as sulphate-reducing bacteria have also been implicated in the breakdown of

the hydraulic and lubricating oils (Hill~ 1978b~ King and McKenzie, 1977~ Hill and Al-

Haidary, 1976).

2.2. RYDROCARBON UPTAKE IN M1CROORGANlSMS

The majority of hydrocarb<?ns are essentially water-insoluble. Compounds wlth a

high molecular weight and/or a high degree of saturation have a very low solubility in water

(Sikkema et al., 1995). Aromatic hydrocarbons are more soluble in water than the long-

chain alkanes (Klevens, 1950). The hydrocarbon-utilizing microorganisms must in some way

achieve an initial contact wlth the water-insoluble hydrocarbon in order to transport the

carbon and energy source into the cell. There have becn severaf pr0Posed mechanisms of

hydrocarbon transport into microbial cells (Singer and Finnerty. 1984): (1) interaction of the

microorganism with the hydrocarbon substrate dissolved in the aqueous phase: (2) direct

contact of the microbial cells with large hydrocarbon droplets (larger than one ~m in

diameter): and (3) interaction of the microbial cells with ·"solubilized~' or ....accommodated'"

hydrocarbon droplets smal1er than the celI (smaller than one J.lrn in diameter). For the tirst
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mechanism. a general consensus exists among investigators that the rate of dissolution of

long-chain alkanes and higher molecular weight compounds in the aqueous medium by

physical processes of solubilization is relatively low 50 as not to support an observable

growth rate of microorganisms. There have been~ however~ reports supporting this

mechanism for more soluble alkanes~ aromatics and gaseous hydrocarbons (Wodzinski and

Bertolini~ 1972~ Wodzinski and Coyle, 1974~ Goma el al.~ 1973~ Yoshida et a/.~ 1971). In

the second proposed mechanism~ microbial cells adhere to the surface of the hydrocarbon

droplets (which are larger than the ceIl )~ and the hydrocarbon substrate is thought to enter

the cell through diffusion or active transport at the point of contact (Goswani and Singh~

199 t : Miura el al.~ 1977~ Rosenberg and Rosenber~ 198L Velankar el al., t975). Increased

substrate surface area for cell attachment raises substrate uptake (Witholt el al.. 1990:

Sikkema el al.~ 1995). The production ofsurface-active compounds by hydrocarbon-utilizing

microorganisms resuits in the emulsification of the hydrocarbons, which in tum results in

better dispersion of the hydrocarbon substrate in the aqueous medium and a concomitant

increase in surface area (Kennedy el al., t975~ Miura el a/., 1977: Nakahara el al.. 1977),

but it cannot fully account for hydrocarbon uptake and microbial growth (Goswami and

Singh. 1991). In the third mechanism, microbial cells interact with small-diameter particles

of'~solubilized'"or ··microemuisified'" hydrocarbon. These particles attach to the surface of

the rnicrobial cens instead of the œIl attaching to the surface of the hydrocarbon droplet. An

increase in hydrocarbon uptake is expected with smaller particle size because of the greater

surface area between the hydrocarbon substrate and the water. Nakahara el al. (1977) and

Gutierrez and Erikson (1977) have shown that when Candida /ipolytica gTows on n-
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hexadecane. both the second and third proposed mechanisms play an equally vital raIe in

hydrocarbon uptake. Goswami and Singh ( 1991 ) reported two species of Pseudomunas (N 1

and MI) which differed in the hydrocarbon uptake mechanism. Pseudomunas NI \vas

observed to utilize the third mechanism while Pseudomonas MI used the second mechanism

when grown on n-hexadecane. Pseudomonas NI not only grew [aster than MI. but also

produced an extraeelluIar biosurfactant-bioemulsifier. and hexadecane solubilizing factor.

2.2.1. Biosurfactants

Surface-active compounds are generally produced by microorganisms when they are

grown on insoluble or immiscible compounds (carbon and energy sources. Desai and Banat.

1997~ Banerjee et al.. 1983). The surface-active compounds are termed "~biosurfactants'" or

~·bioemulsifiers··.The surfactant molecule is amphipathic in nature. i.e. possesses both a

hydrophobie region and a hydrophilic region. This characteristic allows these molecules to

lower the surface tension of water which then allovls the insoluble compound to remain in

a single phase with the medium (Desai and Banat. 1997~ Cooper. 1986). Biosurfactants ean

be grouped into several component chemical categories such as carbohydrate- or amino acid-

containin~ or as a phospholipid-. fatty aeid-. or neutrallipid-containing (Desai and Banat.

1997: Cooper and Zajic. 1980).

P. aeruginosa produces several types of glycolipid (rhamnolipid) biosurfaetants

when grown on hydrocarbons or on glucose (Robert el al.• 1989 : Hisatsuka et al.. 1971:

Guerra-Santos el al.. 1986: 110h and Suzuki, (972) these include: monorhamnolipid acid,

monorhamnolipid methyl ester. dirhamnolipid acid. dirhamnolipid methyl ester and
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rhamnolipids with alternative fany acids (Ochsner el al.~ 1995). The group ofOchsner el al.

(1994) have studied the genetics of rhamnolipid synthesis in P. aerugrnosa. The rh/ABR

gene cluster was found to be responsible for the synthesis of RhlR regulatory protein and a

rhamnosyltransferase, both necessary for rhamnolipid synthesis. Zhang and Miller ( 1992)

demonstrated that the biodegradation of a hydrocarbon (octadecane) was enhanced by the

addition of rhamnolipid. Similar glycolipids are seen with Pseudom()na."i sp. DSM 2874

(Syldatk et al., 1985). Aerobacter aerogene."'". P. fluorescen..."and E. cob (Shaw. 1970). Other

carbohydrate-containing surfactants described in the literature are trehalose lipids (Li et al,

1984), sophorose lipids (Homme) el al., 1994), diglycosyldiglycerides (Shaw, 1970, 1974),

and polysaccharide-lipid complexes (Kapplei and Fiechter, 1976, 1977).

Lipopeptides, amino-containing biosurfactants, have been isolated from many

bacteria and yeasts. Subtilysin (or ~urfactin), a well-known cyclic lipopeptide and a very

effective biosurfactant, is produced by Baeil/u.,· subtilrs A TCC :2 1332 (Arima et al.~ 1968).

Serralia marcescens NS 38 (Mutsuyarna et al., 1985), Corynehacterium /epus (Cooper el

al., 1978) as well as Streptomyces canus (Heineman el al, 1953) are among many

microorganisms known to produce lipopeptides. Wilkinson ( 1972) isolated a a single amino

acid (ornithine)-containing lipid with emulsifying capabilities from Pseüdomonas rubescens.

Fatty acids, neutrallipids~ and phospholipids excreted ioto the medium have been

observed to lower the surface tension (Desai and Banat, 1997: Zajic and Seffens, 1984).

Release of phospholipid by sorne Aspergillus spp. (Kappeli and Finnerty~ 1979)~ P.

aeruginosa 44TI (Robert et al., 1989), Thiobacil/us thiooxidans (Schaeffer and Umbreit.,

1963) and Rhodococcus erythropo/is (Kretschener et al.~ 1982) into culture media during
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gro\\'1h on alkanes have been observed to 10wer the surface tension of the culture broth.

2.2.2. Cellular barriers of bydrocarbon-degrading microorganisms

80th eukaryotes and prokaryotes degrade petroleum. The physical barrier of

prokaryotes (cell envelope) to petroleum will he discussed.

As the majority ofhydrocarbon-metabolizing enzymes are found wlthin the cell. the

petroleum hydrocarbon must enter the eell to be metabolized. The cell wall and/or the

hydrophilie components of the outer membrane (Nikaido and Vaara. 1985)~ however.

impede direct contact between the hydrocarbon and the hydrophobie part of the cell

membranes (Fig. 1). The envelope components varies not only \vith the organism but also

through physiological adaptations to environmental conditions under which the organisms

are grown (Rose. 1989: Russel, 1989).

2.2.2.1. Outer membrane

-

The outer membrane of Gram-negative bacteria functions as a molecular fiher.

excluding molecules with a molecular mass of greater than 600 to 1000 Da (Decad and

Nikaido, 1976~ Nakae and Nikaido, 1975). [ntrinsic selective properties of the outer

membrane are due to the action of porin proteins (Nakae, 1976). The outer membrane of P.

aeruginosa has very special sieving properties which make this mieroorganism in

comparison to other microorganisms very resistant to most antibiotics (Yoshimura and

Nikaido, 1982; Angus et al., 1982). The outer monolayer of the outer membrane contains

lipopolysaccharide (LPS) as its major lipid while the inner leaflet contains phospholipids



Figure 1. Schematic presentation of the cell envelope of gram-negative bacteria. PP,

porin: C, cytoplamic membrane-embedded protein: BP, binding protein: PS,

periplasmic space: A, outer membrane protein: LP, lipoprotein: PG,

peptidoglycan (Adapted From Sikkema et al., 1995).
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(mostly phosphatidylethanolamine and small amounts of phosphatidylglycerol and

eardiolipin) (Lugtenberg and van Alphen~ 1983: Nikaido and Nakae~ 1(79). The outer

membrane also contains. excluding the porins~ a small fraction of proteins given the

designation ~~major'" proteins (Benz and Bauer, 1(88). These ·"major'" proteins are present

in high copy numbers in the cell and have a role in the structure and stability of the outer

membrane (Lugtenberg and van Alphen~ 1983: Nikaido and Nakae, 1(79). The outer

membrane proteins are situated in both surfaces of the membrane \v1th sorne of them

spanning the enrire width of the membrane (Nikaido and Nakae, 1(79).

Despite the presence of porins \vhich have a Io\v affinity for hydrophobie

compounds, studies done by researchers have sho\vn sorne penneability ofthese compounds

into the cell {Nikaido (lI ul., 1983: Nikaido and Vaara., 1985). This low level of Penneability

has been linked to changes in the lipopolysaccharide (LPS) in the outer membrane. Plésiat

and Nikaido ( 199~) have also reported that sorne steroid probes eould pass through the outer

membrane with ease in /'. les/osleronl. P. acido\'orall" and AClnetohacter calco(Jcellcus. The

outer membrane of sorne Rnlcel/u strains has been reported to be an ineffeetive barrier

against hydrophobie eompounds (Martinez de Tejada and Moriyon, 19(3).

2.2.2.1.1. Lipopolysaccharide (LPS)

The lipopolysaceharide (LPS) is a unique constituent orthe outer membrane. The

moleeule of LPS i5 amphipathic. The lipid A~ al50 kno\\tTl as endotoxin~ comprises the

biologically active hydrophobie region ofLPS. The 0- specifie chain, which comprises part

of the hydrophilic region in the LPS, eonsists of repeating units of olig05aecharide5 which
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exhibit a strain-specific structural diversity (Mayer et al., 1985). This is the outer-most

region of the LPS that is exposed to the environment and ma)' play a significant role in the

entry of components into the eeH.

2.2.2.1.2. Outer membrane proteins

..

A large proportion of the membrane proteins are thought to be solely loeated in the

outer membrane~ however, sorne proteins are found in both the outer and eytoplasmie

membranes (Nikaido and Vaara, 1985). Osborn el a/.( 1972) reported that approximately half

the mass of the outer membrane in a Salmonella species consisted of protein. Extensive

studies on the membrane proteins have been performed by investigators on f:"cherrclllu co"_
Salmonella typhimurium and PseuJomonas spp. Studies done by researchers on the outer

membrane proteins (Opr) of P. aeruglnosu have identified several proteins, these include:

Opr l ,Opr L, Opr H, OpT B, Opr P, OpT D, Opr G, Opr C, OpT F, and sorne minor proteins

such as iron-repressible outer membrane proteins (TROMP), esterase and pilin (Siehnel <.'1

u!., 1990: Hancock el a!., t990~ Yoshira and Nakae, 1989~ Chamberland el ul.,1 989:

Kroprinski el u/., 1987: Woodruff cl al., 1986: Nikaido and Hancock, 1986: Angus and

Hancock, t983~ Watts el al., 1983: Angus el al., t98:!~ Hancock el al., 1981: Mizuno and

Kageyama, 1979a: Mizuno and Kageyama 1979b: Hancock and Carey, 1979: [nouye el ul.,

197:! ). Sorne of these proteins may play a role in the selective entry of hydrophobie

eomponents into the cell.
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2.2.3. Cytoplasmic (inner) membrane

C}1oplasmic membranes consist of a phospholipid bilayer in which enzymes and

transport proteins are embedded. The c)o1oplasmic (plasma) membrane (CM) is a

multifunctional structure in that it has a participatory role in energy generation~ biosynthesis,

transport and secretion as weil as acting as a relatively impenneable barrier (Sikkema et al.~

1995). The tluidity of the c}toplasmic membrane is monitored and adjusted to any externat

stimuli by altering the fatty acid species present (Sikkema et_al., 1995: Sinewsky, 1(74).

Cytoplasmic membranes are relatively imperrneable ta polar and charged Molecules. Non-

polar compounds such as hydrocarbons can easily enter the lipid bilayer, most likely by

passive diffusion. Bateman el al. ( 1986) demonstrated that the uptake of naphthalene bya

Pseudomonas species did not require an energized membrane nor ATP. Lieb and Stein

(1986) showed that the size and the hydrophobicity of the solute determined i15 permeability

into the cytoplasmic membrane. The CM is the final destination for the hydrocarbons.

Catabolic processes \v1thin the CM will then act upon the hydrocarbons~ and convert these

substrates into energy and cellular components.

2.2.3.1. Microbial petroleum degradative mecbanisms

Since there are 50 many ditTerent compounds., from the simple to the more complex,

to discuss aIl the probable degradative mechanisms would he overwhelming. Therefore this

section will discuss the mechanisms of only sorne of the Jess cornpJex hydrocarbons. To

date, there are still Many unidentified compounds within petroleum. (n gaining a better

understanding of the nature of the degradation of the less compJex alkane, aliphatic, and
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aromatic hydrocarbons, the kno\\'ledge obtained can he used to explain the probable

biodegradative path\vays of the more complex hydrocarbons.

A large number ofstudies have indicated that the catabolic genes involved in alkane

and aromatic oxidation are plasmid encoded (Takizawa et al., 1994: Tarn and fong, tQ93 ~

Irie el al.. 1984~ Winstanley el al.~ 1987: Tsuda and lino. 1987: Vou et al., 1Q88:

Chak.rabarty el u/., 1973), however research into the genetics of the alicyclic oxidation

system is limited (Perry, 1984). Not much is kno\\TI about whether the aIicyclic oxidation

enzymes are encoded on a plasmid or a chromosome.

2.2.3.1.1. Microbial alkane, alicyclic and aromatic oxidation

The n-alkanes are generally the components within a petroleum mixture that are the

most readily degraded (Oudot ellll.J 989: Kennicutt. 1988: Perry, t(84). Biodegradation of

both short- and long-chain alkanes proceeds by a monotenninal attack by \vhich the alkanes

get oxidized to the corresponding alcohol, aldehyde and monocarboxylic acid (fatty acid).

The initial oxidation of n-alkanes ta n-alkanols is canied out by the alkane hydroxylase

system, a three-protein component system consisting of w-hydroxylase. rubredoxin and

rubredoxin reductase. Alkane hydroxylase, or w-hydroxylase, is an integral cytoplasmic

membrane monooxygenase (van Beilen el al., 19(4). Rubredoxin and rubredoxin reductase

are localized in the cytoplasm (Benson et u/., 1977)_ The role of rubredoxin reductase during

alkane oxidation is to deliver reducing equivalents supplied by NADH to the membrane

hydroxylase via the electron carrier rubredoxin. The monocarboxyl ic acid derived from the

successive oxidation steps, is then primed to undergo further oxidations via p-oxidation
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resulting in the formation of acetate (even-numbered alkanes) (Herringa el al., 1(61) or

propionate (odd-numbered alkanes). The acetate (acetyl-CoA) then enters the Kreb's cycle~

generating four carbon units and energy (via the glyoxylate bypass). The glyoxylate by-pass

is induced in alkane-growing cens (Singer and Finnerty, 1(84). The preferred route of attack

on the aJkane is at the terminal methyl group: however., in sorne cases both terminal methyl

groups are oxidized (Atlas, 1(81), and this process is referred to as diterminal oxidation or

w-oxidation (Blasig et al., 1988, 1989: Jurtshuk and Cardini., 1(71). Sorne microorganisms

attack alkanes subterminaHy, wlth the formation of a secondary alcohol and with further

consecutive oxidations fonning a ketone, an ester and., finally., a primal1' a!cohol and a fany

acid (Rehm and Reiff~ 1981: Markove~ 1971). The oxygen is inserted within the alkane

chain rather than at the termini.

Alicyc1ic hydrocarbons are usuaIly more resistant to microbial degradation than

alkanes of equivalent molecular weight. Due to their higher boiling point., alicyclic

hydrocarbons tend to be resistant to volatilization (Perry, 1(84). Unsubstituted alicyc1ic

hydrocarbons are biodegraded by a mechanism similar to subtenninal oxidation in alkanes.

The cyc10alkane (alicyclic hydrocarbon) is hydroxylated by a broad-acting monooxygenase

to an alicyclic alcohol. Further oxidations of the hydroxyl groups result in the fonnation of

a dicarboxylic acid that is metabolized via ~-oxidation. Alk)'l-substituted alicyclics can he

oxidatively anacked at either oftwo positions., on the side-chain or on the ring. The initial

site of attack on the substituted alicyclic is highly dependent on the characteristics of the

compound and the type ofmicroorganism (Feinberg el al., 1980). Degradation of substituted

alicyclics appears to occur more readily than the degradation of unsubstituted alicyclics
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(provided that the n-alkane side group is of the appropriate length) (Perry, 1984).

erude oil and the majority of refined products contain numerous aromatic

hydrocarbons and heterocyclic compounds that range from monocyclic to large fused ring

structures. The larger polycyc1ic aromatic hydrocarbons (PAH) \Vith more than five rings are

recalcitrant to biodegradation and tend to rernain in the environment (Foght and Westlake.

1988). Persistence of the PAHs within the environment is mainly due to their low water

solubility (Cemiglia.. 1993). The recalcitrant aromatic hydr~arbons can cause potential

toxie effects to higher life forms since mast are chemical carcinogens (Gundlach el al.,

1983~ Vandenneulen., 1981). Microorganisms such as bacteria., fungi. yeasts and algae are

enzymatical1y able to metabolize aromatlc hydrocarbons ranging in size From benzene ta

benzo(a)pyrene (Cemiglia.. 1981: Gibson and Subramanian. 1984). Condensed ring

structures are thought to undergo similar microbial degradation as do the simpler

monoaromatic hydrocarbons (Dean-Raymond and Bartha. 1975: Gibson.. 1975). Three

Pseudomonas strains were observed to degrade PAHs (phenanthrene and anthracene) other

than naphthalene (Sanseverino el al.., 1993). The abilit)' of microorganisms to metabolize

small aromatics (benzene, toluene, and naphthalene) is we11 known (Gibson and

Subramanian.. 1984). In bacteria initial oxidation of aromatic hydrocarbons is via an

aromatic dioxygenase, which incorporates two atoInS ofmolecular oxygen and two hydrogen

atoms into the aromatic ring producing a cis-dihydrodiol (Gibson and Subramanian, 1984:

Gibson, 1977). The multi-component dioxygenase consists of three components: a

flavoprotein (ferredoxin reductase), an iron-sulphur protein, and a ferredoxin (Crutcher and

Geary, 1979: Yeh el al., 1977). The cis-dihydrodiol is further metabolized (in bacteria)
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through dehydrogenation reactions to produce a catechol. The dihydroxylated aromatic rings

are then c1eaved by means of aromatic ring-cleavage dioxygenases (Atlas and Cemigli~

]995: Dagiey, 1971). Catechols can be oxidized through two different pathways. The

"-ortlu/" pathway results in c1eavage at the bond between the two hydroxyl groups, yielding

CIS, cis-muconic acid. The cis., cls-muconic acid is then metabolized to (3-ketoadipic acid

which is subsequently oxidatively cleaved to fonn the TCA intermediates, succinie acid and

aeetyl-CoA. The altemate pathway., ....me/a'.. pathway, involves cleavage of the ring adjacent

to rather than between the hydroxyl groups, yielding 2-hydroxy-cl.\", cis-muconic semi-

aldehyde. This is further oxidized to fonnie acid, pyruvic acid and acetylaldehyde. Non-

substituted aromatic hydrocarbons such as benzene are principally oxidized via the ....ortho'..

pathway. Methyl- substituted catechols are usually oxidized via the "me/a"" pathway (Nozaki.

1970).

2.2.3.2. Membrane lipid changes associated with growth on organic solvents

Many biotransfonnation and bioremediation processes are impeded by the toxie

etTects of organic solvents on whole cells (Heipieper et ut., 19(4). Many organic solvents

partition into the cell membrane and affect the integrity and permeability of the membrane

(Sikkema et al., 1995). Several reports have demonstrated the resistance or tolerance of

bacteria to toxie solvents (Tsubata e/ (JI... 1997: Heipieper and deBont., 1994: Weber el al..,

1994~ Keweloh et al., 1991). The major adaptive responses of the bacterial eeUs are

alterations in the composition of the membrane, specifically changes in., the fany acid

composition, phospholipid head groups, and in the protein content (Heipieper e/ al., 1994~
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Pinkart el al.. 1996: Chen el al., 1995) Alteration in the fatty acid composition of the

membrane lipids is a prerequisite for bacteria to proteet them From tnembrane-active

substances (Heipieper and de Sont 1994). Membrane-active substances that partition in the

cell membrane can cause expansion of the membrane and impainnent ofmembrane function

(Sikkema el al.~ 1994). Alterations in PseuJomonas putlda have been observed to directly

influ~nce the fluidity of the membrane and cell nlembrane hydrophobicity (Tsubata el ul.,

1997: Weber el al.. J994). Mechanisms such as increasine acvl chain lensnh of the fatn-. ...... - ...... ..

acids, increasing synthesis of saturated fany acids, and converting ci.... unsaturated fany acids

to Irans isomers decrease the fluidity and increase the transition ternperature of the

membrane (Weber el al., 1994). Chen el al. (1995) have shown that membrane lipids

containing Irun\"-unsaturated fany acids have a higher lipid transition temperature (or Io\ver

membrane fluidity) than membrane lipids containing the ci.... isomers. Resistance of several

PseudonlOnas strains to toxic organic solvents such as., phenolic compounds (Heipieper l!1

al., 1992), toluene, styrene (Heipieper et al., 1994) and small n-alkanes (van Beilen el al..

1996) have been sho\vt1 to be associated with the conversion of the cl.,·-unsaturated fatt~

acids to the Iranf\ isomers. Formation of the Irans species appears to play an important rol~

in the growth of Pseudomonas strains on organic so]vents (van Beilen el al., J996).

Diefenbach and Keweloh (1994) have demonstrated that in a phenol-degrading f. pUllda,

conversion of the cis species to the Iran.\" species \vas due to direct isomerization of the

double bond of the lipids and Dot by de novo synthesis of fatty acids. Isomerization of the

double bond~ from the cio" to Iran." configuration~ decreases the membrane fluidity by

removing the bent stenc structure and allowing the fany acids to align themselves. The Irans
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isomer has a steric configuration which is similar to that of saturated fany acids Gro\\1h on

toxic organic solvents such as xylene~ toluene, and phenol results in an apparent increase in

the degree of saturation of the lipids (Heipieper and de Bont. 1994: Pinkart el a/.. 1996:

Heipieper et al., 1992). Saturated fatty acids are known to increase the transition

temperature of the membrane (decrease fluidity) byan increase in lipid ordering and packing

in the membrane (Weber et al., 1994). Increased lipid ordering opposes the partitioning of

lipophilic compounds into the membrane of the cell (Atunes-Madiera and Madiera. 1989).

Growth on octane by P. o/eovorans was demonstrated by Chen el al. (1995) to alter the

membrane phospholipid fatty acid composition and this was due to the induction of ulkH

(on the OCT plasmid) and synthesis ofoctanol. Plasmid-cured variants of P. oleov()rans did

not undergo any fany acid changes during gro\vth in the presence and absence of octane.

implying involvement of the OCT plasmid-encoded functions. When the alk system of P.

o/eovoran\' is expressed in l ...~. coli W311 0, significant changes in phospholipid metabolism

of the host is seen (Nieboer el a/., 1996). Expression of AlkB was shown to enhance net

phospholipid synthesis and change the composition of the phospholipid head groups in the

membrane and the fany acid composition of the membrane ( Nieboer et ClI., 1996: Nieboer

el al., 1993). Growth on alkanes and the subsequent induction and expression of the genes

in the alk system (oxidative enzymes) results in changes in the lipids of the membrane:

modification ofthe membrane composition is thought to facilitate the insertion and function

ofmembrane-bound Alk proteins (Chen et ClI., 1995).
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The total phospholipids in Gram-negative bacteria are distributed within the cell

envelope. The phospholipids can he classified into two groups based upon the characteristics

of the side groups attached to phosphoric acid: acidic nitrogen-free phospholipids and

alkaline nitrogen-containing phospholipids (Vaczi, 1973). The most common acidic

nitrogen-free phospholipids in bacteria consist of phosphatidic acid (PA)~

phosphatidylglycerol (PG)" cardiolipin (diphospatidylglycerol, DPG)~ and

•

phosphatidylinositol (PI). Phosphatidylserine (PS)~ phosphatidylethanolamine (PE)~ and

phosphatidylcholine (PC) (lecithin) are the most common alkaline nitrogen-containing

phospholipids (Fig. 2). In most bacteri~ phospholipids may represent 70 to 90 °/0 of the total

lipid content of the cell (Vélez), 1973: Hancock and Meadows~ 1969). Qualitative and

quantitative differences exist between the phospholipids of various bactenal species as weil

as among different strains. Ames (1968) rePQrted that the phospholipid content in

Salmonella typhimurium \vas higher than the 5% content present in Escherrchia coli.

Approximately 60 0'0 of the total phospholipid in F. coli is present within the outer

membrane, and the remaining 40 °/0 is found in the cytoplasmic (inner) membrane ( Finnerty

and Makula, 1975: Silbert, 1975). In a P. llenlgrnosa strain~ the phospholipid content

differed from E. coli in that the phospholipid was equalty distributed between the iooer and

outer membranes (Sinha and Gaby, 1964). Sinha and Gaby (1964) reported that the

phospholipid content in a P. aeruginosa strain was 90 to 95 % PE~ 3 % PC and trace

amounts ofPS. In f:. coli several studies have shown that the phospholipid composition is:

70 to 80 °/0 PE~ 5 ta 15 % PG~ 5 to 15 0lc> C, and approximately 1 % PA (Ames.. 1968:
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DeSiervo, 1969). Differences in the phospholipjd species have also been observed bet\veen

the membranes of the cell envelope (Osborn el ur, 1971~ Lugtenberg and Peters, 1976~

Rottem etaI., 1975: Diedrich and Cota-Robles. 1974). Phospholipid content and fanyacid

composition have been documented to vary depending on growth conditions (OeSiervo,

)969~ SinensJq', 191'2 ). Changes in temperature., age of culture and the composition of the

growth medium are known factors (Lugtenberg and Peters, 1969).

The synthesis ofphospholipds in baeteria starts with a two-step acylation of glycerol-

3-phosphate to give nse to PA and mono-acylglycerol-3-phosphate (Zajic and Mahomedy,

1984~ Gottshalk., 1979). Phosphatidic acid is esterfied with an aJcohoJ and CTP to produce

CDP-diacyglyceride. Displacement ofCMP by alcohols, like serine, inositol, and glycerot

through the action of specifie enzymes on CDP-diacylglyceride, produce PE, PI., and PG

(Gottshalk, 1979). Decarboxylati~n reactions on PS yield PE which can then be further

methylated to produce PC. Neutral lipids can be fonned through the hydrolytic removaJ of

phosphate from PA and consequent reaction with a third acyl carrier protein (ACP)

(Gottshalk, 1979).

2.2.3.2.2. Fatty acids

~i

As previously mentioned, environmental and physiological factors (eg. temperature.

pH., etc.) as weil as the genetic makeup ofthe cell., determine the type and characteristics of

the lipid by influencing the metabolism and synthesis of fatty acids, and hence the biological

properties of the cell. Classical experimental research on fatty acid synthesis was done on

E. coli and yeast in the 1950's and 1960'5 (Zajic and Mahomedy, 1984). This research c1early
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defined the separate steps by \\'hich t\vo-carbon fragments are added from malonyl-CoA to

a primer molecule until a fany acid of the required lenbJth was achieved. Fatty acid synthesis

consists of successive cycles of condensation of activated acceptor (ACP) with malonyl-

CoA., reduction., dehydration, and an additional reduction until the required chain length is

required. The fany acids in most bacteria can be divided into five groups: saturated fany

acids with straight carbon chains~ fatty acids with unsaturated carbon chains~ fatty acids \vith

branched carbon chains: fany acids \\;th cyclopropane rings: and hydro~' fany acids (Vaczi,

1973).

Saturated fatty acids in bacteria generally range between ten and twenty carbons.

hexadecanoic acid (CI6 (}) being the most prevalent fatty acid species (Sha\\·. 1974). The

function of the saturated fany acids is mostly structural (Vaczi, 1973). Branched fatty acids

are isolated from Gram-positive bacteria, though they have been found in Gram-negative

bacteria as weIl (Kaneda., 1977). Branched fatty acids generally play a structural role and

are imponant in the maintenance of the membrane fluidity, since they render the membrane

more flexible (Vaczi., 1973). The unsaturated fany acids play a significant role in membrane

fluidity. The majority of unsaturated fany acids are in the Cl." configuration. Biosynthesis of

mono-unsaturated fany acids can occur via two pathways, one aerobic and the other

anaerobic (Zajic and Mahomedy, 1984). The aerobic synthesis ofmono-unsaturated fatty

acids. which 1S associated \Vith sorne members of the bacterial orders Pseudomonodales and

f:uhuCleril1/es, occurs through removal of wateT From a preformed acyl chain by a special

dehydratase (Zajic and Mahomedy, 1984~ Gottshalk., 1979). The anaerobic pathway produces

mono-unsaturated fatty acids through dehydration and double bond isomerization, ho\vever"



...

-

thls does not occur untiJ the ten carbon levells reached (Gottshalk, 1979). Biosynthesis of

truft'\-unsaturated fatty acid is through the action of a membrane-bound isomerase on a c/.\-

unsaturated fany acid (Heipieper et al.. 1992). The biologlcal imponance of the hydroxy

fany acids is the least kno\\'n. They may serve as energy suppties~ however, they have a

structural role in being components of glycolipids and lipopolysaccharides. Cyclopropane

fatty acids (CFA) are round in the phospholipids of many bacteria (GoUine, 197~~ Law,

1971 ). Despite the \videspread occurrence ofCFAs. it still remains a mystery as to what their

physiological role is in bacteria. One proposed role for cyclopropanes is to prevent the

peroxidation of unsaturated fany acids (Jungkind and Wood~ 1(74). üxygen limitation has

also been observed to promote CFA accumulation in /:. coli and P. jlu()re.w.:ens (Cullen et

ul.~ 1971). In P. aerug/no.\'u the reverse oecurs: low oxygen reduees cyclopropane fany acid

accumulation (Hancock and Meadow, 1(69). Another possible function proposed for CFA

may be to stabilize the phospholipid molecule by preventing degradation of the fany acyl

chain at a time when resynthesis would he difficult due to a sluggish metabolism (stationary-

phase growth) (Cronan~ 1968). The major CFAs in bacteria are c/s-9-IO-methylene

hexadecanoic acid, cis-9-IO-methylene octadecanoic acid (sterulic acid) and cis-11-12-

methylene octadecanoie acid (lactobacilic acid). The CFAs are fonned by the transfer of a

methylene group from S-adenosyl-I.-methionine to the ci.\· double bonds of the unsaturated

fany acid chains ofmembrane phospholipids fonning a cis cyclopropane ring (La\\'·, 1971).

The enzyme CFA synthetase was responsible for catalysing the membrane modification.

This soluble enzyme was found in the cytoplasm loosely associated with the cytoplasmic

membrane in E. coli (Wang et al., 1992~ Taylor and Cronan~ 1979). Phospholipids are
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necessary for acti,,;ty. suggesting that the CFA ~nthetase must have an active site \\;thin the

hydrophobie core of the membrane. The level of the enzyme varies little from log phase to

stationary phase, that is, synthesis of the enzyme occurs throughout the gro\\1h cycle (La\\",

1971). Activity of the enzyme, however, increases from log to stationary phase (Wang and

Cronan, 1994). The gene encoding CFA synthetase (cfa) \vas sequenced and cloned (Grogan

and Cronan, 1984~ Wang et Cl!., 1992). Wang and Cronan ( 1994) reported that the gene

encoding CFA synthetase ((fa) was transcribed from t\VO promoters. One promoter was

found to he active throughout the growth cycle white the second only became active during

late-Iog to stationary phase. The activation of the second promoter increases the level of

CFA synthetase, augmenting CFA production.
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MATERIALS AND METHODS

ORGANISM AND GROWTH CONDITIONS

[>seuJonmnas aenlgmosa ATCC 9027 \vas grO\vn on a chemically defined medium

-

(CDM) (Miguez el al.~ 1986). The CDM contained 2.3 mM K~HPO~, 20 mM MgSO~, 3D

CaCI:!-2H:!O. The pH of the medium was adjusted to 7.5 with 6N KOH. Stock cultures of l'.

l1l!rugmosa ATCC Q027 were maintained at 30 0 C on slants containinl! the CDM. 2°'0

(wtJvol) agar (Difco Laboratories, Detroit~ Mich.) and a carbon energy source (either

hexadecane, kerosene, furnace oil, aviation fuel~ Iight crude oil or glucose).

Starter cultures were grown in 100 ml ofCDM containing 1°'0 (wt/vol) glucose or 1~o

(vol/vol) petroleum hydrocarbon (fumace oil. hexadecane, aviation fuel and kerosene) in

SOO-ml flasks \vith shaking (2S0 rev-min- ' ) at 30r) C. ln aIl experiments the ratio of the

medium:volume of the Erlenmyer nask was 1:5. Large batch cultures \vere gro\'vn in 10 l.

fermentation vessels with a ma!,'lletic stir bar~ and constant filtered air supply passed through

plastic tubing of .3175 cm LO. (83 kPa ) at 30° C. Growth was m~asured as an increase in

optical density at 660 nm with a Beckman DU-70 spectrophotometer (path len,bTth (1) = 1

cm). To minimize possible interference by micro-emulsions, culture samples were tirst kept

at rest (1 min) to allow any emulsion to rise 10 the top and then OD r~adings were taken

below the oil-water interface. Glass cuvettes were pre-soaked in chromic acid for

approximately 4 h (in order to remove interfering contaminants) and then rinsed several

times. In aH experiments, early-log petroleum-grown cens were harvested at day 4, and late-
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loe cens at da\" 7 of the 2fo\vth cvcle. Earl\"- and late-Iol! glucose-grOv.'l1 cells Viere harvested...., - ..... - - ....... ....... .....

after 6 h and 16 h respectively.

3. 2. CHEMICALS

Hydrocarbons consisted of 11- hexadecane (Sigma Chemical Co.~ St. Louis~ MO),

furnaee oil (Petro Canada Ltd.~ Montreal, QC) kerosene, Canadian light erude, Iranian light

crude, and aviation fuel (Shen Canada, Montreal, QC), hexane... heptane and octane (Fisher

Scienrific Co, Pittsburgh, PA). A11 chemicals used were of reagent-brrade quai ity or better

Glycine, TEMED (N,N,N,N'-methylethylenediamine). acrylamide, low molecular

weight protein standards, bis (N.N'-methylenebisacrylamide), bromophenol bIue, Coomassie

Blue and ~mercaptoethanol were obtained from Bio-Rad Laboratories, Richmond.. CA. BSA

(bovine serum albumin), DNase, RNase and lysozyme were obtained from Sigma Chemical

Co., St. Louis, MO. Acetic acid, methanol, Hepes, Tris-Hel ([hydroxymethyl]

aminomethane-hydrochloride) and ultra pure sucrose were from Fisher Scientific Co..

Pittsburgh, PA. Solvents for thin layer chromatography, including: glass-distilled

chlorofonn, methanol, n-hexane and acetone were purchased from Caledon Labs Ltd..

Georgetown, Ont.

The bacterial fatty acid methyl esters mix ( 10 mg-ml-') was obtained from Malreya,

Inc., Pleasant Gap, PA. The fany acid and phospholipid standards were obtained from Sigma

Chemical Co., St. Louis, MO.

Thin layer chromatography plates used were plastic Polygram SIL G /UV, with 0.25

mm silica gel layer (Macherey-Nagel, StraBe, Gennany).
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3.3.1. Extraction of readily-extractable lipids from whole cells

Three 1DO-ml cultures of cells bTfown on glucose or petroleum hydrocarbons were

centrifuged (12000 x g for 20 min) and washed three times with 0.30 mM Tris-HCI butTer

(pH 8.0).

The free and loosely bound lipids of pelleted cells were extracted by a modification

of the technique of Folch el ul. (1953). Three ml of chloroformlmethanol/acetic acid

(50: 100:5. vol/vol) were added to tbe pellet. After vortexing, the suspension was sonicated

for 10 min (Branson 1200 Sonicator, Branson Co., Shelton, CT). The cell suspension \Vas

then centrifuged for 3 min at high speed in a clinical centrifuge and the supematant

collected. Residual lipids in the pellet \vere extracted as ahove \vith l ml of solvent The

extracts were then combined, and 1 ml of 1 M KCI and 1 ml of chlorofonn added. The

mixture \Vas \iortexed and centrifuged for 2 min at high speed in a clinical centrifuge to

separate phases The upper aqueous phase was discarded. Chlorofonn/methanol/water (1.5

ml, 3:48:47. vol/vol) was added to the remaining chloroforrn-hpid mix1ure. This mixture was

vortexed and centrifuged and the upper phase œmoved as before. The final chlorofonn-lipid

phase within the tubes was then dried under a constant stream ofnitrogen with mild heating

<approximately 35 0 C). The lipid residue was redissolved in 1 ml of chloroform, sealed

under N~ in Tetlon-hned screw-capped test tubes. Triplicate samples were collected and

placed in a freezer (_22 0 C) for storage.
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3.3.2. Lipid separation and fa~· acid analysis

3.3.2.1. Thin-layer chromatography

-1

The components of lipid extracts were separated by thin-layer chromatography

(TLC) using a double solvent system according to the method ofSparace and Mudd (1982),

except that the second solvent system consisted of chloroform/methanoliwater (65:15:4.

vol/vol). The tirst solvent mixture, acetone/acetic acidlwater (100:2: 1, vol/vol), was used to

resolve the more neutral lipids to\vards the top of the TLC plates. The_more polar lipids

remaining at the origin were resolved on the lower twO-thirds of the plate by the second

solvent system.

The lipid samples were applied to dried TLC plates (previously run with the tirst

solvent system) as 1.5-cm bande:; 1 cm apart. Approximately 30 Ilg oflipid standards (section

3.3.2.3) were applied to separate lanes for identification purposes. The TLe plates were thèn

allowed to dry for 10-30 min. Dried TLC plates with standards and lipid samples wc:rë

developed in glass tanks containing the ftrst solvent mixture (acetone/acetic acidJwater). The

solvent was allo\ved to run to the top of the TLC plate (approximately 1 hl. The plate \Vas

then removed and allowed to dry in a separate tank for about :2 h under flowing N:!. The

dried TLC plate was then placed in a tank containing the second solvent mixture

(chloroform /methanol/water). The solvent mix-nu-e was allowed to run two-thirds of the way

from the bottom (approximately 45 min). The TLC plates were removed and dried for 1 h

under flowing N~. The dried plates were eut in order to separate lanes containing standards
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from those containing lipid samples. Lipid standards \vere visualized \vith iodine vapour.

After visualization, standard 1anes were re-aligned with sample 1anes, and zones

corresponding to each standard were marked in pencil. The sample zones on the silica plates

were scraped otT with a razor blade and placed in Tetlon-lined screw-capped test tubes

containing 1 ml ofchlorofonTI. Fany acids ofindividuallipids \Vere trans-esterified (section

3.3.2.2), identified and quantified by gas-liquid chromatography (section 3.3.2.4).

3.3.2.2. Preparation of fatty acid methyl esters

J
~

Methyl esters offatty acids were prepared according to the method of Monison and

Smith (t 964). Fifty ~g ofmethylpentadecanoate (C 15:0) an internaI fany acid standard., were

added to the stored extracted lipid samples (with 1 ml of chloroform), and mixed. The

mixture (lipid and standard) \\las placed under flowing N2 to remove solvent. Two ml of

commercially prepared 14% borontritluoride (BF.J in methanol were added to the dried Iipid

sample. The test tubes were finnly capped and the sample \\las thoroughly mixed to dissolve

the lipids. Samples were then heated in a water bath (65 0 C) for 30 min. The test tubes were

cooled on ice for approximately 5 min. To the cooled samples., 3 ml of distilled water were

added. After mixing, 3.5 ml of Il-hexane were added and the mixture vortexed to obtain an

emulsion. The sample was centrifuged for 3 min at high speed in a ctinical centrifuge as

before, to separate the phases. The upper layer (hexane containing fatty acid methyl esters)

was removed with a Pasteur pipette and transferred to a new Teflon-lined screw-capped test

tube. The addition and removal of hexane was repeated twice, each time combining the

second and third hexane layers to the first hexane extract. The pooled hexane ex1ract \\las
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dried under tlo\v1ng Nz,. redissolved in 1 ml ofhexane, sealed under tlowlng N~ and stored

in the freezer (_22 0 C) until analysis by gas-liquid chromatography.

3.3.2.3. Lipid standards for tbin-Iayer chromatography

Lipid standards used were phosphatidylethanolamine (PE), phosphatidylcholine (PC),

/yso-phosphatidylethanolamine (LPE), cardiolipin [diphosphatidylglycerol] (C),

phosphatidylglycerol (PG), phosphatidylserine (PS), triacylglycerol and oleic acids as neutral

lipids (NL).

3.3.2.4. Gas chromatography analysis

..
'i
~..

Fatty acid methyl esters were analyzed \Vith a Varian Model 3400 gas chromatograph

equipped with a split injector, a flame ionization detector and a fused silica capillary column

(Chromatographie Speeialties, Inc., Brockville, Ont.) (30 m x 0.25 mm internai diameter)

coated with 0.25 f..l Durabond 225 as the stationary phase. Helium served as the carrier gas

with a flow rate ofapproximately 2 ml • min .1. Injector and detector temperatures \vere held

constant at 275 and 300 0 C, respectively. Column temperature programming consisted of

an initial temperature of 180 0 C (without holding) that was increased at the rate of 2 0 C •

min- I to 200 0 C, and finally held al that temperatur~ for 10 min. Analysis of the petroleum

hydrocarbon substrates was performed on the same eolumn however initial temperature of

the column was set to 140 0 c.
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Calculation of fatty acids

The fany acid profiles reflect the fany acid composition. The fatty acid composition

\vas calculated as a \veight °:0 based on the mass of individual fatty acids recovered in each

lipide Lipid composition represents mass (% based upon the total weight of fatty acids

recovered in each individual lipid~ using C 15:0 as an internai standard.

3.3..3. Protein estimation

Proteins concentration was detennined using the Peterson method (1977) with BSA

as the standard.

3.3..4.. Separation of outer membrane proteins

Membrane proteins were extracted from early or late log phase cells as described by

Hancock and Nikaido (1978). Cells (3 L) were harvested by centrifugation at 12000 x g for

10 min at 4<:: C. The pellet was washed twice in one-tenth the original volume with 30 mM

Tris-HCI (Tris bufTer~ pH 8.0). The washed pellet was resuspended in 15 ml of 20°-'0 (wtIvol)

ultra-pure sucrose in Tris buffer (pH 8.0), to which t Ilg of DNase and 1 Jlg of RNase \vere

added Cells were passed twice through an ice-cold French pressure cell at 1 x 10 5 kPa (15

000 psi). Fifty Jll of lysozyme were added (la mg-ml-I) to the French pressed material, and

the mixture was left to incubate for 10 min at rQOm temperature. The incubated mixture was

centrifuged (3000 x g for 10 min at 4 0 C) to remove whole cells and debris. The supematant

was retained, and Tris butTer (pH 8.0) was added to a final volume of 42 ml. Six ml were

layered onto a sucrose (ultra-pure) density gradient containing a bottom layer of 1 ml 70%



(wtlvol) and a 5-ml top layer of 15% (wt!vol) sucrose in Tris hutter The sample-containing

gradients were then centrifuged at 100 000 x g for 60 min at 4 C C in a Beckman SW 41

rotor. The bottom 2. ml ofeach gradient., containing membrane proteins., were removed and

homogenized \Vith a glass homogenizer and Teflon pestle (at 4 0 C). The homogenate was

layered onto a second sucrose density gradient (containing 1 ml of 70~0 (wtJvol). 3 ml of

64% (wt/vol)~ 3 ml of58~/o (wt!vol) and 3 ml of 52°/0 (wt/vol) sucrose). The gradient was

centrifuged at 100 000 x g for 16 h at 4 0 C in a SW 41 rotor. The individual bands at each

interface were removed with a Pasteur pipette. The bottom band (containing the outer

membrane) was collected., homogenized., and stored at 4 0 C. The homogenate was diluted

\Vith double glass distilled wateT and centrifuged twice ( 120 000 x g) for 30 min at 4 C C

using a Ti 55.2 rotor. The final pellet was resuspended in 2 ml ofdouble glass distilled waler

and frozen at _22 0 C.

3.3.5. SDS-PAGE

SDS-polyacrylamide gel electrophoresis procedures were sirnilar to those described

by Laemmli (1970). The sample buffer (SOS reducing buffer) consisted of 0.0625 M Tris-

HCI (pH 6.8), 2% SOS, 10% (vol/vol) glycerol, 0.001% (wt!vo1) bromophenol blue, 5%

(vol/vol) p-mercaptoethanol and 0.1 M MgCI;!. The electrode buffer (running buffer)

consisted of0.025 M Tris-base bufTer~ 0.19 M glycine and O. t<~/o (wtJvol) SOS al an adjusted

pH of 8.3. A two-tiered gel system was used for the electrophoresis of the early and late log-

phase outer membrane proteins, a 4% (wt/vol) polyacrylamide stacking gel and a 12°/0

(wt/vol) polyacrylamide separating gel. The gel thickness was 1.5 mm.
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Bio-Rad (Bio-Rad Laboratories. Richmond. CA) low molecular \veight protein

standards were used for direct comparison to identify and estimate the moh=cular weight of

th~ outer membrane polypeptides. Proteins present in the standard mix ranged from 94 000-

14300 Da.

Outer membrane protein samples were placed in a digestion buffer within Eppendorf

tubes and heated al 100 0 C for 5 min in a glycerol Temp-block module heater (CANLAB).

The sampie was then allowed to cool to rQOm temperature. The digested protein samples

(ranging from 40-60 J.1g ofprotein) and low molecular \veight standards were loaded into the

electrode bufTer-filled wells in the stacking gel with a 50 J.l1 Hamilton syringe.

The samples were electrophoresed for 12-15 h at a constant 15 mA. The gel was run

until the tracking dye exited the bottom of the separating gel. The circulated water within

the radiator core -\vas maintained at a temperature between 10-15° C for ideal

electrophoresis. At the end of the electrophoresis run, the gels were carefully removed and

fixed ovemight in an acetic acidJmethanol ( 10:30, vol/vol) solution. The following day. the

fixed gel was stained with acetic acidlmethanol/Coomassîe blue (10:30:0. t, vol/vol) at 65 ~

C for 1 h and de-stained in 100'0 acetic acid (vol/vol) ovemight

3.3.6. Hydrophobicity (adherence) test

The hydrophobicity test used was a modified version of that of Rosenberg el ul.

(1980). Tests were perforrned at various limes in the growth cycle. To rule out ionic

Interferences, three different wash/resuspension solutions were used, these included: a

phosphate-saline buffer, pH 7.4~ a 0.05 M Hepes, pH 7.4~ and a minimal salts medium
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(CMSM) according to Miguez el ui. (1986).

Optical density readings at 660 nm were taken before removing celJs From the !:,'Towth

culture. One to 200 ml of culture from a 10 L fennenter were centrifuged ( 13 000 x g, 4 0 C)

and pelleted cells washed twice with one of the three washJresuspension solutions. Washed

cells were resuspended in the same buffer, optical densities recorded. and 1.2 ml added to

each orthe 5 replicate test tubes (10 mm I.D.). To this, 2 ml ofhexadecane \Vere added and

the mixture kept at 30° C for 15 min. The tubes were stoppered, placed on a slant rack, and

agitated on a reciprocal shaker (slow speed) for 2-3 min. After shaking. the tubes were held

upright for 15 min for phase seParation. The oil1ayer was discarded and the optical density

(660 nm) of the aqueous layer measured.

Hydrophobicity was measured as a "decrease in the 0 /0 absorbance" and calculated

as follows (Rosenberg el ut., 1(80):

(Resuspended Cells 00 - Aqueous Phase 00) x 100

Resuspended CeUs 00

3.3.7. Surface tension analysis

Surface tension ofquadruplicate samples ofgrowth medium taken al ditferent phases

in the growth cycle were measured using the du Noüy method ( 1919) with a Fisher Surface

Tensiometer Model 20 (Fisher Scientific Co., Pittsburgh, PA). Liquid cultures were

centrifuged (12 000 x g, 15 min, 4 0 C) and 10 ml of the supematants removed to separate

test tubes ( 16 x 76 mm, Quik Seal centrifuge tubes, Beckman Instruments Inc.~ Palo Alto.
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CA). After la min standing to allow any residual petroleum hydrocarbon to rise to the top

8 ml were removed for measurement. The bottom aqueous phases were carefully removed

and deposited in plastic Petri plates (35 x 10 mm, Becton Dickinson and Co., Cockeysville,

MD), and surface tension measured. Residual hydrocarbon was removed from the platinum-

iridi um ring after every trial by first immersing the ring in benzene_ then immersing it in

acetone and, final1y, flaming the ring.

3.3.8. Exopolymer extraction

The exopolymer aggregate (oil-exopolymer-eells) on the surface of the gro\vth

medium (present at approximately day 4-5) was collected by suction. The white-beige

compound was allowed to stand overnight at 4 oC in a beakeL The white-beige compound

\vas then removed on the following_day and centrifuged several limes using a Ti 55.2 rotor

(100 000 x g, 1 h, 4° C) and a SS34 rotor (3 000 x g, 1 h, 4 0 C). After each spin, the cell

pellet and the oillayer were removed. This procedure was repeated (approximately 10 times)

until only a white layer remained. Protein, carbohydrate and lipid analyses were then

performed on the exopolymer.

3.3.9. pH Measurement

The pH of the growth medium was monitored throughout the h'Towth cycle.

Following optical density readings (660 nm) of the culture medium, cells were removed by

centrifugation, and the supematant was collected. The pH of the supematant was then

measured (at room temperature) on a Coming [Model 200] pH meter
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4.1.1. Growth of P. aeruginosa on various petroleum products and glucose

Hexadecane is found in many petroleum mixtures. Growth of P. aeruglnosa on 1~'o

(vol,' vol) hexadeeane, fumace oiL kerosene, aviation fuel. light erude oil, and small n-

alkanes was monitored using both absorbance and viable plate eount measurements.

In ail instances where petroleum hydrocarbons were the sole carbon source, a

pronounced lag period (2-3 d) in growth was observed (Figs. 3A-3C). Growth of P.

aernglnosa on petro]eum hydrocarbons required 7-8 d incubation for stationary phase to be

reaehed. With glucose as a substrate, the stationary phase of growth was reached within one

day. Maximum "iable eell counts were observed when cells \Vere grown on hexadecane (1.5

x 10 11 CFU-ml-' ) followedby thatof fumaceoil(9.1 x lOlO CFU-mt1
): kerosene (6.9 x Idn

CFU-ml- ll
: aviation fuel (6.0 x IOI<J CFU-ml- '. Table 2). Stationary growth of glucose-

grO\\l1l cells yielded 1.1 x 10 11 Cru-ml- ' (Table 2). Growth on hexadeeane and glucose were

similar to those observed by Miguez el ul. (1986). P. aerURlno.WJ did not grow \vell on n-

alkanes (Fig. 38). A longer lag periocL slower "growth rate" and a longer time to reach

stationary phase were observed with growth on the crude fractions (Fig. 3C).

4.1.2. Hydrophobicity of ceIls grown on glucose and petroleum

The hydrophobicity ofcells grOM} on petroleum changed with lime (Fig. 4): that of



Figure 3A.

Figure 38.

Figure 3C.

Gro\vth of Pseudomonas aeruglnosa on various carbon sources in a
minimal-salts medium (30:: C, 250 rev'min- ' ). glucose (0- )~

hexadecane ( 6 ). fumace oil ( 0). aviation fuel ( • ), and kerosene (~ ).

Growth of Pseudomonas aeruginn.'\a on various carbon sources in a
minimal-salts medium (30 0 C, 250 rev-min- '). n-alkanes [octane ( .),
heptane ( .), hexane ( 0)], glucose ( 0) and hexadecane (.).

Growth of Pseudomonas aenlginnsa on various carbon sources in a
minimal-salts medium (30 0 C, 250 rev·min-').Canadian light crude oil
( .), Iranian light crude f. l, glucose ( 0), and hexadecane (_Â ).
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•
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Table 2: Viable cell count measurements of early log and late log growth of P.
aeruginosa on various carbon sources

Early-Iog

Carbon Source Incubation Time (1JCFU-ml- 1

Hexadecane 4 days 2.0 x 107

Kerosene 4 days 1.2 x 101

Fumace Oil 4 davs 1.7 x 107

Aviation Fuel 4 days 1.0 X 107

Glucose 6 hours 1.9 x 107

Late-Iog

Incubation Time CFU-ml-\

7 days 1.5 x lOI!

7 days 6.9 X 1010

7 days 9.1 x 10 11l

7 days 6.0 x 10 10

16 hours 1.1 x 10 ll

-!

'l'Cru-ml- i = colony fanning units-ml- '



Figure 4. Measurement of hydrophobicity with lime (measured as a % decrease in

absorbance) of Pseudomonas aeruginosa: (a) hexadecane-grown cells~ (b)

glucose-grown cells~ (c) furnace oil-grown cells~ (d) kerosene-grown cells~

(e) aviation fuel-grown cells. Re-suspension media consist ofPBS (. ),

HEPES (-.) and CMSM (Â). Growth (00660) represented by ( .). Plotted

values are the means of 5 separate replicates.
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cells grovm on glucose remained constant at a lo\\' level. With hexadecane and fumace oil.

cell hydrophobicity increased sharply initially and then decreased when the cells reached

their mid-log phase of gro",1h. Changing the medium in vihich hydrophobicity of the cells

was measured (phosphate-saline buffer, 0.05 M HePes, or minimal salts medium) had no

influence.

4.1.3. Surface tension analysis

CeUs grown on fumace oil (Fig. 5c) reduced the surface tension from of the

minimal-salts medium (MSM) by approximately 30 dYnes·cm·~ . Reduction in the surface

tension of the MSM was also observed when cells were grown on hexadecane (23 dynes'

cm-:!). kerosene (18 d~lles·cm -~ ). and aviation fuel (6 dynes·cm -2 ). Cells grO\\l1 on glucose

(Fig. Sb) produced little or no dropjn the initial surface tension of the growth medium (78

dynes·cm·~). Once again, as \vith cell hydrophobicity changes, decreases in the medium

surface tension occurred during the mid-log phase of growth.

4.1.4. Outer membrane protein changes of cells grown on petroleum and glucose

As cells grew on hexadecane and proceeded from early log ta late log phase of

growth, changes in outer membrane proteins (OMP) \vere observed (Fig. 6). The changes

occurred primarily in proteins in the 29-40 kDa range. ln the early log phase, OMP included

the 33 and 30 kDa varieties. As the cell progresses to the late log phase of growth, the 33

kOa protein concentrations decreased, the 30 kDa protein disappeared, and new proteins

appeared, viz. 34- and 29 kDa and several proteins ranging From 34-39 kDa. The OMP



Figure 5. Surface tension of media during growth of Pseudomonas aeruginosa:

grown on (a) hexadecane (b) glucose (c) furnace oil (d) kerosene (e)

aviation fuer ceUs. ( • ) Growth (OD66O): ( ~ ) surface tension (dynes·cm2
)
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Figure 6. SDS-PAGE of outer membrane proteins from cells ofP. aeruginosa

grown on hexadecane: (A) early-growth phase cells~ (B) late-growth phase

cells; (C) trapped cells; and (0) on glucose, late-growth phase. Protein

concentration in wells: 50, 60, and 70 J,1g. Protein standards (Sa= 10 Jlg,

Sb= 5 flg); 94-21 kOa.
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diversity and concentrations. vlIith the exception of the 30 kDa protein. was lower in cells

that were trapped in the exopolymer-hexadecane matrix found at the surface of the growth

medium (Fig. 6, lane C). Glucose-gro\\n cells elicited unique 44- and 32 kDa OMP (Fig. 7).

Although changes were observed as cells grew older (early to late log), these changes were

not as marked as those observed \\ith hexadecane-gro\vo cells. The increase in 37 and 34

kDa üMP as cells grew oider was accompanied with a decrease in the 22 kDa üMP.

Differences were noticed in the outer membrane protein profiles among the cells

grown on various petroleum hydrocarbons (Fig. 8). The üMP ofglucose-grown cells showed

a pronounced band at approximately 44 kDa and an absence of a 70-kDa doublet band in

comparison to the üMP ofceUs grown on petroleum hydrocarbons. The aviation fuel outer

membrane protein profile revealed pronounced 45- and 30-kDa bands which were not

present in the other samples. The fumace oil and kerosene shared similar characteristics in

that there was an almost complete absence of proteins in the 31-35 kDa range and in that

they revealed a strong presence of3 bands (22, 13 and 15 kDa) which were not observed in

the other cell samples. The higher molecular weight proteins ( > 48 kDa) varied amongst ail

samples. Overall, the üf'v1P of cells grown on hexadecane, fumace oil and kerosene were

quite similar, and the OMP of cells grO\NT1 on either glucose or aviation fuel contained

additional proteins.



Figure 7. SDS-PAGE of outer membrane proteins from cells of P. aeruginosa

grown on glucose. E- earIy log phase cells: L-Iate log phase cells. Protein

concentration in wells was 50 J.1g. Standard proteins are represented in

lane (5).

Note: Due to age of standard sorne markers have degraded.
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Figure 8. SOS-PAGE of outer membrane proteins from late-log cells of

P.aerugin(}sa grown on five different carbon sources: (G) glucose~ (H)

hexaaecane; (F) fumace oil; (K) kerosene; and (A) aviation fuel. Protein

concentration in wells was 50 Jlg. Protein standards (S ):94-14 kDa.
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4.1.5. Cell membrane lipid changes

4.1.5.1. Identification of readily-extractable lipids by thin-layer cbromatography

Separation of the readily-extractable lipids (loosely bound lipids) by thin-layer

chromatography (TLC) revealed seven distinct components. Five ofthese components were

tentatively identified (by comparison \vith kno"m standards) as phosphatidylethanolamine

(PE), phosphatidylcholine (PC), neutrallipids (NL), Iyso-phosphatidylethanolamine (LPE)

and cardiolipin (C). Two of the components were not identified and were referred to as

unknown # 1(Unk # 1) and unknown #2 (Unk #2). The order of separation of the individual

lipids (Iow Rf to increasing Rf) \vas the following: (Unk # 1), (PC), (LPE), (PE), (Unk #2),

(C) and (NL).

4.1 ..5.1.2. Early-Iog phase total Iipids

The ceUs grown on hexadecane and kerosene contained (PE) as the major lipid

fraction (ca. 70 %»: whereas, cells gro\vn on furnace oil had PE and LPE as their major

lipids (Fig. 9). Lipid composition in aviation fuel- and glucose-grown ceUs was similar and

Unk ;:; 1 lipid was the major component.

4.1.5.1.3. Fatty acid analysis of early-Iog pbase lipids

The total lipid fatty acid profiles (mass %) are similar among the cells grO\\'tl on

petroleum hydrocarbons and different from that of cells grown on glucose (Fig. 10). The

degree of saturation of the lipids in cells grown on petroleum products is 4-6 times that of



Figure 9. Total lipid (% composition) ofearly-exponential phase cells grown on

various hydrocarbon sources: (a) hexadecane; (b) glucose; (c) fumace

-
oil; (d) aviation fuel; and (e) kerosene. Total lipids consisted ofseven

fractions: (PE) phosphatidyJethanoJamine; (LPE) lyso-phosphatidyJ

ethanolamine; (PC) phosphatidylcholine; (Unk # l) unknown # 1; (C)

cardiolipin; (NL) neutraJ Jipids; and (Unk #2) unknown #2.
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Figure 10.

Abbreviations:

Total lipid fatty acid profiles of early-exPOnential phase cells grown on

various carbon sources: (a) hexadecane~ (b) glucose: (c) fumace oil~

(d) aviation fuel~ and (e) kerosene.

c.:vc. cyclopropane~ C, cis~ T, Irans.
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TABLE 3: Differences in the fa~' acid profile of P. aeruginosa grown on \'arious
carbon sources (early-Iog).

C..\RBON TOTAL PE (1) LPE PC UNK#l eNK#2 C ~L

SOURCE LIPIDS

Translcis ratio

Hexadecane 0.535 0.497 0.458 1.79 0.506 0.241 0.738 0.6]7

Glucose 0.00989 0.0177 0.0]20 0.00954 0.00868 0.130 0.0237 0.0621

Furnace Oil 0.580 0.556 0.483 0.411 0.511 0..403 0.330 0.715

Aviation fuel 0.517 0.541 0.941 1.20 1.]7 0.544 0.601 0.140

Kerosene 0.341 0.494 0.327 0.0433 0.0327 0.262 0.364 0.487

Degree ofSaturation (SaLI Umal. Fanyacids)

Hexadecane 1.47 1.06 1.36 2.07 0.799 0.682 1.41 1.26..
Glucose 0.422 0.334 0.396 0.409 0.416 0.297 0.420 0.594

4-

Fumace Oil 2.79 1.43 1.02 1.47 1.50 1.18 l.31 1. 77

Aviation fuel 2.24 1.52 0.959 2.29 2.36 1.40 1.04 0.573

Kerosene 2.19 2.18 2.81 0.610 0.446 1.01 0.484 0.7]0

Total 0_0 (3) Cyclopropane Fatt)" Acids (C17:0 + C19:0))

Hexadecane 27.3 27.3 35.0 36.0 27.7 29.9 36.0 42.9

Glucose 0.864 0.792 0.763 0.803 0.818 N.A l2'_ l.09 1.27

Furnace Oil 36.1 37.5 37.8 43.4 31.1 42.1 46. ] 48.4

Aviation fuel 43.5 34.5 34.2 43.6 43.9 14.3 7.28 11.2

Kerosene 43.8 45.0 39.8 13.4 4.06 17.4 4.38 7.60

1) PE = phosphatidyl ethanolamine: C = cardiolpin~ LPE = lyso-phosphatidyl
ethanolamine: NL = neutral lipids~ PC = phosphatidyl choline: Unk #2= unkno\vo ::2
lipid~ Unk # 1 = unknown # 1 lipid

2) N.A.= None available

:-- 3) 0iQ= Per Cent
~

•
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cells grown on glucose (Table 3). The highest degree of saturation \vas recorded for lipids

from cells grown on fumace oil (Table 3). The cyclopropane fany acids C17:0 q.'C (cls-9, 10-

methylene-hexadecanoic acid) and C 19:0 (VC (cls-9.1 O-methylene-octadecanoic acid) were

present in significant quantities in ail lipids from ceUs grown on petroleum hydrocarbons

(ca. 36%) but in negligible amounts in glucose-gro\\n ceUs (0.09 00) The Iran.\" CIS ratio of

the fatty acids in the lipids isolated from ceUs were below one. The petroleum-grown cells

had {rans ci..... ratios of ca. 0.5: whereas, the ratio of glucose-grO\VI1 cells was 0.010 (Table

3). The lower degree of saturation for glucose was the result of a higher content of C18: 1

and C16:1 fany acids (Fig. ID). The cells grO\VI1 on glucose had C18:1 CIS (cl.\"-9-

octadecenoic acid), C16:0 and C 16: 1 crs (cl.\'-9-hexadecenoic acid) as the major fany acids.

: whereas, in petroleum-gro\\<n cells C 16:0 and C 19: cyc were the dominant fany acid

species present (Fig. 10). Analyses on the distribution and characteristics of the fatty acid

components of the individual lipids reveal large differences (Table 3, Appendix A. and

Appendix C).

4.1.5.1.4. Late-Iog phase totallipids

PE appears as one of the major lipids in ail the late-Iog petroleum- and glucose-

grovm cells. In addition, the glucose-gro\vo cells have large amounts of Unk ~ 1. and the

fumace oil-grown ceUs have large amounts of the LPE and NL (Fig. 11).

Petroleum-grown cells contain large amounts of C 16:0, C 19:0 c:VC and C 17:0 C:VC-
4.1.5.1.5. Fatty acid analysis of late-Iog phase lipids



Figure Il. Totallipid (°IÔ composition) oflate-exponential phase cells grown on various

carbon sources: (a) hexadecane~ (b) glucose; (c) fumace oil: (d) aviation

fuel; and (e) kerosene. Total lipids consisted of seven fractions: (PE)

phosphatidyl ethanolamine~ (LPE) Iyso-phosphatidyl ethanolamine~ (PC)

phosphatidyl choline; (Unk #1) unknown # 1: (C) cardiolipin; (NL) neutral

lipids; and (Unk #2) unknown #2.
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fatty acids: whereas, glucose-grO\\l1 cells contain C18:1 Cl." and C16:0 as the major fany

acid fractions (Fig 12). Cyclopropane fany acids were present in small amounts in the

glucose-grO\\!T1 cells. ca. 8~'o, however, in cell growT1 on petroleum the cyclopropane fany

acids accounted for ca. 42% (Table 4). The debJTee of saturation of the lipids in cells grown

on the petroleum products was 3 times that of cells gro"m on glucose (Table 4). Analyses

on the distribution and characteristics of the fany acid components of the late-Iog individual

lipids reveal large ditTerences (Table 3, Appendix 8, and Appendix Cl.

4.1.5.1.6. Differences between early- and late-Iog phase totallipids

-
Significant changes occurred in the glucose and aviation fuel-grown cells in the

transition from early to late log phase ofgrowth (Fig. 9, II). In the glucose and aviation fuel-

grown cells approximately two-thirds of the Unk :: 1 lipids disappeared from early log and

was replaced in the late-Iog phase of growth by other lipid species, PE being one of the

significant lipids. The celIs gro\\in on the other hydrocarbons did not vary substantially in

terms of quantity (Fig. 9, II). There also appeared to be an increase in the proportion of

neutrallipids and the Unk =2 lipid in ail cultures except the kerosene-gro\\"T1 cells, from early

to late exponential phase.

4.1.5.1.7. Differences between the fatty acids of early- and late-Iog lipids

The most significant differences observed between the total lipids of the early- and

late-exponential phase cells were a decrease in the CI 8: 1 cis and CI 6: 1 cis fatty acids and

an increase in C19:0 cvc fattv acids (Table 3, 4). The totaltranslcl.'· ratio shows an increase
~ .



Figure 12.

Abbreviations:

Total lipid fatty acid profiles of late-exponential phase cells grO\\l1l on

various carb0!1 sources: (a) hexadecane~ (b) glucose: (c) furnace oil: (d)

aviation fuel; and (e) kerosene.

CYl.', cyclopropane; C~ cis: T~ trans.
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TABLE 4: Differences in the fatty acid profile of P. aeruginosQ grown on various
carbon sources (Iate-Iog).

CARBON TOTAL PECH LPE PC UNK#I UNK#2 C NL
SOliRCE LIPIDS

Translcis ratio

Hexadecane 1.19 1.15 1.03 N.A(::!). N.A(::!}. 0.521 0.679 0.500

Glucose 0.207 0.0914 0.111 0.118 0.415 0.152 N.AI::!I. 0.137

Furnace ail 0.622 1.38 1.10 0.729 8.64 2.56 1.66 0.137

A viation fuel 0.408 0.275 12.7 3.37 17.9 11.6 8.04 2.01

Kerosene N.A 12}. 0.334 0.194 0.109 0.285 0.278 0.225 0.108

Degree ofSaturation (SaLI UnsaL Fanyacids)

Hexadecane 2.73 2.12 4.00 3.03 1.55 1.99 1.78 1.86

Glucose 0.603 0.570 1.82 0.495 2.08 1.13 0.581 0.476

-- Furnace ail 3.39 2.83 ... ..,., 2.25 0.441 0.451 1.24 0.944-'._-

Aviation fuel 3.08 1.82 0.241 0.373 0.497 0.108 0.101 0.845

Kerosene 3.96 1.89 1.46 1.02 5.37 2.49 2.01 5.02

Total ~/ô (3) Cyclopropane FatlJ' Acids (C17:0 + C19:0))

Hexadecane 44.2 50.8 59.5 15.7 16.8 44.5 54.7 50.2

Glucose 5.08 4.79 5.29 7.31 2.13 11.7 10.6 5.00

Fumace Oil 43.0 48.4 47.0 41.8 14.1 27.0 46.1 11.8

Aviation fuel 45.2 45.5 23.5 7.70 20.8 17.7 20.5 24.8

Kerosene 39.1 43.0 39.1 31.0 10.6 24.9 39.5 41.9

1) PE = phosphatidyl ethanolamine; C = cardiolpin; LPE = lyso-phosphatidyl
ethanolamine: NL = neutral lipids: PC = phosphatidyl choline: Unk #2= unknown #2
lipid; Unk # 1 = unknown # 1 lipid

2) N.A.= None available
~ 3) 0/0= Per Cent

<IL
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from early to late exponential phase which is indicative ofan overall decrease in the amount

of C18:1 CIS and C16:1 cis fany acids (Table 3,4~ Figs.IO, 12). AII.cells !:,Jfown on the

hydrocarbons excl uding kerosene displayed an overaJ] increase in the total amount of

cyclopropanes (Table 3, 4). A transitional change in the characteristics of the outer cell wall

membranes from being slightly saturated to being increasingly more saturated in the final

stages of growth was observed. An increase in the amount of saturated fatty acid species

from early to lale log (almosl two-fold) was exhibited by gro\vth on ail the hydrocarbon

sources (Figs. 10, 12). The saturation index (degree of saturation) of the lipids from cells

grown on petroleum hydrocarbons was 5-6 limes that of glucose-gro\\'l1 cells~ this is due to

glucose-growing cells containing a higher proportion of unsaturated fany acids (Table 3, 4).

4. t .6. Exopolymer production

The apPearance of a creamy-white compound was observed at approximately mid-

\\'ay in the grov.1h cycle of P. aerugmosa ATCC 9027 when gro\vn on petroleum

hydrocarbons. This compound, however, was not produced when the organism was grown

on glucose. The compound aggregated at the surface of the growth medium and was easily

removed by suction for analysis. Aggressive centrifugation resulted in three separate layers:

(1) top layer (c1ear. consisting solely ofa pelroleum hydrocarbon)~ (2) middle layer (white

exopo[ymer)~ and (3) bottom layer (beige~ consisting of cells). The compound initially

removed al the surface was a mix of oil, cells and exopolymer. The white middle layer

(exopolymer) was tightly bound to the oil and celllayers and therefore may be amphipathic

in nature. The white exopolymer was also observed in solid media cultures (agar slants, Fig.



Figure 13. Starter culture slants with various carbon sources: (A) aviation fuel; (G)

glucose: (H) hexadecane: (F) fumace oil: and (K) kerosene. Exopolymer

are white areas on slant (arrows).
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13). ft \Vas embedded in and around the agar slants al the periphery of gro\\1h. This

polymerie substance was only seen with slants that containeda petrol~um hydrocarbon as

a carbon and energy source. Prelirninary analysis of the composition of the exopolymer

revealed that it was not a rhamnolipid~ however, one JlI of exoploymer consisted of 0.5120

Jlg oflipid~ 3.1]9 Jlg ofprotein and 1.2]0 Jlg ofcarbohydrate.

4.1.7. pH differences between glucose and petroleum-grown ceIls

In Figure ]4, the cells grovI/n on glucose showed the greatest decrease in pH \\'hen

compared to the petroIeum-gro'Ml cells (pH 3.9). The lowest pH obtained by the petroleum-

gro\\'"TI cells "'aS 5.0. The greatesl drop in pH with respect to time \~..as seen in the kerosene-

and aviation fuel-grown cells. The cells grown on hexadecane took the longest (seven days)

to reach a minimum pH. The other petroleum-grown cells required two to three days to

achieve the minimum value.



Figure 14. Measurement of pH with time of P. aeruginosa grown on: (a) hexadecane:

(b) glucose: (e) fumaee oil: (d) kerosene: (e) aviation fuel.Growth (00h60 )

on respective substrates is represented by (. ) and pH is represented by (+).

•

•



0
"

--~---------~--------{~)
-6.9 n

1.5 !!.
\" a-

5.9 CD... % 1 =Q. Il
;:;

4.9 e' 0.5 '<
Cft

----.---------...- Cft
CI

3.9 0 =
0 2 4 6 8 10 12 3

Time (days)
0...•........- .... ... "-6.9 1.5 n•• !!.
a-

5.9 1
CD

% =a- fit

~
4.9 0.5 m

CD
0

3.9 0 =3
0 4 8 12 16 20 24

Time (hours)

0

Je) "&.9 =1.5 n,.----.----------e----------·--------- IL
Q.

5.8 1 •:1: ~a. •-- ~
4.8 0.5 CD,. CD

, 0

3.9 0 ~
1 3
0 2 4 6 8 10 12

nme(days)
0

(d) "-&.9 1.5 n
!!.
Q.

5.9 1
CD

:1: =a. ------~---~---~---~------------.------------
(II

~
4.9 .....-

0.5 Cft_.- m
c

3.9 0 ~

3
0 2 4 6 8 10 12

nme (days)
0

(e) "::&.9 1.5 n
!!.
ca.

5.9 1 •:1: ------- ~
Co •

~... 4.9 0.5 Ga: CD.. c
3.9 0 =3

0 2 4 6 8 10 12

Tlme (days)



Figure 15. Gas chromatograms of various refined petroleum products (fumace oil,

kerosene, and aviation fuel) and n-alkanes (hexane, octane, and

hexad~cane) ..
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DISCl~SSIOl\

Pseudomunu'\ aeruginosa (ATCC 9027) grows on hexadecane as a carbon and energy

..

source (Miguez el al., t986). HoweveL growth of this strain on other petroleum

hydrocarbons (fumace ail, aviation fuel, kerosene. and light crude oil) has not been fully

documented until this study. Collectively. the data obtained after examining the growth

characteristics (Figs. 3A-3C ) show that P. aeroglnusa can use and metabolize a variety of

petroleum hydrocarbons as its sole source of carbon and energy. The microorganism, , has

difficulty, however utilizing small chain alkanes (C6-C8) (Fig. 38) and thus growing. This

is due to the deleterious solvent efTects on its outer cell wall (Pfaender and Backley_ 1984:

Atlas and Cerniglia, t995). In addition, it has been noted that toxicity of hydrocarbons

increases as the viscosity of the hydrocarbons decreases (Sikkema el al., 1995).

Variability and extended lag periods characteristically describe growth on the

petroleum hydrocarbons. The initial lag period is somev,rhat representative of hydrocarbon-

degrading microorganisms (Feinberg el al., 1980: Lindley and Heydeman, 1985). This

characteristic lag period is due to physiological responses to the hydrocarbon substrate

involving compositional changes or production of the necessary enzymes for hydrocarbon

utilization. Thus during this period energy is diverted to these processes rather than to\vard

growth. Key enzymes during the initial stages ofgrowth are those that facil itate hexadecane

or other petroleum sub-components' accessibility to degradative eIlZ)mes within the cell and

those which are degradative enzymes themselves (Breuil and Kushner, 1980).

The different petroleum mixtures vary in the complexity and diversity of their
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components (Fig. 15 and Perry 1984). One or more of these components may affect the

microbial cell by causing changes in the membrane Iipids and fany acids, outer membrane

proteins~ cell surface hydrophobicity, and gro\\1h medium surface tension and pH.

Depending on the actions of the various components, sorne may support gro\vth: others,

hinder growth and this could account for the variability in microbiaJ bJfowth on the different

petroleum mixtures.

P. aeruginosa growth on the petroleum mixtures decreased in the following arder:

hexadecane > fumace oil > kerosene > aviation fuel (Figs. 3A-3C). The lower gro\\1h on

kerosene and aviation fuel is attributed to their higher concentrations of aromatic and

alicyclic compounds. P. aeruglnosa was also able to grow on two different light crude oils,

though growth was not as pronounced as growth on hexadecane or furnace oit (Fig. 3e).

This observation was of interest sînce crude oils tend to contain components within the

hydrocarbon mixture that are sub-optimal for growth (since many sub-components are not

easily degraded) (Walker el al.~ 1969). Differences in growth on the t\\'O 1ight crude oils are

a result of the ditTerent sub-components within the two light crudes. Leahy and Colwell,

( 1990) stated that no t\VO crude oils are necessarily similar.

SOS-PAGE of the outer membrane proteins reflected the changes that are occurring

at the outer ce)) wall due to growth on the different petroleum mixtures (Fig. 8). Several new

proteins were synthesized as the ceU proceeded From the early log phase of growth to the late

log (Fig. 6). Overall, growth on hexadecane, kerosene, and fumace oil resulted in similar

protein profile changes. With aviation fuel there were two distinct proteins (45 and 30 kDa)

found in the cell's membrane. These may have been produced in response to the higher
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concentrations ofaromatics and alicyclics found in the fuel. These changes in the membrane

protein profile during kJ'fO\vth on petroleum mixtures indicate ultrastructural changes in the

outer membrane which could allow the oreanism to bener control and facilitate entrv of the
~ -

different sub-components in the petroleum mixtures into the cell (Hanson et ul., 1994).

In contrast, cells grovm on a glucose-carbon source did not reveal any ne\\' proteins from

early to late log (Fig. 7), however, significant differences among the protein profiles ofcells

grown on glucose and petroleum hydrocarbons were noted (Fig. 8). The di tferences in the

protein profiles of the glucose-grovm cells to that of the petroleum-gro",1i eells are due to

the involvement of different proteins in transport and eatabolism.

The ability of P. ueruglno.\·U to physiologically respond to different refined petroleurn

products does not rest solely on the microorganism's ability to change the proteins in the cell

envelope~ it can also he attributed to the modification of the membrane lipids. The observed

modifications during growth on the various petroleum hydrocarbons and glucose included

changes in the type oflipids and the composition and distribution of the fany acids \vithin

the lipids in the cell. The celllipid and fany acid profiles were distinct for glucose and each

individual petroleum mixture. The extractable lipids examined did not include the lipids of

the lipopolysaccharide (LPS) layer, since these are firmly hound and only extractable after

saponification (Hancock and Meadows, 1969). Large amounts of unkno\vn lipids were

observed in aviation fuel- and glucose-gro\\n eells (Fig. 9). The unknown (Unk # 1) lipid

accounted for approximately 60 to 80 % of the total weight of the Iipids, in the early-Iog

cells of the aviation fuel- and glucose-grown ceUs. This large amounl ofUnk# 1 lipid is due

to the hydrophilic nature of glucose and maybe sorne of the lesser hydrophobie sub-
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components \vithin aviation fuel. Phosphatidylethanolamine (PE) was present in significant

amounts in the hexadecane-, furnace oil- and kerosene-grown cells (Fig. 9) and appears lo

be essential in the earlier stage of gro\\1h. Phosphatidylethanolamine is thought to have a

role in minimizing packing defects around membrane proteins, in activating rnembrane-

bound enzymes, and in optimizing membrane functions (Chen el al., 1995). In addition to

PE and Unk # 1, the extractable lipids consisted of several other phospholipids (including

phosphatidylcholine, cardiolipin., and ~vs()-phosphatidylethanolamine),neutral lipids and a

second unknown lipid ( Unk#2). Changes in the lipids and fany acid profiles were also

detected from early to late growth. ft was interesting to note that as the glucose- and aviation

fuel-grown cells entered late-Iog (Fig. Il), there was a disappearance of approximately 40

to 50 0;0 ofthe Unk r;.1 lipid. The disappearance of the unknovm lipid can he attributed to the

rnicrobial cell having catabolized this lipid or converted it to another lipid species in

response to changes in the culture medium and in the case of the aviation fuel-gro\\n to

changes in the carbon source (sub-components). With this apparent decrease in the Unk# 1

lipid, there was an increase in the phospholipid., PE. This phospholipid appears to play a

vital role in the later stages ofgrowth (Iate log to stationary phase) in order to protect the eell

From sorne of the remaining toxie sub-components (within the hydrocarbon mixtures) and

metabolic waste products present in the gro\vth medium. The substitution or the production

of PE in the later stage of growth may he related to the activity of the alkaline nitrogen-

containing polar head group. The polar head group would play a role in bufTering the cell

from the low pH of the culture medium. Replacement of the Unk# 1 lipid with PE also

directly affects the fluidity of the lipid membrane and thus would control entry of
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compounds into the c~1oplasmic membrane. Researchers have sho\\-Tl that replacement of

membrane phospholipids with PE results in a membrane that is more gel-like than liquid as

a consequence of the higher ordering and lateral compression of the head groups (Perly t.:/

al.~ 1985).

Significant changes occurred in the composition of the fany acids within the difTerent

classes oflipids as the microbial ceUs aged and when they grew on difTerent carbon sources,

Growth of the cells on the petroleum mixtures as compared to glucose-grown cells~ results

in lipids whose fany acid profiles contained a larger proportion of saturated fatty acids.

cyclopropane fatty acids (CFAs)~ and Irans species of unsaturated fatty acids. Chen el

a/.( 1(95) have demonstrated that induction of the alk system (on the OCT plasmid) by an

alkane- degrading Pseud(Jmonas results in changes in the membrane phospholipid fany acid

composition. presumably due to the activities of enzymes involved in fatty acid and

phospholipid syntheses. The changes in the fatty acid profiles are indicative of the changes

in the cell membrane fluidity (Sikkema el a/., 19(5). The CI"" to Iran.... conversion and the

change to saturdted fany acids result in a membrane that is more viscous (gd-like) (Weber

el al.. 1994: Heipieper elu/., 19(2). This homeoviscous modification mechanism allows

vital membrane processes to continue unabated and to offset any physical or chemical

changes imposed by the cell environment (Diefenbach el ul.. 1992. Sinensky, 1974). The

observed change in the fany acids from CI.\" to Iran" and from unsaturated to saturated allows

the cells to oppose the partitioning of Jipophilic solutes into the lipid bilayers of the cell as

a result of the tighter packing of the fatty acids (Sikkema el al., 1995: Weber el al., 1(94).

Resistance to severa) toxic organic solvents by several Pseudomonus strains was associated
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\vith the conversion from the CI.\ to the frUl1s unsaturated fany acid isomer (Heipieper el

ul., 1994~ van Beilen el ul., 1996). These physiological changes in the fany acids of the cell

lipids allo\\' the cell to controi the accumulation of lipophilic (or hydrophobie) compounds

\vithin the cytoplasmic membrane. The large accumulation oflipophilic molecules can result

in a loss of membrane integrity (due to swelling of the lipid bilayers), a decrease in

membrane~mbedded enzyme activity (due to Interference wüh protein-protein and protein-

lipid interactions). and an increase in the penneability to protons and other ions (Sikkema

el al., 1995).

In ail the early-Iog cells grO\\l1l on petroleum hydrocarbons~ CFAs initially accounted

for 30 to 40 % of the total fatty acids in the total extracted lipids (Tables 4-8). In contrast.

in the early-Iog glucose-grown cells, CfAs accounted for ooly 1 % of the total fany acids.

The large amount of CFAs present initial1y \\;thin the petroleum-grown cells suggests that

the CFAs are an integral cellular component. Having a substantial amount of CFAs is

necessary in order for the microorganism to grov,,' on the petroleum hydrocarbons. Ail

phospholipids and lipids extracted contained CFAs. Depending upon the petroleum mixture.

the distribution ofCFAs \vas not the same in ail the individual lipids extracted. Phosphol1pid

bound unsaturated fatty acyl groups are substrates for cyclopropane fatty acid synthetase

(CFA synthetase) (Wang and Cronan, 1994~ Taylor and Cronan, 1979). The presence of

CFAs in the neutrallipids and the unkno\vn lipid from the extractable cellular lipids in our

samples suggests that there may be more than one mechanism for CFA production and that

the phospholipid moiety is not a prerequisite. The increase in CFAs in the later stage of

growth by petroleum- and glucose-grown cells is in agreement with other researchers that
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have stated that the production ofCFAs occurs From late-Iog to stationary phase (Wang and

Cronan, 1994: Taylor and Cronan, 1976: and Cronan, 1968). The CFAs may have several

functional roles in the cell. The initial CFAs can play a role in controlling the uptake of the

petroleum hydrocarbon into the cell by virtue of affecting membrane fluid dynamics

(McGarrity and Armstrong, 1981: George et al.., 1995). The observation by Jungkind and

Wood (1974) that oxidation ofCFAs did not advance past the cyclopropane ring, leads one

to assume that CFAs can additionally serve to protect the fatty acid acyl chains in the lipids

of the cytoplasmic membrane from degradation by the oxidative enzymes involved in

petroleum hydrocarbon oxidation. The concomitant increase of the CFAs in the final stages

ofgrowth a]so serves as a protective mechanism against inhibitory metabolic end-products

and substrates (Cronan., 1968). To date the exact function of CFA has not been determined.

even though there are many hypotheses for i15 role (Wang and Cronan, 1994). As mentioned

earlier, the CFAs are not equally distributed in ail the different lipids. This suggests that the

role ofCFA's are expressed more in certain lipids than others. What is also evident is that

the hydrocarbon makeup \vithin the petroleum mixtures may in sorne \vay directly influence

this disproportionate CFA distribution.

Compositional changes in the outer cell wall can result in a cell \\Iith a more

hydrophobie or lipophilic eharacteristie. This is substantiated by the results of the

hydrophobie test performed (Fig. 4)., where the petroJeum-grovro ceHs maintain a more

hydrophobie nature in the initial stages of growth (in sorne eases 2 to 3 times higher than

gJucose-grO\VTl cells) which ultimateJy decreased in the final stages of growth. Qualitative]y,

the pattern illustrated in Fig. 4, deseribes the petroleum-grown cells as dynamie eells
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(undergoing constant change) while the glucose-gro\',m cel1s are relatively passive

throughout the bJTowth cycle in terms of hydrophobicity_ Sinee the eell wall (outer

membrane) is the region of the ce)) that makes initial contact \'.ith the petroleum

hydrocarbo~ it is important for the cell surface to be hydrophobie. Though examination of

the LPS in petroleum-gro\\n cells was not part of this study, LPS plays an important role in

cell-surface hydrophobicity. The change in the hydrophobie nature of the outer cel1 wall has

previously been documented and was sho\\In to be in part due to changes in the

lipopolysaccharide (LPS) layer of the cell wall (Sikkema el al., 1995: Miguez el 111.~ 1986).

Miguez el al. (1986) noted a 30 to 40 °/0 deerease in the carbohydrate content of the LPS in

l'. l1erugtnosa when gro\vo on hexadecane as compared to bJTowth on glucose_ Deereasing

the amount of carbohydrate in the LPS in the outer membrane and modifying the outer

membrane proteins (more hydrophobie), would inerease the affinity of P. aeru~/n()Sl1 toward

petroleum hydroearbons. Sorne sub-components \\;thin the petro)eum mixtures enter the cell

easily. therefore requiring a lesser amount of change in the outer eell wall. while other sub-

components. due to their lower permeability~ require the hydrophilic outer cell wall ta be

modi fied. The higher hydrophobicity of hexadecane- and fumace oil-grown cells (Fig. 4)

suggests a higher loss of hydrophilic eomponents. In the case of the cells grO\\ll on

hexadecane and furnace oil, modifying ilS outer cell \vall in order ta obtain its carbon and

energy source seems essential for the ceH, \vhereas the eells grown on kerosene and aviation

fuel require a lesser degree of modification. The decrease in hydrophobicity as cells enter

mid-log phase ofgrowth suggests that the cel1s may have the full complement ofhydrophilic

outer cell wall components, and that maintaining a hydrophobie cell surface is not necessary.
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This non-hydrophobie requirement ean be anributed to daughter cells that have already

incorporated petroleum hydrocarbon donated from the mother cells: thus, it is not a

prerequisite for the cells to change the surface celf properties sinee the petroleum

hydrocarbons are already within the cells.

Surface tension studies revealed that the largest drop in surface tension of the gro\\1h

medium of P. aerugln(}.'·u ATCe 9027 \vas observed when the microorganism was grown

on fumace oil and hexadecane (Fig. 5). The increase in cell-surface hydrophobicity and

surface tension lowering of the growth medium by P. aerugln()Sa may have a direct

relationship with each other. Cells grown on fumace oil and hexadecane had the highest

cell-surface hydrophobicity and were also associated with the greatest drop in surface

tension. The drop in surface tension may be due to the release \)f biosurfactants or

bioemulsifiers by the microorganism into the growth medium. Biosurfactants and

bioemulsifiers enhance the aqueous dispersion of organic compounds having limited water

solubility. P. aeruglno.WJ ATCe 9027 and other strains have been known to produce

rhamnolipids that lower surface tension (Zhang and Miller, 1992: Mulligan el al., 1988:

Zaj IC and Seffens, 1984: Itoh el al., 197 t). Other cellular components such as

lipopolysacharides, liPOpetides, phospholipids, fany acids, lipids, glycolipids, and proteins.

have also been shown to act as bioemulsifiers or biosurfactants (Desai and Banat, 1997:

Zajic and Setfens, 1984: Cooper, 1986). P. aerugmosu ATee 9027 released a white

compound into the growth medium only when grown on petroleum mixtures and not on

glucose. The white compound (exopolymer) was also observed in solid media cultures (agar

slants) (Fig. J3). Analysis of the composition of the exopolymer reveaJed that it consisted
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of protein~ carbohydrate. and lipid. The exopolymer was tightly associated \\ith the

microbial cell and the petroleum substrate and required ag&'Tessive centrifugation to separate

the two. The literature describes the involvement of extracellular factors such as LPS and

a protein-like actlvator protein (PA) that facilitates n-hexadecane assimilation (Hardegger

el al.~ 1994: Oschner el (J/., 1994). Other studies.. describe the role of a number of polymeric

biosurfactants from microbial cells consisting of proteln and carbohydrate and/or lipid

(Desai and Desai, 1993). Koronelli el al. (1983b) have described a peptidoglycolipid

compound similar to the exopolymer described above for P. ueruglno.\'u ATee QG:!? The

peptidoglycolipid produced by P. aenlglnosa P-20~ was sho\\1l to have bioemulsifier

activity and \-vas also comprised of 52 amino acids, fatty acids, and rhamnol ipid (Koronelli

el al.. 1983a). Burd and Ward (1996) have also observed in a Pseudomonus sp.

(P.,,·eudomonas marginah,,· PD-148) production ofan extrace liular surface-active agent (PM-

factor) which contained cell wall components (LPS).These results illustrate that the lo\vering

in the surface tension of the growth medium may not be solely associated \vith rhamnolipid

production, but due also to sloughed-otT cell wall components. An increase in cell-surface

hydrophobicity therefore, reflect the release ofouter cell wall components into the medium,

and these components in tum, lead to a decrease in the surface tension of the gro\\1h

medium by acting as biosurfactants or bioemulsifiers. The exact chemical structure and

surface tension studies of the exopolymer still needs to be determined.

Growth on the petroleum mixtures and glucose were both accompanied by a

lowering in the pH of the growth medium. The lowest pH obtained by the petroleum-~JTo\\ll

cells was 5.0, whereas, the pH of the medium with cells grown on a glucose carbon source
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was 3.9. The pH values reflect the difTerences in the energy coupling mechanisms associated

\Vith the uptake of the carbon and energy source. P. w.:rugrno.WJ employs an active transport

system for the uptake ofglucose rather than a phosphotransferase system \\"hich is associated

\Vith glucose transport in E. coli (Gottshalk~ (979). The lo\v pH of the gro\\lth medium

represents the increase in the H' concentration associated \vith proton-motive transport. The

higher pH values of the growth medium by the petroleum-bJTO\vn cells show that a ditTerenl

mechanism is involved in transport of the petroleum substrate. Transport of the substrate

ioto the petroleum-grown cells is via passive diffusion (Bateman el Cl/., 1986). Bateman el

al. ( t 986) using metabolic inhibitors~ ionophores and conditions of 10\\" ATP. sho\ved that

il was unlikely that an electrochemical i,'Tadient, an ATP-driven transport process, or a

protein carrier were required for movement of naphthalene into the cell of a P. pUlulu sp.

These researchers ~lso concluded that transport of the petroleum hydrocarbon \Vas via

simple diffusion and that no specifie association with the naphthalene \vas required. The

large amount ofLPS molecules and proteins reduce the hydrophobicity of the outer surface

ofthe membrane. A decrease in the amount ofLPS and the hydrophilic nature of the proteins

can increase simple diffusion of the petroleum sub-components. Glucose-grO\VTl cells do not

require extensive changes in the periphery of the celJ, due to the water-soluble nature of

glucose and the different kinetics involved in glucose transport (Eagon and Phibbs, 1971).

Additionally, the lo\ver pH associated with the glucose-grown cells may also be attributed

to the higher production and release of organic acids into the medium (via catabolism of

glucose through the Entner-DoudorotT pathway).

The overall result of ail the experiments revealed the inherent ability of fJ.
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l1eruglnosa (ATee 9027) to physiological1y respond to changes in the carbon and energy

source. P. aeniglnfJSa (ATCC (027) possesses an 'nnale ability to alter the structural cellular

components and enZ)matic machine'}' to adjust to the available carbon and energy source.

Growth on the various petroleum compounds revealed that the nature of the sub-components

within the petroleum mixtures highJy intluenced the adaptation dynamics at ail levels of the

microbial cell. The physiologicaJ processes included modifications in: the lipid composition

of the membranes, the outer cel1 wall components, the activities of the cellular enzymes, the

membrane fluidity, and the cel1-surface hydrophobicity. These changes in tum, protected the

cell and facilitated entry of the substrate. Ta date, the exact physiologicaLtrigger or switch

which induces these changes to occur in the cell are still unknown.

Many questions still rernain unansvJered. In order to obtain a better understanding

of this microorganisrn. future research should examine the following: the chemical signal

that induces compositional changes in the cell: the detection of the genes encoding

catabolism of the sub-components within the petroleum mixture: the molecular processes

involved in hydrocarbon transport into the cell: the enhancement of the microorganism in

order to improve their capacity to degrade petroleum po Ilutants: the biode6Jfadation of

petroleum hydrocarbons in the environment (field studies): and determination of the exact

chemical composition of the exopolymer.

[n summary. the work presented in this thesis on the physiological changes by

Pseuc!omonas aeruginosa ATCe Q027 when bJfown on various petroleum hydrocarbons

illustrates the remarkable responsiveness of this rnicroorganism to grow on a variety of

petroleum products. This thesis provides important information on some of the physiological
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intricacies associated \\;th gro\\1h on petroleum. including aspects of membrane dynamics

and the interactions ofthe microbial cell surtàce with hydrophobie or lipophilic substances

outside the cel!. Thus. a better understanding of the cell dynamies related to gro\\1h on

petroleum will improve the existing knowledge about the biodegradation of petroleum

pollutants in the environment.
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Appendix A: Early-Iog phase lipids of P. ueruglnO.'il1 grown on various hydrocarbons.

Figure A-l. Phosphatidylethanolamine fany acid profiles.

Figure A-2. /'yso-phosphatidylethanolarnine fany acid profiles.

Figure A-3. Phosphatidylcholine fatty acid profiles.

Figure A-4. Unknown :: 1 lipid fatty acid profiles

Figure A-S. Cardiolipin fatty acid profiles.

Figure A-6. Neutral lipids fatty acid profiles

Figure A-7. Unknown #2 lipid fany acid profiles
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Figure A-I. Phosphatidylethanolamine fatty acid profiles of early-exponential phase

ceJls grown on vanous carbon sources: (a) hexadecane: (b) glucose~ (c)

fumace oil: (d) aviation fuel: and (e) kerosene.

Abbreviations:

cyc, cyclopropane: C ~ crs: T, Iran.,·.
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Figure A-2

Abbreviations:

Lyso-phosphatidylethanolamine fany acid profiles ofearly-exponential phase

cells grown on various carbon sources: (a) hexadecane: (b) glucose: (c)

furnace oil~ (d) aviation fuel~ and (e) kerosene.

(yc~ cyclopropane~ C, cis: T, Irans.
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Figure A-3. Phosphatidylcholine fatty acid profiles of early-exponential phase cells

grown on various carbon sources: (a) hexadecane: (b) glucose: (c) fumace oil:

(d) aviation fuel~ and (e) kerosene. •

Abbreviations:

<.}'C, cyclopropane: C, Cl.\": T, trans.
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Figure A-4. Unknown # 1 lipid fany acid profiles of early-exponential phase cëlls grown

on various carbon sources: (a) hexadecane: (b) glucose: (c) fumace oil:

(d) aviation fuel~ and (e) kerosene.

Abbreviations:

cyc~ cyclopropane~ C~ cis~ T~ Irans.
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Figure A-5. Cardiolipin fatty acid profiles of early-exponential phase cells grown on

various carbon sources: (a) hexadecane: (b) glucose: (c) fumace oil: (d)

aviation fuel; and (e) kerosene.

Abbreviations:

cye, cyclopropane; C, cis; T, Iran.\".
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Figure A-6. Neutral lipids fatty acid profiles of early-exponential phase cells grown on

various carbon sources: (a) hexadecane: (b) glucose; (c) fumace oil: (d)

aviation fuel~ and (e) kerosene.

Abbreviations:

c..~VC, cyclopropane; C, CIo"; T, Irans.
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Figure A-7. Unknown #2 lipid fatty acid profiles ofearly-exponential phase cells grown

on various carbon sources: (a) hexadecane: (b) glucose~ (c) fumace oil:

(d) aviation fuel~ and (e) kerosene.

Abbreviations:

cyc, cyclopropane; C, ci.'·; T, Iran."i.
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Appendix B: Late-Iog phase lipids of P. aenlgrno.\'a grown on various hydrocarbons.

•

•

Figure B-l.

Figure B-2.

Figure B-3.

Figure 8-4.

Figure 8-5.

Figure 8-6.

Figure 8-7,

Phosphatidylethanolamine fatty acid profiles,

Lyso-phosphatidylethanolamine fatty acid profiles.

Phosphatidylcholine fatty acid profiles.

Unknown # 1 lipid fatty acid profiles.

Cardiolipin fatty acid profiles.

Neutral Iipids fatty acid profiles.

Unknown #2 lipid fatty acid profiles
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Figure 8-1. Phosphatidylethanolamine fatty acid profiles of late-exponential phase cells

groWl) on various carbon sources: (a) hexadecane~ (b) glucose~ (c) fumace

oil; (d) aviation fuel; and (e) kerosene. •

Abbreviations:

cye, cyclopropane; C, cis~ T~ trans.
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Figure 8-2. Lyso-phosphatidylethanolamine fatty acid profiles of late-exponential phase

cells grown on various carbon sources: (a) hexadecane: (b) glucose: (c)

fumace oil; (d) aviation fuel; and (e) kerosene.

Abbreviations:

(.:VC~ cyclopropane; C~ cis; T, trans.
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Figure 8-3.. Phosphatidylcholine fatty acid profiles oflate-exponential phase cells grown

on various carbon sources: (a) hexadecane: (b) glucose: (c) fumace oil:

(d) aviation fuel~ and (e) kerosene.

Abbreviations:

cyc, cyclopropane~ C, cis~ T, Iran.,",
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Figure 8-4. Unknown #1 lipid fatty acid profiles of late-exponential phase cells grown

on various c~rbon sources: (a) hexadecane: (b) glucose~ (c) furnace oil~

(d) aviation fuel~ and (e) kerosene.

Abbreviations:

Lye, cyclopropane; C, cis: T, Irans.
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Figure 8-5. Cardiolipin fatty acid profiles of [ate-exponential phase cells grown on

various carbon sources: (a) hexadecane: (b) glucose: (c) fumace oil: (d)

aviation fuel: and (e) kerosene.

Abbreviations:

(.yc~ cyciopropaIle: C~ crs~ T~ Iran.\".
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Figure 8-6. Neutral lipids fatty acid profiles of late-exponential phase cells grown on

vanous carbon sources: (a) hexadecane: (b) glucose: (c) fumace oil: (ct)

aviation fuel~ and (e) kerosene.

Abbreviations:

GYe, cyclopropane~ C, cis: T, trans.
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Figure 8-7. Unknown #2 lipid fatty acid profiles of late-exponential phase cells grown

on various carbon sources: (a) hexadecane: (b) glucose: (c) furnace oi1:

(d) aviation fuel; and (e) kerosene.

Abbreviations:

CYl.', cyclopropane: C, ci!.;: T, Iran....
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Appendix C: Trans/cis ratios~ degree of saturation and total cyclopropane fany acids
characteristics from early- and late-Iog phase Iipids of P. aeruglnO,\"a b'fown
on various hydrocarbons

Table C-1.

Table C-2.

Table C-3.

Table C-4.

Table C-S.

The Iran." CI."" and saturation characteristics of fany acids of total lipids
isolated From P. ueruglno.....a grown on on various hydrocarbons

The trans CI." and saturation characteristics of fatty acids of individual lipids
isolated From P. aeruglnosa grown on hexadecane

The tran\' CM' and saturation characteristics of fatty acids of individual lipids
isolated from P. aerugrnosa grown on glucose

The Irans CI.\' and saturation characteristics of fany acids of individual Iipids
isolated from P. aenlgino.....a grown on fumace oil

The trans CI.\' and saturation characteristics of fattv acids of individual lipids- -
isolated from P. aerugrnosa grown on aviation fuel

Table C-6. The tranfi crs and saturation characteristics of fany acids of individual lipids
isolated From P. aerugrno.....a grO\\In on kerosene

Table C-7. Characteristics of cyclopropane fany acids of P. aerugrno.\'a grown on
hexadecane

Table C-S. Characteristics of cyclopropane fany acids of P. aeruglnosa !,'fown on
glucose

Table C-9. Characteristics of cyclopropane fany acids of P. aerugmo.\'u grown on
fumace oil

Table C-IO Characteristics of cyclopropane fany acids of l'. ueruj!.lno.....a grown on
aviation fuel

Table C-II. Characteristics of cyclopropane fany acids of P. aeruglnfJ.\·(j grown on
kerosene



Tnhle (~-I. The tralls/cis and saturation characteristics of fatty acids of totallipids isolatcd from
P. aerllgillo.fll g.·own on various hydrocarhon sources.

CARBON S()tIR('F,

".:XAD.:('ANE (;Ll/COSE FllRNACE 011. AVIAll0N FlJEI... KEROSENE

Ear(.' ExptJl,ell'ial Phase

\6: 1 /ran\ CI.' (°'0)"1 5.99/2.82 0.397/19.6 2.85/1.82 2.48 i 1.54 1. 79/ 1. 74

\8: 1 /rall,\' CI.\' (°0) 3.33/14.6 0.281 149.0 3.20/8.62 2.67/8,41 2.0S /9.60

Total/rlm.\' CI.\' ratio 0.0535 (),()()9SQ 0.580 0.517 0.341
( 16: 1 f 18: 1)

Degree of Saturation 1.47 0.422 2.79 2.24 2.19
(Sat./Unsat. FA's)

I..lrte Expollellliai Plrase

16: 1 /ral1.\· CI.\' (~o)

18: 1 /rllll.\ ('IS (~o)

Total/I'lm.\' ci.\· ratio
( 16: 1 f 18: 1)

Degree of Saturation
(Sat./Unsat. FAIs)

1) (~'Ô) co l'cr Cent
2) N. D...:: None Detccted
3) N.A .. :: Not Availahle

~.,.A

2.61 /0.590

1.69/3.01

1.19

2.73

3.95/5.84

3.850/31.8

0.207

0.603

.,..,.

1.52 10.770

1.63/4.29

0.622

3.39

1.35/1.50

1.68/5.92

0.408

3.08

N.D 1N.D.m

N.D. / 1.88

N.A. lI1

3.96

.,,"- .



""ahle (~- 2. l'he traluycis and saturation characteristics of fatty Dcids of individuallipids isolated from
P. t,erllgillo.ft, grow n on hexadecane.

IJI)IDS 1)': (1) I.Pf4: PC' (INK #1 (JNK #2 C Nt

Ear(}' E.:\·pollelltial P"ase

16: l 'l'un\' C/,\ (0 0)1:1 6.Q4 13.35 4.90/3.32 8.88/5.62 8.71/5.69 4.40/6.36 6.90/2.96 3.54/2.44

18: 1 IrtlllS ('/s (°'0) 4.26/19,2 3.22 / 14.4 4.50/ 1.87 4.80/21.0 3.37/25.8 3.37/10.9 4.71/10.9

Totul ,,.011.\ ('1," ratio 0.497 OA58 1,79 0.506 0.241 0.738 0.617
(16:1.18:1)

Degree of Saturation 1.06 1.36 2.07 0.799 0,682 lAI 1.26
(Sat.lUnsnt. FA's)

/-Jate E"pollelltia! Phase

161 'l'e//I.\' CI.\· (°0) J 70/0.830 0.666 / N.D.I~'. N.D.I N.D. N.D.! N.D. 1.991 1.40 1.46/0A52 2.181 1.44

1H: l 'l'UIl ..... CI." ((J 0) 3.20/5.22 0.773/ 1.32 1.361 N.D. N,D. /0.283 1.95/6.17 2.01/4.66 2.37 17.59

Total 1l'an" CH ratio 1.15 1.03 N.A. N.A.III, 0.521 0.679 0.500
(16: 1 • 18: 1)

Degree of Saturation 2.12 4.00 3.03 1.55 1.9Q 1.78 1.86
(Sat./Unsat. FAis)

1) PE = phosphatidyl cthanolamine: C :--: cardiolpin: LPE = Iyso-phosphatidyl ethanolamine: NI. ,.= ncutral lipids:
PC ~ phosphatidyl choline~ Unk #2= unknown #2 Iipid~ Unk #1 ==: unknown #1 lipid

2) ('~'o)" Per Cent
3) N.D.. =c None Detected~

4) N.A .. :' Not Available

.~~. ~ ...• .#~ .



Table (:-3. -fhe tralls/cis and saturation characteristics of faUy acids of individuallipids isolated from
P. IlerllgilllJ.5U grown on glucose.

IJPlnS Pf: II) LPE PC l'NK #1 (INK #2 C NL

Ear~.· ExplJllelltiai Phase

16: 1 /1't11l.\' t'/.\ (~O)I]I 0.754/19.7 0.518/19.8 0.445/20.0 N.D. /20.5 4.40 1 15.8 0.645/16. ] lAt / ]304

18: 1 /ralls Cl.\" (~'o) 0.531 152.7 0.325 150.2 0.223/50.0 0.559/43.9 2.79/39.3 0.740/42. t 1.55 134.1

Total/I'an\' ('1.\' ratio 0.0177 0.0120 0.00954 0.00868 0.130 0.0237 0.0621
(16:1 f 18:1)

Degree of Saturation 0.334 0.396 0.409 0.416 0.297 0.420 0.594
(Sot.ltJnsat. FAis)

Lilte ExptJ"elltial Phase

16: 1 Irolls Cl.\' (~o) 5.03/7.86 U.474 1 ].33 4.77 1 11.4 0.904 10921 1.77/2.38 1.92/ N.D. 4.19/9.87

18: l 'rail,\' Cl.\' ((~o) N.D.111 /47.2 0.817/9.24 1.75143.7 1.78/5.55 2.80/ 15.7 N.D./N.D. 2.29/37.4

Tutal/ran\' CI.\' ratiu 0.0914 0.122 n.IIB 0.415 0.252 N.A.'.)) 0.137
( 16: 1 1 18: 1)

Degree uf Saturution 0.570 1.82 0.495 2.08 1.13 0.581 0.476
(Sat.lUnsat. FAis)

1) PE " phosphatidyl ethanolaminc~ Cc.' cardiolpin: LPE c: Iyso-phosphatidyl cthanolaminc: NI. ncutrallipids~

PC 0: phosphatidyl choline: lJnk 112= unknown #2 lipid: Unk Il 1 c unknown III lipid
2) (~o) : Per Cent:
3) N.D.. ' None Dctcctcd:
4) N.A. - Not Availahle

........ ~ ,.~ ."',' .



THhie (~-4. The tralls/cis Hnd saturation characteristics of fatty acids of individuallipids isolated from
P. aerllgillO!iU grown on furnace oïl.

LIPIDS r.: (1) LPE PC' (INK #1 [INK #2 C NL

Ear(l' Expollellti(,/ P/,ase

16: 1 Il'lm.\· CI.\' C~O)I~1 3.83 /2.H4 3.391 2.01 2.83 12.42 2.70/3.25 3.59/3.05 4.40/1.98 2.57 / 1.51

18: 1 Iralls ('I.\' ((~o) 4.00/ Il.3 2.13/9.42 2.391 10.3 3.13/8.14 2.69/ 12.6 4.16/6.18 2.80/6.00

Total 1l'lin.\' CI.\' ratio 0.556 0.483 0411 0.511 0.403 0.330 0.7]5
(16: 1 ~ 18: 1)

Degree of Saturation 1.43 1.02 1.47 1.50 1.18 1.31 1.77
(Sut.!l Jnsat. FA's)

'~ate E.\"p,,"e"tial P/,ase

16: 11ra11.\' d,\' (~/O) 3.48/ 1.23 103 / 1,03 3. ]4/ 1.63 4.76 IN. DY' 2.77 1 1.66 1.60 / 0.909 4.53/0.625

18: l'rail,\' CI.\· (~'o) 3.13/3.55 1.98/3.53 2.1 J /5.57 0.325/0.589 9.31 / 8.59 8.45/5.18 1.25 / 1.63

Total 'l'li11.\' CI.\' ratio 1.38 1.10 0.729 8.64 2.56 1.66 O. ]37
(16:1 ~ 18:1)

Degree uf Saturation 2.83 3.22 2.25 0.441 0.451 1.24 0.944
(Sut.lUnsat. FA's)

1) PEI ::c phosphatidyl ethanolaminc~ C -=: cardiolpin: LPE :=. Iyso-phosphatidyl cthanolamine: NI. ~ ncutral lipids:
PC ~'- phosphatidyl choline: Unk #2"': unknown #2 lipid: lJnk 1/ 1 =-, unknown Il 1 lipid

2) (°/0 ),:= Per Cent~

3) N. D.. ~ None Dctected~

4) N.A .. ~c: Not Available

~-~ ~ ",f. .-......



Tahle (~-5. l'he trllns/cis and saturation characteristics of fatty acids of individuallipids isolated from
P. aerllgillo.fa grown on aviation fuel.

IJPIUS P.: (1) I.PE PC (INK #1 (INK #2 c: NL

Ear(J' E~pollellt;al P/,ase

16: l'rail.'" ('1.... (°;0)121 2.77/2,00 2.8Q /0,769 4.06/0.879 4.14/0.811 2.43/2.27 1.57 / 1.58 2.64/10.2

18: 11ra Il.\ ('1.\ (~o) 4.20/ 10.9 2.62/5.08 3.77/5,66 3.QO / 5,53 2.43/6.66 1.47/3.47 3.23/31.7

Total'rawi ('J," ratio 0.541 0,941 1.20 1.27 0.544 0.601 0.140
(16: 1 f 18: 1)

Degree uf Saturatiun 1.52 0.959 2.29 2.36 1.40 1.04 0.573
(Sat.lUnsat. FAis)

Late Expollellt/al PI,ase

16: l'rllJl.'i CI.\' (°,'0) 1.05/2.19 Il.8/0.658 0.753/0.223 0.174/0.308 14.0/ 1.40 110/0.915 0.563/0.183

18: 1 lI'an\' CI.\' (~il) 1.87/8.42 9.38/ 1.02 N.D. / N.D.lI ). 18.1 /0.349 18.6/ 1.41 6.33 / 1.48 8.76/4.45

Total'reills CI'" ratio 0.275 12.7 3.37 27.9 11.6 8.04 2.01
(16: 1 f 18: 1)

Degree of Saturation 1.82 0.241 0.373 0.497 0.208 0.101 0.845
(Sat./Unsat. FAis)

1) PE '" phosphatidyl cthanolaminc: C := cardiolpin: LPE = Iyso-phosphatidyl cthanolamine: NI. = neutral lipids:
PC : phosphatidyl choline: Unk #2 c unknown #2 lipid: Unk # 1 = unknown Il 1 lipid

2) (~o)· Pcr Cent:
3) N. D.. :'O None Detectcd:
... ) N.A .. :=' Not Available

·.~A •... ~ t'... •



Tahle ('-6. l'he trtlll.'ilcis and saturation characteristics of fatty acids of individuallipids isolated from
P. lIerllgillo.'ia grown on kerosene.

1J l'II)S Pit: Il) 1...P.: PC IINK #1 IINK #2 (' NL
-

Ear~.' EXPfJlIf!IIt/tlll'ilase

16: 11l'ailS ci.\' (C1/o ( 2.29/ 1.69 1.72/2.05 1.58/14.6 0.792 / 18.2 2.50 / 5.30 3.18/4.54 5.8S 1 1.21

18: l'l'lin" C/.\' (~'o) 2.54/8.10 1.54/7.93 0.612/36.1 1.29/45.3 2 8R / 15.2 2.961 12.3 0.157 / 11. 1

Total'I'llll.\' c/.\· ratio 0.494 0.327 0.0433 0.0327 0.262 0.364 0.487
( 16: 1 • 18: 1)

Degree uf Saturation 218 2.81 0.610 0.446 1.01 0.484 0.710
(Snt./l Jnsat. FA's)

Late E\'pollelltial Plrase

16: l'l'ails ('Jo\' ((%) 1.92 1lO4 2.59 / l80 0.242/2.98 0.585 /0.191 0.832/0.0490 0.366 10.103 0.790/0.914

18: l'l'wH' d." C~,()) 2.06/8.89 0.167/10.4 1.31/11.3 0.0503 / 2.04 2.44 1 11.7 2.19/11.2 N.D.n'./2.89

Total'I'lllls cl.\' ratio 0.334 O. ]94 0.109 0.285 0.278 0.225 0.208
( 16: 1 1 18: 1)

Degree uf Saturation 1.89 1.46 1.02 5.37 2.49 2.01 5.02
(Sat./Unsat. FA's)

] ) PE phosphatîdyl cthnnolamînc: C .:: cardiolpin: LPE .- Iyso-phosphatidyl ethanolaminc: NI. : I1cutral lipids:
llnk fl2 -: unknown 11'2 lipid: Unk fi 1 "- unknown 111 lipid: PC'~ phosphatidyl choline:

2) ((!'o) 1 -, Per Cent:
3) N.D.. : None Dctcctcd:
4) N.A .. - Nol Availuhle

""or. ~ . .'.-. .



"'ahle (~-7. (~haracteristicsof cyclopropane fatty acids of P. aerllgi"o.~a ~rown on hexadecane

IJPII)S T()l'AI. IJPIDS PE (1) tPI: PC (lNK #1 (INK #2 C NL

Ear~)' Erpt",elltial Phase

C17:0 l:n'/0l'r0l'tll1e (~/o)(21 5.12 5.09 6.17 8.60 6.12 7,02 8.31 7.06

C19:0 (\ 'd0l'rofJclIll' (0/0) 22.1 22.2 28.8 27.4 21.5 22.9 27.7 35.8

Total % cyclopropanes 27.3 27.3 35.0 36.0 27.7 29.9 36.0 42.9
(CI7:0 •CI9:0)

I..ate ExpOllelltiall'/,ase

C17:0 L:\'d0l'r0l'lI11e (~o) 12.7 14.8 Il.4 2.77 2.37 11.8 11.3 11.5

C19:0 l ~\ '('/0l'r0I'CIIIC: (~éJ) 31.5 35.99 48.2 12.9 14.4 32.7 43.4 38.7

Total ~o cyclopropnncs 44.2 50.8 59.5 15.7 16.8 44.5 54.7 50.2
(<.'17:0·CI9:0)

1) PE :c: phosphatidyl ethanolaminc: C = cardiolpin: LPE = Iyso-phosphatidyl cthanolaminc: NI.. CC" ncutrallipids:
PC -~ phosphatidyl choline: Unk H2'~ unknown #2 lipid: lJnk #1 :=: unknown Il 1 lipid

2) (~/D) = PCT Cent:

~ .--:"".
~ .c. •l,,'·



Tahle (~-8. (~haracteristicsof cyclopropane fatty acids of P. aerllg;IIosa grown on glucose

IJPlIlS T()TAL LIPIDS 1)': m LPE I)e IINK #1 IINK #2 C NL

Early E\1Jallelltial Pllase

CI 7:0 (:,''''o/'I'o/,olle (O;of' 0.285 0.273 0.273 0.277 0.283 N.D. 0.303 N.D.

C19:0 (:,'dol'l'ol'lI1lt.' (%) 0.579 0.519 0.490 0.527 0.534 N.D.c,\).. 0.784 1.27

Total % cyclopropunes 0.864 ,0.792 0.763 0.803 0.818 N.A. I
.
II

.. 1.09 1.27
(CI7:0 .CI9:0)

I..ate Expollellliai Pllase

C 17:0 (. :\,('lopI'o!'tllle (°10 ) 1.33 1.24 0.739 2.10 0.930 2.29 3.02 1.52

C 19:0 (:,'c/0I'I'0l'tlll(! (%) 3.75 3.55 4.55 5.21 1.20 9.44 7.55 3.47

Total % cyclopropanes 5.08 4.79 5.29 7.31 2.13 11.7 10.6 5.00
(CI7:0 .('(9:0)

, ) PE ":: phosphatidyl ethunolumine~ C = cardiolpin~ I.PE = Iyso-phosphatidyl ethanolamine: NL =: neutral lipids~

PC .. phosphatidyl choline: Unk #2=; unknown #2 lipid: Unk #1 .~ unknown Il 1lipid
2) (~'Ô) : Per Cent:
3) N.D.. - None Octccted:
4) N.A. -.: Not Availahle

.. -,.el. .. ':\.•
•· ....r •



'l'able (~-9. (:haracteristics of cyclopropane fatty acids of P. aerllgino.fa grown on furnace oil

I.lPII)S T()TAL LIPIDS PE(I) I..PE PC IINK #1 IINK #2 (~ NL

Ear(t' ExplJllelllial Pllase

C17:0 L:l'c!0l'I'opane ((~'o )12
1 9.55 10.7 10.3 11.5 10.4 12.8 11. 1 9.67

C19:0 (1 '( '/0I'1'n!JlIIle (010 ) 26.6 26.8 27.5 32.0 20.7 29.3 35.1 38.7

Total % cyclopropnncs 36.1 37.5 37.8 43.4 31.1 42.1 46.1 48.4
(CI7:() ICI9:0)

/..ate Expollelltial Phase

C17:0 '- :l'(,/ol'I'np1II1(! (0/0 ) 9.67 11.2 10.6 12.3 2.01 7.69 9.62 1.58

C19:0 (:1'('/01'1'01'011" (~'ll) 33.3 37.2 36.4 29.5 12.1 19.4 36.4 10.2

Total ~~ cyclopropanes 43.0 48.4 47.0 41.8 14.1 27.0 46.1 11.8
(CI7:0 ICI9:0)

1) PE .. phusphatidyl cthan()lamine~ C --:: cardiolpin~ LPE = Iyso-phosphatidyl ethanolaminc~ NL = ncutral lipids~

PC ~ phosphntidyl choline~ Unk #2=-" unknown #2 lipid~ Unk 14 1 ~ unknown #1 lipid
2)( (~~) = Per Cent:

...,,,.
.. '. • •



Tahle (~-Jft. (~horacteristics of cyclopropane fotty acids of P. tlerllgillo!ia grown on aviation fuel

IJPIDS TerrAI. IJPIDS 1)": (1) tPE PC (INK #1 (INK #2 C NL

Ear{v Iixp(Jllelltiall)/ulse

C17:0 c.ydOPI'OPClIl(, (°/0)12' Il.0 7.13 7.07 9.42 9.25 3.44 1.23 2.34

C19:0 c.:l'd0I'I'0f7l1llt' (~,o) 32.5 27.4 27.1 34.2 34.6 10.8 6.05 8.81

Total % cyclopropanes 43.5 34.5 34.2 43.6 43.9 14.3 7.28 11.2
(CI7:() .CI9:0)

/..ale Expollell,ial PlulSe

C 17:0 lyd"l'I'lIpallt' (~()) 9.13 9.86 12.1 3.32 19.4 1.85 8.28 11.8

C 19:0 (\'d"I'I'''pallt' (°;0) 36.0 35.6 11.4 4.38 1.44 15.8 12.2 IlO

Total ~ô cyclopropanes 45.2 45.5 23.5 7.70 20.8 17.7 20.5 24.8
(CI7:{) .CI9:0)

1) PL: ~ phosphatidyl cthanolaminc: C :-. cardiolpin~ LPE = Iyso-phosphatidyl ethanolamine: NL = neutral \ipids:
PC -: phosphatidyl choline: lJnk #2~' unknown #2 lipid: Unk #1 "7. unknown 1/ 1 lipid

2) (C~/o) ,- Per Cent:

~ '-"'~.
.. .. ..." .



l'ahle (~-II. <:haracteristics of cyclopropane faUy acids of P. tlerllgi"o.~a grown on kerosene

1.1 Pins T()TAI. LIPIDS PI: (U tPi: PC IINK #1 IINK #2 C NI.

Early Ii:.\pollelltial Phase

C 17:0 t:"c/0I'I'ul'(/Il(' (O/[J)12J Il.8 11.8 9.94 3.75 1.22 4.27 1.10 1.15
1

C 14:0 f':' 'c/0I'1'0I'UIl(' (°/[,) 32.0 33.1 29.9 9.62 2.84 13.1 3.28 6.46

Tntal ~·o cyclopTopnncs 43.8 45.0 39.8 13.4 4.06 17.4 4.38 7.60
(CI7:() tCllJ:O)

Late Expolletrtial P"ase

C17:0 t..:l'do''''0l'ulle (~o) 8.26 11. 1 9.14 9.18 2.41 0.170 12.7 6.26

C19:0 t..:\'doproptlllc.' (°/0 ) 30.9 31.9 2l).9 21.9 8.22 24.7 26.8 35.7

Total ~'O cyclopropuncs 39.1 43.0 39. ] 31.0 10.6 24.9 39.5 41.9
(CI7:0 tC19:0)

1) PE phosphatidyl cthanolamine~ C = cardiolpin~ LPE = Iyso-phosphatidyl ethanolamine~ Nt ~ ncutral lipids~

PC = phosphatidyl choline~ lJnk #2= unknown #2 lipid~ Unk # 1= unknown #1 lipid
2) (~'O):. PeT Cent

·."'. •••••• ~ .._,..



6. O. REFERE~C[S

110

.....

Ames, G. F. 1968. Lipids of Salmonella ryphrmurrum and f~·.w,:herlCh/(.Jco/r: structure and
metabolism. J. Bacteriol. 95: 833-843.

Angus. B. L.. and R. E. W. Hancock. 1983. Outer membrane porin proteins F. P, DI of
Pseudomona\' aeruglno.....a and Pho E of l:·.....eherre/ua coll: chemical cross-Iinking to
reveal native oligomers. J Bacteriol. 155: 1042-1051.

Angus, B. L.. A. M. Carey, D. A. Canon, A. M. B. Kropinski, and R. E. W. Hancock. 1982.
Outer membrane penneability in Pseudomonas aerugrnosa: comparison of a wild
type with an antibiotic-susceptible mutant. Antimicrob. Agents Chemother. 21'
299-308.

Arima, K., A. Kakinuma, and G. Tamura. 1968. Surfactin a crystalline peptidolipid
surfactant produced by Raer/ut; suhlllis: isolation characterization and its inhibition
of fibrin clot foonation, Biochem. Biphys. Res. Commun. 31: 488-494.

Atlas. R. M.. and R. Bartha. 1972a. Biodegradation of petroleum in sea water at ID\\'

temPeratures. Cano J. Microbiol. -il: 1851-1855,

Atlas. R. M., and R. Bartha. 1972b. Degradation and mineralization of petroleum in
seawater: limitation by nitrogen and phosphorous. Biotechnol. Bioeng. .J.4: 309-317.

Atlas. R. M. 1981. Microbial degradation of petroleum hydrocarbons: an environmentaJ
perspective. Microbiol. Revs. 45: 180-209.

Atlas, R. M.. P. D. Boehm, J. A. Calder. 1981. Chemical and biological weathering of oil
from the Am()(.'o ( 'adc oil spillage in the littoral zone. Estuarine Coastal Mar. Sei.
13: 417-422.

Atlas. R. M. 1988. Biodegradation of hydrocarbons in the environment.
Basic Life Sei. 45: 211-222.

Atlas, R. M., and C. E. Cerniglia. 1995. Bioremediation ofpetroleum POllutants: diversity
and environmental aspects of hydrocarbon biodegradation. Biosci. 45: 332-338.

Atunes-Madiera, M. C., and V. M. C. Madiera. 1989. Membrane fluidity as afTected by the
insectide lindane. Biochem. Biophys. Acta. 982: 161-166.



111

Banerjee. S.., S. Duttagupta. and A. M. Chakrabarty. 1983. Production of emulsifying agent
during growth of Pseudom(Jnus cepacru wtth 2. 4. 5-trichlorophenoxyacetic acid.
Arch. Microbiol. 135: Il 0-11~.

Bateman.. J. N., B. Speer. L. Fedwlck.. and R. A. Hartline. 1986. Naphthalene association and
uptake in Pseudomonas putrdu. J. Bacteriol. 166: 155-161.

Benson, 5.. M. Fennewald~ J. Shapiro, and C. Huettnee 1977. Fractionation of inducible
alkane hydroxylase activity in Pseudomonas pUllda and charaeterization of
hydroxylase-negarive mutants. J. Bacteriol. 131: 614-611.

Benz, R.. and K. Bauer. 1988. Permeation of hydrophobie molecules through the outer
membrane of gram-negative bacteria: review on bacterial porins. Eue J. Biochem.
176: 1-19.

Berry, D. F... A. J. Francis, and J. M. Sollag. 1987. Mierobial metabolisrn of homocyclie
aromatie compounds under anaerobic conditions. Microbiol. Revs. 21: 43-49.

Bertrand., J. C., E. Rambeloarisoa. J. F. Rontani. G. Giusti. and G. Mattei. 1983. Mierobial
degradation ofcrude oil in sea wateT in continuous culture. BiotechnoJ. Lett. 5: 567
571.

Bertrand, J. C... P. Caumette. G. Mille, M. Gilewicz, and M. Denis. 1989. Anaerobie
biodegradation of hydroearbons. Sei. Prog. 73: 333-350.

Blasig, R., S. Mauersberger. P Riege, W. H. Schunk, W. Jockisch.. P. Franke~ and H. G.
Muller. 1988. Degradation of long chain alkanes by the yeast ( 'andida mul/o."w. Il
Oxidation of n-alkanes and intermediates using microsomal membrane fractions.
Appl. Microbiol. Biotechnol. 28: 589-597.

Blasig, R., J. Huth.. P. Franke. P. Borneleit.. W. H. Schunk.. and H. G. Muller. 1989.
Degradation oflong chain alkanes by the yeast ('andrda multo....·u. III Effect of solid
n-alkanes on cellular fany acid composition. Appl. Microbiol. Biotechnol. 31: 571
576.

Bligh., E. G., and W. J. Dyer. 1959. A rapid method oftotallipid extraction and purification.
Cano J. Biochem. Physiol. 37: 911-917.

Bossert, r., and R. Bartha. 1984. The fate of petroleum in soil ecosystems. In Petroleum
Microbiology. (R. 1\1. Atlas, ed.). Macmillan Publishing Co., Ne\\' York. pp 434
476,



i

112

8ragg~ J. R.. P. C. Prince, E. 1. Hamer. and R. M. Atlas. 1994. EtTectiveness of
bioremediation for the Exxon Valdez oil spitl. Nature. 368: 413-418.

8rO\\l11 , D. W.. L. S. Ramos, A. 1. Fiedman, and W. D. Macleod. ]969. Analysis of trace
levels of petroleum hydrocarbons in marine sediments using a solvent-slurry
extraction procedure. In Trace Organic Analysis: A Ne\\' Frontier in Anal~1ical

Chemistry. National Bureau of Standards, Washington~ D.C. pp. 161-167.

Cemiglia. C. E. 1981. Aromatic hydrocarbons: metabolism by bacteria. fungi. and algae. In
Reviews in Biochemieal Toxicology. Vol. 3. (Hodgson. E.. J. R. Bend~ and R. M.
Philpot, eds.). Elsevier Publishing Co., Ne\\" York. pp. 321-361.

Cemiglia. C. E. 1984. Microbial metabolism ofeyclic alkanes. In Petroleum Microbiology.
(R.M.Atlas (ed.). Macmillan Publishing Co., New York. pp. 61-68.

Cerniglia, C. E., J. B. Sutherland~ and S. A. Crow. 1992. Fungal metabolism of aromatic
hydrocarbons. In Microbial Degradation ofNatural Products. (G. Winklemann, ed.).
VCH Vertagsgellschaft., Weinheim. Gennany. pp. 193-217.

Cemiglia.. C. E. 19<F3. Biodegradation of polycyclic aromatic hydrocarbons. CUIT. Op.
Biochem. ..:i: 331-338.

Chakrabarty, A. M., G. Chou, ang 1. C. Gunsalus. 1973. Genetic regulations of octane
dissimilation plasmid in Pseudomonu"i. Proc. Natl. Acad. Sei. USA 70: 1137-1 ]40.

Chamberland, S., A. S. Bayer. T. Schollardt., S. A. Wong, L. E. Bryan. 1989.
Characterization ofmechanisms ofquinolone resistance in Pseudomonas ueruglno.\"u
strains isolated invitro and invlvo during experimental endocarditis. Antimierob.
Agents Chemother. 33: 624-634.

Chen, Qi., D. B. Jenssen., and B. Witholt. 1995. Growth on octane alters the membrane lipid
fany acids of Pseudonlonas o/eovoruns due to the induc~ion of u/kH and synthesis
of octanol. 1. Bacteriol. 177: 6894-6901. -

ColwelI, R. R., and 1. D. Walker. 1977. Ecologlcal aspects of microbial degradation of
petroleum in the marine environment. Crit. Rev. Microbiol. i: 423-445.

Colwell., R. R., A. L. Mills, J. D. Walker, P. Garcia-Tello. and V. Campos. 1978. Microbial
ecology of the J\lletula spill in the Straits of Magellan. J. Fish. Res. Board. Cano 35:
573-580.

Cooney,1. J., S. A. Silver, and E. A. Beek. 1985. Factors influencing hydrocarbon in three
freshwater lakes. Microbiol. Ecol. J.l.: 127-137.



113

Cooper, D. G.. J. E. Zajic. and D. F. Gerson. 1978. Production of surface active lipids by
('orynehacrerlum lepu.\·. Appl. Environ. Microbiol. 37: 4-10.

Cooper, D. G., and 1. E Zajic. 1980. Surface-active compounds frorn microorganisms. Ad\".
Appt Microbiol. 26: 219-253.

Cooper, D. G. 1986. Biosurfactants. Microbiol. Sei. 3: 145-149.

Cronan. 1. E.• Jr. 1968. Phospholipid alteration during growth of f:".w.:henchuJ coh J.
Bacteriol. 95: 2054-2061.

Cronan, 1. E.. and P. R. Vagelos. 1971. Metabol ism and function of the membrane
phospholipids of Escher/chia colr. Biochim. Biophys. Acta. 265: 25-60.

Crutcher.. S. E., and P. J. Geary. 1979. Properties of the iron sulphur proteins of the benzene
dioxygenase system from Pseudomonas PUlldil. Biochem. J. 177: 393-400.

Culten, J., M. C. Phillips. and G. G. Shipley. 1971. The effects of temperature on the
composition and physical properties of the lipids of P.\·eudomonas jluorescens.
Biochem. J. 125: 733-742.

Dagley, S. 1971. Catabolism ofaromatic compounds by microorganisms. Adv. Microbiol.
Physiol.~: 1-46.

De Siervo, A. J. 1969. Alterations in phospholipid composition of Fschenc/lla coli B during
growth different temperatures. J. Bacteriol. 100: 1342-1349.

Dean-Raymond. D., and R. Bartha. 1975. Biodegradation of sorne polynuclear aromatic
petroleum components of marine bacteria. Dev. Ind. Microbiol. lQ: 97-110.

Decad, G. M., and H. Nikaido. 1976. Outer membrane of gram-negative bacteria. XII
Molecular-sieving function of cell wall. J. Bacteriol. 128: 325-336.

Desai. J. D., and A. J. Desai. 1993. Production of biosurfactants. In Biosurfactants:
Production, Properties, and Applications. (N. Kosaric, ed.). Marcel Dekker Inc., Nev,,'
York. pp. 65-97.

Desai, J. D., and 1. M. Banat. 1997. Microbial production of surfactants and their
commercial potential. Microbiol. Mol. Biol. Revs. QI: 47-64.

Diedrich, D. L., and E. H. Cota-Robles. 1974. Heterogeneity in lipid composition of the
outer membrane and c)'1oplasmic membrane of Pseudomonas BAL-31. J. Bacteriol.
11.2: 1006-1018.



;..

114

Diefenbach. R.. and H. Keweloh. 1994. Synthesis of trans unsaturated fatty acids in
Pseudomona'l pUllda P8 by direct isomerization of the double bond oflipids. Arch.
Mierobiol. 162: 120-125.

du Noüy, P.L. 1919. A new apparatus for measunng surface tension. J. Gen. Physiol. 1: 511.

Eagon~ R. G.. and P. V. Phibbs~ Jr. 1971. Kinetics of transport of glucose~ fructose. and
mannitol by Pseudomonl1.\· aeruglnosa. Cano J. Biochem. 49: 1031-1041.

Evans~ W. C., and G. Fuchs. 1988. Anaerobie degradation of aromatic compounds. Annu.
Rev. Micrbiol. 42: 289-317.

FaIt. R. R., J. L. Brown. and T. L. Schaeffer. 1979. Enzyme recruitment allows the
biodegradation of recalcitrant branched hydrocarbons by l'seudomonas cllronel/o!rs.
AppL Environ. Microbiol. 38: 715-722.

Feinberg, E. L., P. 1. N. Ramage. and P. W. Trudgill. 1980. The degradation of n-alkyl
cycloalkanes by a mixed bacterial culture. J Gen. Microbiol. 121: 507-5] 1.

Floodgate, G. 1984. The fate of petroleum in marine eeosystems. In Petroleum
Mierobiology. (R. M. Atlas, ed.). Macmillan Publishing Co.~ Nevw' York. pp. 355
398.

Foght. J. M., and D. W. S. Westlake. 1988. De!:,rradation of polycyclic aromatic
hydroearbons and aromatic heterocvcles by a Pseudomonas species. Can. J.
Microbiol. 34: 1135-1141.

Fusey, P., and 1. Oudot. 1984. Relative influence of physical removal and biodegradation in
the depuration ofpetroleum-eontaminated seashore sediments. Mar. Pollut. Bull. ]5:
136-141.

George, K. M., Y. Yuan, D. R. Sherman, and C. E. Barry. 1995. The biosynthesis of
cycloproPQnated mycolic acids in .~(vC()haClenum luhercu/osl.\·. Identification and
functional analysis of CMAS-2. J. Biol. Chem. 270: 27292-27298.

Gibbs, c. F.~ K. B. Pugh~ and A. R. Andrews. 1975. Quantitative studies on marine
biodegradation of oil. Il Effeet of temperature. Proc. R. Soc. London Ser. B 188:
83-94.

Gibson~ O. T. 1971. The microbial oxidation of aromatic hydrocarbons. Crit. Re\-.
Microbiol. 1: 199-223.



i...

..
f

115

Gibson. D. T. 1975. Oxidation of the carcinogens benzo(a)p~Teneand benzo(a)anthracene
to di-hydrodiols by a bacterium. Science. 189: 295-297.

Gibson. D. T. 1977. Biodegradation of aromatic petroleum hydrocarbons. In Fate and
Effects of Petroleum Hydrocarbons in Marine Ecosystems and Organisms. (D.A.
Wolfe, ed.). Pergamon Press, New York. pp. 36-46.

Gibson. D. T., and V. Subramanian. 1984. Microbial degradation of aromatic hydrocarbons.
ln Microbial Degradation of Organic Compounds. (O. T. Gibson. ed.). Marcel
Dekker, New York. pp. 181-182.

Goldfine, H. 1972. Comparative aspects ofbacteriallipids. Adv. Microb. Physiol. ~: 1-58.

Goma G.. A. PareillelL~ and G. Durand 1973. Cinetique de degradation des hydrocarbures
par ('andlda ItpO~V1JCll. Arch. Microbiol. 88: 97-109.

Goswani, P., and H. D. Singh. 1991. Different modes of hydrocarbon uptake by two
/'seudomonas species. Biotech. Bioeng. 37: 1-11.

Gottschalk, G. 1979. Metabolic diversity of aerobic heterotypes. In Bacterial Metabolism.
(M. P. Starr. ed.). Springer-Verlag. New York. pp. 88-112.

Grbtc-Galic. D.. and T. M. Vogel. 1987. Transfonnation oftoluene and benzene by mixed
methanogenic cultures. Appl. Environ. Microbiol. 50: 977-983.

Grogan. D. W.. and 1. E Cronan, Jr. 1984. Cloning and manipulation of the Escherichia col i
cyclopropane fany acid synthetase gene: physiological aspects of en~me

overproduction. J. Bacteriol. 158: 286-295.

Guerra-Santos, L. H.. Q. Kappeli, and A. Fiechter. 1986. Dependence of P. aerURlnO!\ll

continuous culture biosurfactant production on nutritional and environmental factors.
Appl. Microbiol. Biotechnol. 24: 443-448.

Gundlach, E. R.. P. D. Boehm. M. Marchand. R. M. Atlas, D. M. Ward, and D. A. Wolfe.
1983. The fate of Am()c() ( 'udl= oil. Science. 221: 122-129.

Gutierrez.. J. R.. and L. E. Erikson. 1977. Hydrocarbon uptake in hydrocarbon fennentations.
Biotechnol. Bioeng. 1.2: 1331-1349.

Haines, J. R., and M. Alexander. 1974. Microbial degradation of high-molecular \veight
alkanes. Appl. Microbiol. 28: 1084-1085.



-

116

Hancock, 1. C., and P. M. Meadow. 1969. The extractable lipids of Pseudomonas
aenlglnosa. Biochim. Biophys. Acta. 187: 366-379.

Hancock~ R. E. W.. and H. Nikaido. 1978. Outer membranes of gram-negative bacteria. XI.
Isolation from Pseudomonas aeruglnosa PAO 1 and use in reconstruction and
definition of the permeability barrier. J. Bacteriol. 136: 381-390.

Hancock.. R. E. W., and A. M. Carey. 1979. Outer membrane of Pseudomuna.,· aeroglnosa:
heat and 2-mercaptoethanol-modifiable proteins. 1. Bactetiol. 140: 902-910.

Hancock.. R. E. W .• R. T. Irvin. J. W. Costerton. and A. M. Carey. 1981. Pseudomonas
aeruglnosa outer membrane peptidoglycan-associated proteins. J. Bacteriol. 145:
628-631.

Hancock. R. E. W., and R. Benz. 1986. Demonstration and chemical modification of a
specific binding site in the phosphate-starvation inducible outer membrane porin
protein P of Pseudomonas aeruglnosa. Biochim. Biophys. Acta. 860: 699-707.

Hancock, R. E. W.. R. Siehnel, and N. Martin. 1990. Outer membrane proteins of
Pseudomonas. Molec. Microbiol. 4: 1069-1075.

Hanson, K. G., V. C. Kale. and A. J. Desai. 1994. The possible involvement of cell surface
and outer membrane proteins of Acinetobacter sp. A3 in crude oil degradation.
FEMS Microbiol. Len. 122: 275-280.

Hardegger, M.. A. K. Koch. U. A. Ochsner, A. Fiechter, and J. Reiser. 1994. CIoning and
heterologous expression ofa gene encoding an alkane-induced extracellular protein
involved in alkane assimilation from Pseudomonas aerUR1nOSl1. Appl. Environ.
Microbiol. 60: 3679-3687.

Heineman.. 8., M. Kaplan.. R. Muir, and 1Hooper. 1953. Amphomycin. Antibiot. Chemother.
J: 1239-1242.

Heipieper. H. J., R. Dietènbach. and H. Kewloh. 1992. Conversion of CIS unsaturated fatty
acids to Iran.... , a possible mechanism for the production of phenol degrading
Pseudomonas putlda P8 from substrate toxicity. Appl. Environ. Microbiol. 58:
1847-1852.

Heipieper, H. J., and J. A. deBont. 1994. Adaptation of Pseudomonas pUlldu S12 to ethanol
and toluene al the leveJ of fatty acid composition of membranes. Appl. Environ.
Microbiol. 60: 4440-4444.



117

Heipieper. H. J.~ F. 1. Weber~ J. Sikkema~ H. Ke\veloh. and 1. A. M. de Bont. 1994.
Mechanisms of resistance ofwhole cells to toxic organic solvents-solvent tolerance
for improved biocatalysis or bioremediation: a review. Trends Biotechnol. 12: 409
415.

Herringa~ J. W., R. Huybregste, and A. C. Van der Linden. 1961. n-alkane oxidation by a
Pseudomonas: fonnation and p-oxidation of intennediate fany acids. Antoine van
Leewenhoek. 27: 51-58.

Hill. E. C., and A. Thomas. 1975. Microbiological aspects of supersonic aircraft fuel. In
International Biodeterioration Symposium. (Sharplay, 1. M., and A. M. Kaplan, eds.).
Applied Science Publishers~London. pp. 157.

Hill. E. C., and N. K. AI-Haidary. 1976. Sorne aspects of microbial corrosion in rolling
mills. In Proc. Symp. Microbial Corrosion Affecting the Petroleum Industry. [nstitute
ofPetroleum, Sunbury~ UK. pp. 51-75.

Hill. E. C. 1978a. Biodegradation of hydrocarbon-based products in industrial use. In
Developments in Biodegradation of Hydrocarbons. Vol. 1. (R. 1. Watkinson, ed.).
Applies Science Publishers, London. pp. 201-225.

Hill, E. C. 1978b. Microbial degradation of marine lubricants. ils detection and control..
Trans. Inst. Mar. Engrs. 90: 197-216.

Hill. E. C. 1984. Biodegradation ofpetroleum products. In Petroleum Microbiology. (R. M.
Atlas~ ed.). ~1acmillan Publishing Co., New York. pp. 579-617.

Hisatsuka, K., T. Nakahara.. N. Sano, and K. Yamada. 1971. Formation ofrhamnolipid by
Pseudomonas aeruglnosa and ilS function in hydrocarbon fermentation. Agr. Biol.
Chem. 35: 686-692.

Hollaway, S. L., G. M. Faw~ and R. K. Sizemore. 1980. The bacterial community
composition ofan active oil field in the Northwestem Gulf of Mexico. Mar. Pollut.
Bull. 1: 153-156.

Hommel~ R. K., L. Weber~ A. Weiss, U. Himelreich~ O. Rilke.. and H. P. Kleber. 1994.
Production of sophorose lipid by Candida rrorulpo....·u"Ï aplco/a grovm on glucose.
1. Biotechnol. 33: 147-155.

Horowitz.. A.~ and R. M. Atlas. 1977. Continuous oPen flow-through system as a model for
microbial degradation in the Arctic Ocean. Appl. Environ. Microbiol. 33: 982-987.



..,

118

Huddleston. R. L.. and L. W. Cress\vell. 1976. Environmental and nutritional constraints of
microbial hydrocarbon utilization in the soil. ln Proceedings of the 1975 Engineering
Foundation Conference: The Role of Microorganisms in the Recovery of Oil.
National Science Foundation, Washington, D. C. pp. 71-7'2.

Inouye. M.. J. Shaw. and C. Shaw. ]91'1.. The assembly of a structural lipoprotein in the
envelope of Escheru:hra cob. J. Biol. Chem. 247: 8154-8] 59.

lrie, S.• S. Doi. T. Yorifuge. M. Takagj. and K. Yano. 1987. Nucleotide sequencing and
characterization of the genes encoding benzene oxidation enzymes of Pseudomonas
pli/Ida. 1. Bacteriol. 169: 5174-5179.

Itoh., 5., H. Honda, F. Tomita., and T. Suzuki. 1971. Rhamnolipid produced by Pseudomonas
aeroglnmiUon n-paraffinCrnixtureofCI2. C13. and C14 fractions). 1. Antibiot. 24:
855-859.

Itoh. S.• and T. Suzuki. 1972. Effect of rhamnolipids on growth of P. lleruglnosa mutant
deficient in n -paraffin-utilizing ability. Agric. Biol. Chem. 36: 2233-2235.

Jamison., V., R. Raymond, and J. Hudson. 1975. Biodegradation ofhigh-octane gasoline in
ground waleT. Develop. Industr. Microbiol . .l.Q.: 1.

Jobson. A.• F. D. Cook. and D. W. S. Westlake. 1974. Effect of amendments on the
microbial utilization of oil applied to soil. Appl. Microbiol. 27: 166-171.

Jones. J. G.. M. Knight., and J. A. Byron. 1970. Effeet of bJfOSS pollution by kerosene
hydrocarbons on the microtlora of a moorland soil. Nature. 227: 1166.

Jungkind. D L.. and R. C. Wood. 1974. Physiological differences bet\veen cyclopropane
fany acid-deficient mutants and the parent strain OfSfrel'((JC{)(.:cu....·/uecll!ls. Biochim.
Biophys Acta. 337: 298-310.

Jurtshuk. P., and G. E. Cardini. 1971. The mechanism of hydrocarbon oxidation by a
('orynehuc(L'rJum species. Crit. Rev. Microbiol. 1: 239-289.

Kàppeli., O., and A. Fiechter. 1976. Mode of interaction between substrate and cell surface
ofthe hydrocarbon utilizing yeast, ('andlda fropu;alt...... Biotechnol. Bioeng. ll: 967
974.

Kappeli, O., and A. Fieehter. 1977. Component from cell surface of the hydrocarbon
utilizing yeast Candida Irnpicalis with possible relation to hydrocarbon transport. 1.
Bacteriol. 13 1: 917-921.



•...

119

Kappeli, O., and W. R. Finnerty. 1979. Partition ofalkane by an extracellular vesicle derived
from hexadecane-grown Actne(ohacler. J. Bacteriol. 140: 707-712.

Kameya T., T. Murayama K. Urano, and M. Kitano. 1995. Biodegradation ranks ofpriori~·

oforganic compounds under anaerobic conditions. Sei. Tot. Environ. 170: 143-151.

Kaneda., T. 1977. Fatty acids of the genus Bueil/us: an example of branched-chain
preference. Bacteriol. Revs. ±l: 3914 18.

Kennedy, R. S., W. R. Finnerty, K. Sudarsanan. and R. A. Young. 1975. Microbial
assimilation of hydrocarbons. [ The fine structure of a hydrocarbon-oxidizing
AClnelohucler sp. Arch. Microbiol. ]02: 75-83.

Kennicutt, M. C. 1988. The etTect of biodegradation on crude oil bulk and molecular
composition. ail Chem. Pollut. 1: 89-112.

Keweloh, H., R. Diefenbach, and H.- J. Rehm. 1991. Increase of phenol-tolerance of
F:,licher/chlu cob by alterations of the fany acid composition of the membrane lipids.
Arch. Microbiol. 157: 49-53 .

King, R., and P. McKenzie. 1977. Microbial degradation of marine lubricating oi 1. Trans.
nst. Mar. Engrs. 89: 37-45.

Klevens, H.B. 1950. Solubilization of polycyclic aromatic hydrocarbons. J. Phys. Coll.
Chem. 53: 283-298.

Klug, M. J.. and A. J. Markovetz. 1971. Utilization of aliphatic hydrocarbons by
microorganisms. In Advances in Microbial Physiology. (Rose, A. H._ and 1. F.
Wilkinson, eds.). Academie Press, New York. pp. 1-43.

Knivett. V.. and 1. Culleo. ]965. Sorne factors atTecting cyclopropane acid formation in
Escher/chia coli. Biochem. 1. 96: 77 t -776.

Koronelli, T. V., T. 1. Komarova, and Y. V. Denisov. 1983a. Chemical composition and role
of peptidoglycolipid of Pseudomonas acruglnosa in the assimilation of
hydrocarbons. Mikrobiologiya 52: 767-770.

Koronetli, T. V., T. 1. Komarova, and A. V. Iznatchenko. 1983b. The role ofemulsification
in the process of hydrocarbon absorption by cells of Pseudomonas aeruglnosu.
Mikrobiologiya 52: 94-97.



:~

..

120

Kretsehmer. A.. H. Bock~ and f. Wagner. 1982. Chemical and physical eharaeterization of
interfacial-active lipids of RhoJocfJCCUS erylhro{Jo/ts grO\VO on alkane. Appl.
Environ. Mierobiol. 44: 864-870.

Kropinski~ A. M., V. Lewis, and D. Beny. 1987. EtTect of gro\vth temperature on the lipids.
outer membrane proteins and lipopolysaccharides of Pseudomonas aenlgmosa PAO.
J. Bacteriol. 169: 1960-1966.

Law. 1. H. 1971. Biosynthesis of cyclopropane rings. Ace. Chem. Res. ::1: 199-203.

Leahy, J. G., and R. R. Colwell. 1990. Microbial degradation of hydrocarbons in the
environment. Microb. Revs. 54: 305-315.

Li, Z., S. Lang, F. Wagner, L. Witte, and V. Wray. t984. Formation and identification of
interfacial-active glycolipids from resting microbial cells of Arrhrohucter sp. and
potential use in tertiary oil recovery. Appt. Environ. Microbiol. 48: 610-617.

Lindley, N. D.~ and M. T. Heydeman. 1985. Alkane utilization by Cladospor/um res/nue: the
importance of extended lag phases when assessing substrate optima. FEMS
Microbiol. Ecology. 31: 307-310.

Lugtenberg~ E. J. J., and R. Peters. 1976. Distribution of lipids in cytoplasmic and outer
membranes of /·.:.\·cherlchra coli K-12. Biochim. Biophys. Acta. 441: 38-47.

Lugtenberg~ E. J. J., and van Alphen. 1983. Molecular architecture and functioning of the
outer membrane of [·:.w.:herichra colL and other Gram negative bacteria. Biochim.
Biophys. Acta. 737: 38-1 15.

Markove~ A. J. 1971. Subterminal oxidation ofaliphatic hydrocarbons by microorganisms.
Crit. Re\'. Microbiol. 1: 225-237.

Martinez de Tej~G., and 1. Moriyôn. t993. The outer membranes of Hrucellu sps. are not
barriers to hydrophobie permeants. J. Bacteriol. 175: 5273-5275.

McGarrity, J. 1., and J. B. Armstrong. 1981. Phase transition behaviour of anificial
1iposomes composed of phosphatidylcholines acylated with cyclopropane fany acids.
Biochim. Biophys. Acta. 640: 544-548.

Miguez., C. B., T. J. Beveridge~ and J. M. Ingram. 1986. Lipopolysaccharide changes and
cytoplasmic polyphosphate granule accumulation in Pseudomonas aerugrnosa
during growth on hexadecane. Cano J. Microbiol. 32: 248-253.



-1.. 121

Mihelic. J. R.. and R. G. Luthy. 1988. Microbial degradation of acenaphthene and
naphthalene under denitrification conditions in soil-water systems. Appl. Environ.
Microbiol. 54: 1188-1198.

Mills, S. A., and W. T. Frankenburger, Jr. 1994. Evaluation of phosphorous sources
promoting bioremediation of diesel fuel in sOlI. Bull. Environ. Contamin. Toxicol.
53: 280-284.

Miura. Y., M. Okazaki, S. Hama~ S. Murakawa., and R. Yugen. 1977. Assimilation of
liquid hydrocarbon by microorganisms. 1. Mechanisms of hydrocarbon uptake.
Biotechnol. Bioeng. 12: 701-714.

Mizuno, T.. and M. Kageyama. 1979a. Isolation and characterization of major outer
membrane protein of Pseudomona...· aeruglno....a. Evidence for the occurrence of
lipoprotein. J. Biochem. 85: 115-122.

Mizuno, T., and M. Kageyama. 1979b. Isolation and characterization of major outer
membrane protein of Pseudomonas aeruglnn....a PAO 1 \v1th special reference to
peptidoglycan -associated protein. J. Biochem. 86: 979-989.

Morrison. W. R., and L. W. Smith. 1964. Preparation of fany acid methyl esters and
dimethyl acetals from lipids with boron trifluoride-methanol. 1. Lipid Research_ ~:

600-608.

Mueller, J. G., P. J. Chapman, B. O. Blattman, and P. H. Pritchard. 1990. Isolation and
characterization of a fluoranthene-utilizing strain of P....eudomona.... pauclmohrl,....·.
Appl. Environ. Microbiol. 56: 1079-1086.

Mulligan. C. N.. G. Mahmourides, and B. F. Gibbs. 1988. The influence of phosphate
metabolism on biosurfactant production by Pseudomona..... uenlgmosa. J. Biotech.
11: 199-210.

Mutsuyama, T., M. Fujita, and 1. Yano. 1985. Wetting agent produced by L"';erruflu
marce.....cen.·i. FEMS Microbiol. Len. 28: 125-129.

Nakae. T .. and H. Nikado 1975. Outer membrane as a diffusion barrier in Sa/monella
l)tp/llmUrlum. Penetration of oligO- and polysaccharides into isolated membrane
vesicles and cells with degraded peptidoglycan layer. J. Biol. Chem. 250: 7359
7365.

Nakae, T. 1976. Outer membrane ofL'a/monel/a. Isolation of protein complex that produces
trans membrane channels. J. Biol. Chem. 251: 2176-2178.



-

122

Nakahara, T.. L. E. Erikson, and J. R. Gutirrez. 1977. Characteristics ofhydrocarbon uptake
in cultures with two liquid phases. Biotechnol. Bioeng. .l.2: 9-25.

National Academy of Sciences. 1985. Qil in the sea- inputs. fates and effects. National
Academy Press, Washington, D.C.

Naylor, T. W., L. A. Brown, and K. A. Powell. 1982. Microbiological investigations of
turbine oil spoilage. Tribology Int. 11: 182-186.

Nicas. T. 1., and R. E. W. Hancock. 1983. Alteration of susceptibility to EDTA, pol)'myxin.
and gentamicin in p.rœudomonus aeruginosa by divaient cation rebJUlation of puter
membrane protein HI. J. Gen. Microbiol. 129: 509-517.

Nieboer, M., J. Kingm~ and B. Witholt. 1993. The alkane oxidation system of
Pseudomonas oleovoran.\·: induction of the alk genes in Ew:heru:hul coli W311 0
(pGEc47) affects membrane biogenesis and results in over-expression of alkane
hydroxylase in a distict cytoplasmic membrane subfraction. Mol. tvt.icrobiol.~: 1039
1051.

Nieboer, M., A. J. Vis, and B. Witholt. 1996. Overproduction ofa foreign membrane protein
in E.....chenchia colt stimulates and depends on phospholipid synthesis. Eur. J.
Biochem. 241: 691-696.

Nikaido, H., and T. Nakae. 1979. The outer membrane of gram-negative bacteria. Ad\-'.
Microbiol. Physiol. 20: 163-230.

Nikaido, H., E. Y. Rosenberg, and J. Foulds. 1983. Porin channels in 1:·.\cherlchuJ coli:
studies with p-Iactams in intact cells. J. Bacteriol. 153: 232-240.

Nikaido, H., and M. Vaara. 1985. Molecular basis of bacterial outer membrane
permeability. Microbiol. Revs. 49: 1-32.

Nikaido, H., and R. E. W. Hancock. 1986. Outer membrane permeability of Pseudomonus
ueruglnosa. In The Bacteria: A Treatise on Structure and Function. X. The Biology
of Pseudomonas. (J. R. Sokatch. ed.). Academie Press, New York. pp. 145-193.

Nozaki_ M. 1970. Metapyrocathechase (Pseudomonas). Methods Enzymol. 17A: 522-525.

Ochsner, U. A., A. K. Koch, A. Fiechter, and J. Reiser. 1994. Isolation and characterization
ofa regulatory gene affecting rhamnolipid biosurfactant synthesis in Pseudomonas
aeruglnosa.1. Bacteriol. 176: 2044-2054.



!

1
..., ....
_.:J

OchsneL U. A., J.Reiser. A. Fiechter. and B. Witholt. 1995. Production of l'seudomonc.J.\
aeroglnosa rhamnolipid biosurfactants in heterologous hosts. Appl. Environ.
Microbiol. Q.l: 3503-3506.

Ochsner, U. A., T. Hembach., and A. Fiechter. 1995. Production of rhamnolipid
biosurfactants. Adv. Biochem. Eng. Biotech. 53: 90-118.

Osborn., M. 1.,1. E. Gander, E. Parisi. and J. Carson. 1972. Mechanism and assembly of the
outer membrane of Salmonella I}p/71munum. Isolation and characterization of
cytoplasmic and outer membrane. J. Biol. Chem. 247: 3962-3972.

Oudot, J.. A. Ambles, S. Bourgeuis, C. Gatel1ier, and N. Sebyera. 1989. Hydrocarbon
infiltration and biodegradation in a land-farming experiment. Environ. Pollul. 59:
17-40.

Patel, K. M., J. D. Desai, and A. J. Desai. 1985. Amino acid production by submerged
cultivarion ofPseudomonasjlu()rescen,· on gasoline. Folia. Microbiol. 30: 420-426.

Pendrys, J. P. 1989. Biodegradation of asphalt cement-2ü by aerobic bacteria. Appt.
Environ. Mictobiol. 55: 1357-1362.

Perly, B., I. C. Smith, and H. C. Jarrell. 1985. Etfects of replacement of a double bond by
a cyclopropane ring in pbosphatidylethanolamine: a 2H NMR study of phase
transitions and molecular organization. Biochemistry. 12: 1055-1063.

Perry. J. J. 1984. Microbial metabolism of cyclic alkanes. In Petroleum Microbiology. (R.
M. Atlas, ed.). Macmillan Publishing Co., New York. pp. 61-98.

Pfaender, f. K., and E. N. Buckley. 1984. Effects ofpetroleum on microbial communities.
ln Petroleum Microbiology. (R. M. Atlas, ed.). Macmillan Publishing Co., Nevv'
York. pp. 507-536.

Pinholt, Y., S. Struwe, and A. Kjoller. 1979. Microbial changes during oil decomposition
in soil. HoIarcl. Ecol. 2: 195-200.

Pinkart H. C., 1. W. Wolfram. R. Rogers, and D. C. White. 1996. Cell envelope changes in
solvent tolerant and solvent sensitive Pseudomonas pUlldu strains follo\\ing
exposure to o..xylene. Appl. Environ. Microbiol. 62: 1129-1132.

Pimik, M. P. 1977. Microbial oxidation of methyl-branched alkanes. Crit. Rev. Microbiol.
~: 413-422.



12-t

Plésiat. P. and H. Nikaido. 1992. Outer membranes ofGrarn-negative bacteria are penneable
to steroid probes. Mol. Microbiol. Q: 1323-1333.

Poole. K.. and R. E. W. Hancock. 1984. Phosphate transport in PseudomonlJ....· aerugrnostJ.

Eur. J. Biochem. 144: 607-612.

Rehm~ H. J.~ and 1. Reiff 1981. Mechanisms and occurrence of microbial oxidation of long
chain alkanes. Adv. Biochem. Eng. .l.2: 173-215.

Robert, M., M. E. Mercade, M. P. Bosch, J. L. Parra. M. 1. Espuny, M. A. Manresa, and J.
Guinea. 1989. Etfect of the carbon source on biosurfactant production by
P.....eudomona.\ aerugrnosa 447. Biotechnol. Len.li: 871-874.

Rontani,1. F., F. Bosser-JouIak, E. Rambeloarisoa. J. C. Bertrand~ G. Giusti, and R. Faure.
1985. AnalyticaJ study of Asthart crude oil asphaltenes biodegradation.
Chemosphere. 1.4: 1413-1422.

Rose, A. H. 1989. Influence of the environment on microbial Iipid composition. In
Microbial Lipids. Vol. 2. (Ratledge, C., and S. G. Wilkinson~ eds.). Academie Press~

Ltd., London. pp. 225-278.

Rosenber~ M., D. Gutnick.. and F. Rosenberg. 1980. Adherence ofbacteria to hydrocarbons:
a simple method for measuring cell surface hydrophobicity. FEMS Microbiol. Len.
2: 29-33.

Rosenberg, M., and E. Rosenberg. 1981. Role of adherence in growth of Acrne(ohaCfer

Cll/co(.Jcellcus RAG- J on hexadecane. J. Bacteriol. 148: 51-57.

Rottem, 5., M. Hasin., and S. Razin. 1975. The outer membrane of Pro/eus mrrahl/is. II. The
extractable lipid fraction and electron-paramagnetic resonance analysis of the outer
and cyloplasmic membranes. Biochim. Biophys. Acta. 375: 395-405.

Rueter, P., R. Rabus, H. Wilkes, F. Aeckersberg, F. A. Ramey, H. W. Jannnasch, and F.
Widdel. 1994. Anaerobic oxidation of hydrocarbons in crude oil by new types of
sulphate -reduc1ng bacteria. Nature. 1:372: 455-458.

Russel, N. J. 1988. Environmentally-induced changes in lipid composition and membrane
function. In Homeostatic Mechanisms in Microorganisms. (Whittenbury, R., G. W.
Gould.. J. G. Banks, and R. G. Boar~ eds.). Bath University Press, UK. pp. 130
145.



125

Sanseverino, J. S.M. Applegate. J M. Henry King, and G. S. Slayer. 1993. Plasmid
mediated mineralization of naphthalene. phenanthrene, and anthracene. Appl.
Environ MicrobioL 59: J931-1937.

Schaeffer, T. L., S. G. CantwelL J. L. Brown, D, S. Watt, and R. R. Fall. 1979. Microbial
growth on hydrocarbons: tenninal branching inhibits biodegradation. Appl. Environ
Microbiol. 38: 715-722.

Schaeffer. W. I. And W. Umbreit. 1963. J. BacterioL 85: 492-493.

Schink. B. 1989. Anaerober abbau von kohlen wasserstoffen. Erdol. Kohle. Erdgas. 42: 116
118.

Shaw, N. 1970. Bacterial glycolipids. Bacteriol. Revs. 34: 365-377.

Shaw, N. 1974. Lipid composition as a guide ta the classification ofbacteria. Adv. Appl.
Microbiol. 11: 63-108.

Siehnel, R., N. L. Martin, and R. E. W. Hancock. 1990. In Pseudomonas:
Biotransfonnations.. Pathogenesis, and evolving Biotechnology. (S. Silver. ed.).
American Society for Microbiology, Washington. D. C. pp. 328-342.

Sikkema, J., 1. A. M. deBont, and B. Poolman. 1995. Mechanisms of membrane toxicity of
hydrocarbons. Microbiol. Revs. 59: 201-222.

Sikkema, J., F. J Weber, H. J. Heipieper, and J A. M. deBont. 1994. Cellular toxicity of
lipophilic compounds: mechanisms, impl ications, and adaptations. Biocatalysis. lQ:
113-122.

SiIbert, D. F. 1978. Genetie modification of membrane lipid. Annu. Rev. Biochem. 44: 315
339.

Sinensky, M. 1972. Temperature control of phospholipid biosynthesis in l":"cheru:hul colr.
J. BacterioL 106: 449-455.

Sinensky, M. 1974. Homeoviseous adaptation- a homeostatic proeess that regulates the
viscosity of membrane Iipids in Escher/chia colt. Proe. NatL Acad. Sei. USA. Il:
522-525.

Singer, M. E., and W. R. Finnerty. 1984. Microbial metabolism of straight chain alkanes. In
Petroleum Microbiology. (R. M. Atlas, ed.). Macmillan Publishing Co., Ne\\' York.
pp. 1-60.



...
.(

126

Sinha. D. B.. and W. L. Gaby. 1964. Structural composition of apolar hpid-amino acid
complex in Pseudomona.\" aeruglnosa. 1. Biol. Chem. 239: 3668-3673.

Smith. M. R. 1990. The biodegradation of aromatic hydrocarbons by bacteria. Biodegrad.
1: 191-206.

Song, H. G., and R. Bartha. 1990. Effects ofjet fuel spills on the microbial community of
sail. Appl. Environ. Microbiol. 56: 646-651.

Sparace., S. A.., and J. B. Mudd. 1982. Phosphatidylglycerol synthesis in spinach
chloroplasts: charaeterization of the newly synthesized molecule. Plant Physiol. 70:
1260-1264.

Song, H. G., X. Wang, and R. Bartha. 1990. Bioremediation potential of terrestrial fuel
spills. Appl. Environ. Microbiol. 56: 652-656.

Swannell, R. P. J., K. Lee, and M. McDonagh. 1996. Field evaluations of marine ail spill
bioremediation. MicrobioI. Revs. 60: 342-365.

Syldatk, C., S. Lang; and f. Wagner. 1985. Chemical and physical characterization of 4
interfacial-active rhamnolipids from Pseudomonas sp. DSM 2874 grOV/Tl on n
alkane. Z. Naturforsch. 40C: 51-60.

Tarn, H. M., and K. P. Fong. 1993. Molecular analysis of the pIasmid-bome hed gene c1uster
from P:'ieudomonas putida ML2 and cloning of the cis-benzene dihydrodiol
dehydrogenase gene. Cano J. Micro. 39: 357-362.

Takizawa, N., N. Kaida, and S. Torigoe. 1994. Identification and characterization of genes
encoding polycyclic aromatic hydrocarbon dioxygenase and polycyclic aromatic
hydrocarbon dihydrodiol dehydrogenase in P. pUlida OUS82. 1. Bacteriol. 176:
2444-2449.

Taylor, F. R., and J. E. Cronan, Jr. 1979. Cyclopropane fatty acid synthetase of f:·. colt.
Stabilization, purification, and interaction \Vith phospholipid vesicles. Biochemistry
~: 3292-3300.

Teh, J. S.~ and K. H. Lee. 1974. Effects of n-alkanes on Cladosporlum res/nae. Cano J.
Microbiol. 20: 971-976.

Tsuba~ T., T. Tezuka, and R. Kurane. 1997. Change of cell membrane hydrophobicity in
a bacterium tolerant to toxic alcohols. Cano 1. Microbiol. 43: 295-299.



.=.. 127

Tsuda M.. and M. lino. 1987. Genetic analysis of a transposon carrying toluene degrading
genes on a TOL plasmid pWWO. Mol. Gen. Genet. 210: 270-276.

Vaczi. L. ]973. Classification and the main biological role of bacterial lipids. In The
Biological Role of Bacterial Lipids. (L. Géder, trans.). Akadémiai Kiado. Budapest.

van Beilen. J. 8.~ M. G. Wubbolts. and B. Witholt. lQ94. Genetics ofalkane oxidation in
P.'tieudomonas o/eovnrans. Biodegrad. ~: 161-174.

van Beilen. J. B.~ M. G. Wubbolts. Q. Chen. M. Nieboer~ and B. Witholt. 1996. In Molecular
biology of Pseudomonad,·. Chpt. 4. (T. Nakazawa.. K. Furukav.:a.. D. Haas. and S.
Silver. eds.) ASM Press. Washington. D. C.. p 35-47.

van der Meer. J. R.• J. B. Zehnder. and W. M. de Vos. 1992. Molecular mechanisms of
genetic adaptation to xenobiotic compounds. Microbiol. Revs. 56: 677-694.

Vandenneulen, J. H. 1981. Contamination of marine population by hydrocarbons. In Amu:o
Cade: Fate and EtTects of the Oil Spill. Centre National pour I"Exploration des
Oceans, Paris. pp. 363-377.

Velankar. S. K.~ S. M. Samet!. S. W. Houston. and A. R. Thompson. ]975. Microbial
growth on hydrocarbons- sorne experimental results. Biotechnol. Bioeng. 11: 241
251.

Verstraete, W" R. Vanloocke. R. DeBorgen. and A. Verlinde. 1976. Modelling of the
breakdown and the mobilization of hydrocarbons in unsaturated soil layers. In
Proceedings of the 3rd International Biodegradation Symposium. (Sharpley. J. M..
and A. M Kaplan. eds.). Applied Science Publishers. London. pp. 99-1 11.

Villemur, R. 1995. Coenzyme A ligases involved in anaerobic biodegradation of aromatic
compounds (Review). Cano J. Microbiol. il: 855-861.

Walker. J. D., R. R. Colwel1~ and L. Petrakis. 1975. Microbial petroleum biodebrradation:
application ofcomputerized mass spectrophotometry. Cano J. Microbiol. 21: 1760
1767.

Walker. J. D.. R. R. Colweil. and L. Petrakis. 1976a. Biodegradation rates of componenets
of petroleum. Cano 1. Microbiol. 21: 1209-1113.

Walker, J. D., L. Petrakis, and R. R. Colwell. 1976b. Comparison of the biodegradability of
crude and fuel oits. Cano 1. Microbiol. 21: 598-602.



..
!

118

Wang.. A. Y.~ O. W. Grogan. and.L E. Cronan. .Ir. 1991. Cyclopropane fany acid synthetase
of F. coli: deduced amino acid sequence~ purification, and studies of the enzyme
active site. Biochemistry. 31: 11020-11018.

Wang., A. Y., and J. E. Cronan. Jr. 1994. The growth phase-dependant synthesis of
cyclopropane fany acids in f.:..cherlchu.J coli is the result ofan RpoS( katF )-dependant
promoter plus enzyme stability. Molec. Microbiol. li: 1009-1017.

Ward, O. M., and T. D. Srock. 1976. Environmental factors influencing the rate of
hydrocarbon oxidation in temperate lakes. Appl. Microbiol. 31: 764-771.

Ward., O. M., and T. O. Brock. 1978. Anaerobie metabolism of hexadecane in marine
sediments. Geomicrobiol. J. 1: 1-9.

Watkinson, R. J., and P. Morgan. 1990. Physiology of aliphatic hydrocarbon-degrading
microorganisms. Biodegrad. 1: 79-92.

Watts, T. H., C. M. Kay~ and W. Paranchych. 1983. Spectral properties ofthree quatemary
arrangements of Pseudomonas pU/lda. Biochemistry. 12: 3640-3646.

Weber, F. J.. S. Isken. and J. A. deBont. 1994. ('IS Irans isomerization of fany acids as a
defence mechanism of PseUdOnlfJnaS pUlida strains to toxic concentrations of
toluene. Microbiology 140: 10 t3-10 17.

Whvte, L. G., C. W. Greer. and W. E. Inniss. 1996. Assessment of the biodegradation
~. -

potential of psychotrophic microorganisms. Cano J. Microbiol. 41: 99-106.

Wilkinson, S. 1971. Composition and structure of the omithine-containing lipid from
Pseudomonas ruhescens. Biochim. Biophys. Acta. 170: 1-17.

Winstanley, C., S. C. Taylor, and P. A. Williams. 1987. pWW174: a large plasmid from
AClnelohaclor calcoacelicus encoding benzene catabolism by the J}-ketoadipate
pathway. Molec. Micro. 1: 119-227.

Witholt, B., M. J. de Smet, J. Kingma.. J. B. van Beilen, M. Kok~ R.G Lageveen. and G.
Eggink. 1990. Bioconversions ofaliphatic components by Pseudomona.\· o/eovoran.-.
in multiphase bioreactors: background and economic potentiaL Trends Biotechnol.
~: 46-51.

Wodzinski, R. S.~ and D. Bertolini. 1972. Physical state in which naphthalene and bibenzyl
are utilized by bacteria. AppL Microbiol. 13: 1077-1081.



129

Wodzinski. R. S.. and J. E. Coy]e. 1974. Physical state of phenanthrene for utilization by
bacteria. Appl. Microbiol. 27: 1081-10&4.

Woodruf( W. A.. T. R. Parr, R. E. W. Hancock~ L. Hanne. T. 1. Nicas. and B. [gle\vski.
1986. Expression in f:scherlchia coli and function of porin protein F of
P.\·eudomonas aenlglno.\·a. 1. Bacteriol. 167: 473-479.

Woodruff~W. A.. and R. E. W. Hancock 1989. Pseudomonas aeruginosa outer membrane
protein F: structural raie and relationship to the I:·schencllfa colt OmpA protein. J.
Bacteriol. 171: 3304-3309.

Yeh~ W. K.~ D. T. Gibson. and Te-Ning Liu. 1977. Toluene dioxygenase: a multicomponent
enzyme system. Biochem. Biophys. Res. Commun. 78: 410-410.

Yoshida, F., and T. Yamane. 1971. Hydrocarbon uptake by microorganisms: a
supplementary study. Biotechnol. Bioeng. 13: 691-695.

Yoshimura., F., and H. Nikaido. 1982. Penneability of Pseudomonas aenl?,lnosu outer
membrane to hydrophilic solutes. 1. Bacteriol. ]52: 636-642.

Yoshira., E.. and T. Nakae. 1989. Identification of porins in the outer membrane of
Pseudomflnas aenlglnosa that fonn small diffusion pores. J. Biol. Chem. 264:
6297-6301.

YOLL 1. 5., D. Ghosal, and r. C. Gunsalus. 1988. Nucleotide sequence of plasmid NAH7 gene
nahR and DNA binding of the na!7R product. 1. Bacteriol. 170: 5409-5415.

Zajic. J. E.. and A. Y. Mahomedv. 1984. Biosurfactants: intennediates in the biosvnthesis- ,

of amphipathic molecules in microbes. In Petroleum Microbiology (R. M. Atlas.
(Ed. )). Macmillan publishing Co., New York. pp. 221-297.

Zajic, J. E., and W. SefTens. 1984. Biosurfaetants. CRe. Crit. Rev. Biotechnol.l: 87-107.

Zeyer. J., E. P. Kuhn, and R. P. Scwarzenbach. 1986. Rapid microbial mineralization of
toluene and 1J-dimethylbenzene in the absence ofmolecular oxygen. Appl. Environ.
Microbiol. 52: 944-947.

Zeyer, 1., P. Eicher, J. Dolfing, and R. P. Scwarzenbach. 1990. Anaerobie degradation of
aromatic compounds. In Biotechnology and Biodegradation. (Kamely, D., A.
Chakrabarty, and G. Omenn, eds.). GulfPublishing Co., Houston. pp. 33-40.



-

130

lhang, Y., and R. M. Miller. 1992. Enhanced octadecane dispersion and blodegradatlon by
a Pseudomona.... rhamnolipld surtactant (biosurfactant). Appl. Environ. Microbiol.
58: 3276-3282.

Zhou, E., and R. L. Crawford. 1995. EtTects of oxygen, nitrogen~ and temperature on
easoline blodelITadation in soil. Biodel!Tad. 6: 117-140.
~..... .... -

Zobell, C. E. 1969. Microbial modification of crude oil in the sea. In Proceedings of Joint
Conference on Prevention and Control ofail Spills. American Petroleum Institute.
Washington., D. C. pp. 317-326.



T IMAGE EVALUATION
EST TARGET (QA-3)

10 ~ 12.8 12.5. ~ - ~

IIIII~~ ~ Ijji ~" 2.2
L.~ ====

1.1 ~ ~ 11111

2
.
0

'-01-':

""11.8

111111.25 111111.4 111111.6

-~
1

- 6"
_____--J

- 150mm ----J.1
~

-
J
1

'---

APPLIED .:: II\MGE 1_ . ne
~ 1653 East Main Street
~ Rochester, NY 14609 USA

-..::::::: Phone: 7161482-0300
_ Fax: 7161288-5989

C 1993. AppIied Image. lne.. Ali RlgtIlS Reserved


