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The uptake of n-alkanes from alkane mixtures during growth
of the hydrocarbon-utilizing fungus Cladosporium resinae
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Summary. Cladosporium resinae growing on al-
kane mixtures removed n-alkanes sequentially in
order of increasing molecular weight, each at
about the same rate as during growth on it as sin-
gle alkane. This sequence is not in order of the
ability of each alkane to support growth. No al-
kane-specific extracellular solubilizing agent able
to affect the order o metabolism could be detected
during the growth of C. resinae on mixed n-al-
kanes, but supplementing the medium with phos-
pholipids like those produced during growth on
specific alkanes increased the rate or removal of
the respective alkanes. Kinetic analysis indicated
that the uptake of dodecane, hexadecane and oc-
tadecane from a mixture could be by a common
mechanism, the order being determined, through
competition, by the affinity of the system for each
alkane.

Introduction

Blocking of fuel-line filters due to microbial con-
tamination, and the resulting restriction of fuel
supply causes operational problems in ships pow-
ered by gas-turbines (Neihof et al. 1981). To
maintain ballast such ships displace the diesel
fuel with seawater. An elaborate coalescer-filtra-
tion system is needed to remove traces of corro-
sive salt water from the fuel before it reaches the
engines. Hydrocarbon-utilizing organisms prolif-
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erate in the resultant biphasic mixtures of
fuel + seawater in fuel tanks and on filters. Bio-
mass dispersed in the fuel becomes entrapped in
the filters thus shortening their effective life. Bio-
cide development has not yet found a suitable
compound. Evidently much more information is
needed about the growth on hydrocarbons of ma-
jor fuel-contaminating fungi.

Marine diesel fuel is a complex mixture of hy-
drocarbons whose exact composition depends on
the origin of the parent crude oil. However, it is
generally considered to be the saturated aliphatic
fraction, particularly n-alkanes (C,o_50), which
support microbial growth (Cofone et al. 1973;
Lindley and Heydeman 1985a). Although the
growth of micro-organisms on single hydrocar-
bons has been much studied, little is known about
their growth on mixed hydrocarbon substrates.
Alkane mixtures, being a relatively cheap and
plentiful product of ‘cracking’, have been investi-
gated as potential substrates for protein produc-
tion, but most of this work relates to the effect of
dispersion and droplet size on growth rates (Ein-
sele et al. 1975; Miura et al. 1977; Képpeli and
Fiechter 1980). The physiology of the cultures
with respect to preferred utilization of substrates
has been neglected although clearly of impor-
tance for a number of biotechnological applica-
tions. Goma et al. (1973a) reported that the yeast
Yarrowia lipolytica initiated removal of alkanes
from a mixture in order of increasing molecular
weight, attributing this to the sequential produc-
tion of extracellular solubilizing agents (Goma et
al. 1973b) essential for alkane uptake. However,
this finding has not been substantiated with other
species, many of which rely upon direct contact
with hydrocarbons rather than solubilization into
the aqueous phase. For this reason the growth in
the presence of multiple hydrocarbon substrates of
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Cladosporium resinae, a fungus isolated from fuel
tanks, was examined; the results are presented
here.

Materials and methods

Organism and cultivation. The strain of C. resinae (ATC
52833) used in this study was isolated from a contaminated
fuel tank sample and identified by conventional taxonomic
methods. Growth was in shaken or static flasks at 30° C using
the mineral medium of Turner et al. (1980). Hydrocarbons (2%
w/V) either as single substrates or as mixtures (final total con-
centration 2%) were used as sole source of carbon. Homogene-
ous cell suspensions were grown for whole cell physiological
experiments using the same medium in a vortex-mixed fer-
menter which prevented mycelial ‘clumping’, a common oc-
currence in flask cultures.

Growth rate determinations. Growth rates were assessed by a
spectrophotometric method the validity of which was checked
by periodic dry weight determinations.

Hydrocarbon analysis. Uniform sampling of single shaken or
static flasks was not reliable so multiple flasks were prepared
in an identical manner and whole flasks taken for each data
point. Culture fluid was filtered through membranes of
(.45 um pore size. Alkanes adhering to the biomass were
washed off in situ with 10 ml acetone per 25 ml culture. The
combined filtrates plus 0.05 ml Tween 80 were converted to an
emulsion by ultrasonic disruption and analysed by vapour
phase chromatography. Amounts of alkanes within the range
Ci2-15 were assessed using a Porapak PS column (1 m long,
0.4 cm internal diameter) with an oven temperature of 220°C
and flame ionization detector. Peak height measurements were
a sufficiently accurate method of estimating the concentration
of each alkane.

Identification of extracellular products. The lipid fraction of the
culture filtrate was extracted with chloroform + methanol (2:1
v/v) and concentrated by rotary evaporation. Products were
separated by two dimensional TLC (Minnikin et al. 1979) and
identified by co-chromatography with known standards.

Alkane uptake assay. Alkane emulsions were prepared by ul-
trasonic treatment of ["“C]dodecane, ['“Clhexadecane or

1501

€

=

(=]

£ |

5100-

=4

o

[

=

=}

§ 50

b4

Z

5

< J
0 50 100 160

TIME {days)

Fig. 1. Removal of n-alkanes from a mixture during growth of
Cladosporium resinae O, dodecane; @, tridecane; O, tetrade-
cane; M, pentadecane; A, hexadecane; A, octadecane

['“Cloctadecane in citrate-phosphate buffer (100 mM, pH 5.5).
Cells were harvested by centrifugation, washed twice and re-
suspended in the same buffer to a final concentration of ap-
proximately 1 mg protein ml~'. This cell suspension (2.5 ml)
was pre-incubated at 30°C for 15 min before addition of the
alkane emulsion (2.5 ml). The mixture was agitated by mag-
netic stirring bar at 500 rpm. Samples (0.5 ml) were removed at
intervals, vacuum-filtered through glassfibre discs and washed
three times in situ with ice-cold hexane to remove all superfi-
cial alkane adhering to the cells. The radioactivity remaining
within the cells was then assessed by scintillation counting as
previously described (Lindley and Heydeman 1983). Specific
uptake rates were related to the protein concentration esti-
mated by the Lowry technique using bovine plasma albumin
as standard.

Results and discussion

C. resinae growing on alkane mixtures (Ci,_ig)
started to remove alkanes in a sequence similar to
that reported for Y. lipolytica (Goma et al. 1973a),
i.e. in order of increasing molecular size (Fig. 1).
This sequence was common to all fungal species
isolated from fuel tanks (results not shown, see
Lindley 1984) and appears to contradict Walker et
al. (1975) who reported no characteristic order of
metabolism common to fungi. In no instance were
the smaller alkanes, whose removal began first,
capable of supporting either the most rapid
growth, or the highest biomass yields, so the ob-
served sequence cannot be viewed as analogous
to classical diauxie. The sequence correlated with
extended lag phases of C. resinae on larger al-
kanes (Lindley and Heydeman 1985a) suggesting
that some modification of the cell structure, bio-
chemistry or environment was essential before
successful exploitation of specific alkanes could
occur.

Exponential increases in biomass were not fa-
cilitated by increased removal of a specific al-
kane, rather by initiation of uptake of other al-
kanes. The rates of removal of individual alkanes
were proportional to but lower than those ob-
served during growth on single alkanes (Fig. 2).

During growth the aqueous phase became
brown and more readily formed emulsions with
alkanes, but this surfactant activity appeared to be
non-specific throughout growth with, for exam-
ple, no enhancement of emulsion stability for any
alkane during the period of its utilization. No evi-
dence was found for such specific alkane solubili-
zation as was reported for Y. lipolytica (Goma et
al. 1973b).

During growth on both glucose and alkanes,
C. resinae produced extracellular fatty acids and
phospholipids. Our studies showed similar prod-
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Fig. 2. Relative removal rates of alkanes by Cladosporium resi-
nae grown on individual alkanes (O) and alkane mixtures
(®). The rates quoted are relative rates and are compared to
the rate at which dodecane was removed

ucts to those described before (Siporin and
Cooney 1975), phosphatidylcholine and dodeca-
noic acid being the major products. The hydrocar-
bon components of such extracellular products
differ from those of cellular lipids (Kan and
Cooney, 1975), reflecting the size of the alkane
substrate (Siporin and Cooney 1975). Two phos-
phatidylcholines (bis-dodecanoyl and bis-hexade-
canoyl) did not affect the sequence of alkane re-
moval from mixtures, although the rates at which
specific alkanes were removed was affected (Fig.
3). Removal of dodecane was stimulated by bis-
dodecanoyl-substituted lecithin whilst addition of
bis-hexadecanoyl-substituted lecithin produced
faster rates of removal of larger alkanes, espe-
cially hexadecane. Addition of dodecanoic acid to
cultures did not effect either the sequence or the
rate at which alkanes were removed.

Changes in the chemical nature of the culture
filtrate which take place during growth of C. resi-
nae on hydrocarbons thus increase the efficiency
with which this fungus can utilise each alkane,
but such changes are not a sufficient explanation
of the observed sequence of alkane removal.

Pregrowth of the inoculum on hexadecane did
not alter the removal sequence, although growth
on the longer alkanes began sooner than in con-
trol flasks inoculated with glucose-grown cells.
Any necessary modifications to the physiology of
the cells allowing uptake and utilization of the
longer alkanes thus does not prevent preferential
removal of the shorter alkanes. As neither

changes in the cell nor changes in extracellular
surfactant production can satisfactorily explain
the order of metabolism, the possibility that the
preference resulted from the characteristics of the
uptake system was investigated.

Uptake has been characterized as a rapid satu-
ration of the outer cell surface (Kéippeli and
Fiechter 1976; Miura et al. 1977; Kippeli and
Fiechter 1981) followed by a non-passive move-
ment of alkane into the cell (Kippeli and Fiech-
ter, 1981; Lindley and Heydeman 1985b). Kinetic
constants were assigned to the uptake of three n-
alkanes by C. resinae using ["*C]-labelled uptake
techniques (Fig. 4): dodecane (K,,=1.0mM,
Vax=12.2 nmol min~! mg protein~'), hexade-
cane (Kp,=4.6 mM, V..=13.6 nmol min~! mg
protein~!) and octadecane (K,=9.9 mM,
Vemax=13.7 nmol min ' mg protein—"). These fig-
ures obtained by double reciprocal plots of up-
take rates against substrate concentration were
confirmed by statistical methods of analysis (Ei-
senthal and Cornish-Bowden 1974; Wilkinson
1961). The similarity of the theoretical maximum
rates suggests a common mechanism of alkane
uptake, the affinity of which favours uptake of
shorter alkanes. The change in affinity constants
was in close agreement with the culture time be-
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Fig. 3. Effect of phosphatidylcholines on the removal of al-
kanes from a mixture by C. resinae. O, no addition to me-
dium; 0O, bis-dodecanoyl-phosphatidylcholine (3mg in
50 ml), M, bis-hexadecanoyl-phosphatidylcholine (3 mg in
50 ml)
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Fig. 4. Double reciprocal plots of alkane uptake rates as a
function of substrate concentration for C. resinae. O, dode-
cane; @, hexadecane; O, octadecane. Rates of uptake were
calculated as nmol min ' mg protein~' and substrate concen-
trations were in mM

fore initiation of each alkane’s removal from mix-
tures. This kinetic analysis suggestive of competi-
tion between alkanes at a common site provides a
likely explanation for sequential removal of al-
kanes from mixtures.

The effect of dodecane upon the uptake of
hexadecane was further investigated to character-
ize the interrelationship between potentially com-
peting substrates. Less hexadecane was taken up
by cells in the presence of dodecane (Fig. 5). As
the concentration of hexadecane was insufficient
to saturate the assay system, the effect of dode-
cane was not one of dilution, but rather of fa-
voured uptake. When a fixed quantity of dode-
cane was added to various concentrations of hex-
adecane, the V., value remained unaltered
whilst the affinity constant (K,,) changed (4.6 mM
for hexadecane; 9.1 mM for hexadecane + 2 mM
dodecane) (Fig. 6). Thus a second alkane in-
fluences uptake of an alkane as if it were a com-
petitive inhibitor.

Such findings clarify the explanation of se-
quential initiation of alkane removal from mix-
tures by C. resinae since the uptake of shorter al-
kanes is competitively favoured by the uptake
mechanism. Since the K, values approximately
double for each additional C,H, extension, it
might be predicted that alkanes of larger molecu-
lar weight than those found in diesel fuel (e.g.
C,2Hyg) would be unlikely, because of transport
problems, to support significant growth. The bio-
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Fig. 5. Effect of various concentrations of dodecane on hexa-
decane uptake by Cladosporium resinae. In all assays the con-
centration of hexadecane was 2 mM

chemical basis of this affinity phenomenon re-
mains obscure but cannot be explained by spe-
cific chemical modification of either the cell sur-
face or the aqueous phase environment. A more
likely explanation would be the chemical nature
of the substrate, whose molecular fluidity de-
creases with increasing chain length making pene-
tration of lipid membranes subject to physical
limitations.
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Fig. 6. Double reciprocal plot of hexadecane uptake by C. re-
sinae and the competitive influence of dodecane. O, hexade-
cane; @, hexadecane + 2 mM dodecane
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