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FIG. 2. TEM micrographs of Rhodococcus sp. strain Q15 cells obtained during growth on glucose-acetate or diesel fuel at 5°C. (A) Strain Q15 grown on
glucose-acetate and fixed in the presence of ruthenium red. The organism occurred as single cells which were surrounded by EPS consisting of a delicate web of fibers
consistent with bacterial capsular material. (B) Floc phase cells of strain Q15 grown on diesel fuel and fixed in the presence of ruthenium red. In thin sections, finely
contrasted clusters of EPS material surrounded cells within the flocs. The arrow indicates an intracellular inclusion. Bars = 500 nm.

to ~40 mN/m during growth on diesel fuel at 5°C (Fig. 1).
Following separation of diesel fuel-grown cells from the cul-
ture supernatant, the biosurfactant activity was present in cell
pellets resuspended in fresh MSM but not in the cell-free
supernatant, indicating that the biosurfactant remained asso-
ciated with the cell envelope and was not excreted into the
medium. As in diesel fuel-grown cells, biosurfactant activity
was observed in cells grown on hexadecane at 5°C; this activity
also was present in the resuspended cell pellet (data not
shown). Similar results were obtained at 24°C, at which the
surface tension was ~36 mN/m in hexadecane- and diesel
fuel-grown cells but remained at 70 mN/m in glucose-acetate-
grown cells. Determining cellular growth by measuring the
ODy, proved to be difficult when strain Q15 was grown with
either hexadecane or diesel fuel as the carbon and energy
source due to the formation of large, adhesive cellular flocs
with low buoyant densities. However, in the case of diesel
fuel-grown cells, reproducible results could be obtained by
covering the cuvette with Parafilm, inverting the cuvette five
times, and then immediately determining the OD,.

The relative cell surface hydrophobicity of strain Q15 grown
at 5°C, as measured by the MATH test, was greater in pelleted
cells following growth on diesel fuel (41.1% * 5.5% [mean =
standard deviation]) and hexadecane (20.8% = 6.5%) than in
cells grown on glucose-acetate (9.3% = 1.7%). Similar results
were obtained for cells grown at 24°C.

TEM and SEM analyses of Rhodococcus sp. strain Q15.
Strain Q15 grew as freely suspended cells in glucose-acetate
medium. Cells fixed in the presence of ruthenium red were
surrounded by a delicate web of fibers (Fig. 2A). This finely
contrasted zone of capsular material was very extensive but did
not cause the cells to adhere to each other. Floc phase cells of
strain Q15 grown on diesel fuel were also fixed in the presence
of ruthenium red. Because the floc material was difficult to

collect by centrifugation, the flocs were gently deposited on a
thin layer of Noble agar in a small glass petri dish, covered with
another thin layer of agar, and then exposed to glutaraldehyde
containing ruthenium red. In thin sections, finely contrasted
clusters of EPS were found surrounding and connecting many
cells which were clumped together within the floc (Fig. 2B).
Large, spherical, electron-transparent inclusions were present
in the diesel fuel-grown cells (Fig. 2B) but not in glucose-
acetate-grown cells. Some inclusions contained electron-dense
material, as shown in Fig. 2B. The inclusions were not mem-

FIG. 3. SEM micrograph of Rhodococcus sp. strain Q15, showing groups of
cells colonizing the surface of an octacosane crystal during growth at 5°C. Strands
and fibers (fingerlike projections) of EPS were observed on the cell surface
between cells and between cells and the surface of the octacosane crystal.

1sanb Aq 6T0OZ ‘GT Jequwaldas uo /Bio°wse wak//:dny wolj papeojumod



2964

WHYTE ET AL.

APPL. ENVIRON. MICROBIOL.

FIG. 4. CSLM of Rhodococcus sp. strain Q15 cells grown on diesel fuel at 5°C. (A) Three-dimensional projections presented as a stereo pair showing a z series
through an SYTO 9-stained strain Q15 biofilm grown on diesel fuel as the sole C source. Note the basal layer of attached cells on the slide surface and the microdroplets
of diesel fuel surrounded by cells of strain Q15. (B) Series of xz optical sections through the diesel fuel microdroplets shown in panel A. The upper surface was a glass
coverslip overlying a well slide. The cells grown on diesel fuel were transferred to the well slide and covered with a glass coverslip, and microdroplets were observed
after they rose to contact the upper glass surface. The cells were maintained at 5°C, and no fixation or immobilization of the droplets was performed.

brane bound. The cell envelope profiles were the same in
glucose-acetate- and diesel fuel-grown cells.

Strain Q15 cells grown on octacosane at 5°C were observed
by SEM on the surfaces of and adhering to octacosane crystals
(Fig. 3). Similar observations of Q15 cells on the surfaces of
octacosane crystals were made by CSLM (data not shown).
EPS was visible by SEM as strands and fibers between cells and
clumps on the surfaces of the cells.

CSLM analysis of Rhodococcus sp. strain Q15. CSLM allows
direct in situ observation of fully hydrated, intact samples, such
as biofilms, which avoids the problems associated with dehy-
dration artifacts during TEM and SEM preparation and anal-
ysis. We observed that 5°C strain Q15 cells completely sur-
rounded and adhered to the surfaces of diesel fuel
microdroplets which were ~10 to 16 wm in diameter (Fig. 4A).
xz optical sectioning through a diesel fuel microdroplet showed
that strain Q15 cells were not inside the diesel fuel microdrop-
lets (Fig. 4B). At 24°C, diesel fuel microdroplets were not ob-
served.

A CSLM analysis performed with fluor-conjugated lectins

was used to characterize the EPS present in biological matri-
ces, such as biofilms and cell surfaces (48). Lectins are plant-
and animal-derived proteins which bind to glycoconjugate res-
idues (glycolipids, glycoproteins, and polysaccharides) with high
levels of specificity, which allows characterization of their
chemical nature and physical distribution in biological matri-
ces. In the present study, CSLM image analysis revealed that
the five lectins used bound, to different extents to the exterior
surfaces of strain Q15 cells depending on both the growth
temperature and the carbon source (Table 1). For example, the
lectins from C. ensiformis and T. purpureas bound to cells dur-
ing growth on diesel fuel at 5°C (Fig. 5). At 5°C, the EPS sur-
rounding diesel fuel-grown cells contained a mixture of glyco-
conjugates that may have included fucose, glucose, mannose,
(GluNAc),, and B-p-Gal-(1-3)-D-GlcNAc, as well as perhaps
GlcNAc and NeuNAc (Table 1). These observations indicated
that the chemical composition of the EPS in the biofilm matrix
was complex. Interestingly, B-p-Gal-(1-3)-D-GlcNAc, and (to a
lesser extent) fucose, appeared only on the surfaces of cells
grown on diesel fuel at 5°C, suggesting that formation of these

TABLE 1. Effects of carbon source (glucose-acetate or diesel fuel) and temperature (5 or 24°C) on lectin binding to cells
and exopolymer of Rhodococcus sp. strain Q15

Lectin-fluor Glycoconjugate(s)

Growth at 5°C on:

Growth at 24°C on:

. a
conjugate Glucose-acetate

Diesel fuel Glucose-acetate Diesel fuel

Arachis hypogaea-TRITC B-Gal(1->3)-GalNAc No binding

Canavalia ensiformis A-FITC a-Glucose, a-mannose

binding

Tetragonolobus purpureas- a-L-Fucose
TRITC

Triticum vulgaris-TRITC

binding
Very weak cell
surface binding
No binding

(GleNAc),, NeuNAc

Ulex europeaus-TRITC a-L-Fucose, (GIcNAc),

Weak cell surface

Weak cell surface

Binding to cell surface
and surfaces of diesel
fuel microdroplets

Binding to cell surface

No binding No binding

Strong binding to Strong binding to

and surfaces of diesel exopolymer exopolymer
fuel microdroplets
Binding to cell surface Weak cell surface No binding
binding
Weak binding to cells Weak binding to cells ~ Weak cell surface
and exopolymer and exopolymer binding
Binding to cell surface Strong binding to No binding

exopolymer

¢ TRITC, tetramethyl rhodamine isothiocyanate; FITC, fluorescein isothiocyanate.
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compounds may have been an adaptive response to low-tem-
perature growth on this substrate. In contrast to the results
obtained after growth on diesel fuel at 5°C, none of the five
lectins bound to cells grown on glucose-acetate (Table 1) at
5°C, although some of them did bind strongly to Q15 EPS at
24°C. It was also apparent that there was extensive production
of EPS that was not bound to cells at 24°C, particularly EPS
binding the C. ensiformis lectin.

Analysis of cell membrane fatty acid composition in Rhodo-
coccus sp. strain Q15. Rhodococcus sp. strain Q15 cells were
grown on MSM supplemented with either glucose-acetate, die-
sel fuel, or hexadecane at 5 or 24°C to determine changes in
the fatty acid composition of the readily extractable lipids in
response to both changes in temperature and different carbon
sources. Overall, the acyl chain lengths of the observed fatty
acids ranged from C,, to C,q; C,4 and C,g fatty acids were
generally the most prominent fatty acids regardless of the
temperature or carbon source. However, the carbon source
greatly influenced the overall composition of the fatty acid
profile (Fig. 6). Compared with glucose-acetate-grown cells,
relatively small amounts of C,g fatty acids were detected in
hexadecane-grown cells and the relative amounts of C,, and
C,.4. fatty acids were greater, especially at 24°C. The fatty acid
profiles of strain Q15 cells grown on diesel fuel contained the
greatest variety of fatty acid species, which perhaps reflected
the relatively complex chemical composition of the diesel fuel
substrate.

We also observed differences in specific fatty acids in re-
sponse to growth temperature. In glucose-grown cells, a de-

B

FIG. 5. CSLM xy images showing binding of the C. ensiformis (A) and T. purpureas (B) lectins to cells of strain Q15 grown at 5°C with diesel fuel as the sole carbon
source. C. ensiformis lectin appeared to bind to the exterior surfaces of the diesel fuel microdroplets in the biofilm, creating a bright boundary region. There is also
some evidence that there were binding sites within the diesel fuel droplets. The T. purpureas lectin binding was extensive at the cell surface and occurred between cells
and within the microdroplets. In addition, there is evidence that an emulsion was formed within the microdroplets and in the vicinity of Q15 cells.

crease in the amount of saturated C,4,, and increases in the
amounts of cis-9-C,.; and trans-9-C,., occurred at 5°C com-
pared with 24°C. A similar shift was observed for C,g fatty
acids. In hexadecane-grown cells, a shift from saturated to
unsaturated fatty acids was observed for the C,, and C,, fatty
acids at 5°C. Relatively large quantities of putative fatty acids
3 and 4, which were tentatively identified by gas chromatogra-
phy-mass spectrometry analysis as C,4.; and methyl-C,s.,, re-
spectively, were present in cells grown on hexadecane at 5°C,
indicating that these compounds might be important in main-
taining optimal membrane fluidity at this low temperature. For
cells grown on diesel fuel, the amounts of the putative fatty
acids were relatively high as well. There was a large decrease in
the amount of C, ., when cells grown on diesel fuel at 5°C were
compared with cells grown on diesel fuel at 24°C, but no
subsequent increase in the amount of C,4., was apparent. For
the C,; fatty acids, relative increases in the amounts of both
cis-9-C,g.; and 10-methyl-C, 5., were apparent at 5°C. In both
diesel fuel-and hexadecane-grown cells the relative amounts of
both C,,.,-cyclopropane and C,,.,-cyclopropane, as well as the
relative amount of C,.,, increased at 5°C. Interestingly, the
opposite result was obtained with glucose-acetate-grown cells,
in which C,.,-cyclopropane was found only during growth at
24°C. The exact physiological role(s) of cyclopropane fatty
acids is presently unknown, but formation of these fatty acids
in bacterial cellular membranes may be an adaptation to star-
vation or other forms of growth stasis (13).

To elucidate global adaptation mechanisms of membrane
fatty acids in strain Q15 in response to growth at a low tem-
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FIG. 6. Comparison of fatty acid profiles of Rhodococcus sp. strain Q15 cells
grown on glucose-acetate, hexadecane, or diesel fuel at 5 or 24°C. Unk, un-
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perature on hydrocarbon substrates, the degree of saturation
(i.e., saturated/unsaturated ratio) of fatty acids, the ratio of
saturation at 24 and 5°C, the average acyl chain length, and the
cis/trans ratio were determined and compared (Table 2). Pat-
terns indicating specific adaptations of strain Q15 to growth on
hydrocarbons at a low temperature were not clearly delineated
by comparing average acyl chain lengths and cis/trans ratios. A
comparison of the degrees of saturation strongly indicated that
the fatty acids changed from relatively saturated fatty acids at

APPL. ENVIRON. MICROBIOL.

24°C to relatively unsaturated fatty acids at 5°C, regardless of
the growth substrate. However, this shift was approximately
two-fold less in hydrocarbon-grown cells than in glucose-ace-
tate-grown cells, as measured by the 24°C/5°C ratio of satura-
tion (Table 2).

DISCUSSION

Physiological adaptations for alkane uptake at a low tempera-
ture by the alkane-degrading psychrotrophic organism Rhodo-
coccus sp. strain Q15 were characterized in order to better un-
derstand how this bacterium utilizes insoluble hydrocarbon
substrates at low temperatures. This psychrotroph produced
biosurfactant which was associated with the cell envelope and
was capable of lowering the surface tension during growth on
diesel fuel or hexadecane at both 5 and 24°C. To the best of
our knowledge, this is the first report of biosurfactant activity
at low temperatures. Cold-active solubilizing agents like the
strain Q15 biosurfactant(s) could prove to be very beneficial
for successful bioremediation of hydrocarbon-contaminated
sites at low ambient temperatures by increasing the bioavail-
ability of recalcitrant hydrocarbons like long-chain alkanes.

As biosurfactant activity was observed only during growth on
hydrocarbons and not during growth on glucose-acetate and as
biosurfactant activity was observed during the late lag and early
exponential phases of growth, the production of biosurfac-
tant(s) by strain Q15 was induced and may be a prerequisite
for strain Q15 growth on hydrocarbons. Although the biosur-
factant(s) produced by strain Q15 was not characterized, Rho-
dococcus erythropolis, which is phylogenetically closely related
to strain Q15 (47), produces cell-bound biosurfactants (30)
during growth on alkanes, and these biosurfactants have been
identified as trehalose mycolate lipids (19, 30, 31). These com-
pounds, as well as lipoglycan, lipoprotein, and phospholipids,
other known surface-active agents (10, 29), are found on the
outer asymmetric lipid bilayer recently hypothesized for the
rhodococcal cell envelope (38).

Microscopic examination revealed morphological changes,
including electron-transparent cellular inclusions, in strain
Q15 cells when they were grown in the presence of hydrocar-
bon substrates. Inclusions are a common feature in bacteria
grown on hydrocarbons, and similar structures have been ob-
served in a variety of gram-negative and gram-positive bacte-
ria, including rhodococci and other actinomycetes (1, 35), and
are believed to be hydrophobic storage compounds (35, 37).

The presence of EPS in diesel fuel- and hexadecane-grown

TABLE 2. Degree of saturation (saturated/unsaturated ratio),
average acyl chain length (numbers of C atoms), and cis/trans
ratio of fatty acids in Rhodococcus sp. strain Q15 cells
grown on different carbon sources at 24 or 5°C

Degree of satu-  24°C/5°C  Average

Carbon nglp ration (saturated/  ratio of  acyl chain Cib:/ if“fl”
source €O unsaturated ratio) saturation  length ratio
Glucose-acetate 24 1.35 4.2 17.2 42.6
5 0.32 17.2 322

Hexadecane 24 1.92 2.3 15.9 29.3:0
5 0.83 16.1 13.2

Diesel fuel 24 3.33 2.1 16.6 13.3:0
5 1.56 17.6 46.9

¢ Determining the cis/trans ratio for the fatty acids obtained from hydrocar-
bon-grown cells was possible only for fatty acids derived from cells grown at 5°C,
since no trans fatty acids were detected in the lipids which were obtained from
cells grown at 24°C.
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cells was anticipated because the cells formed flocs during
growth on these hydrocarbons. Patches or clusters of finely
contrasted EPS were observed in cells of strain Q15 grown on
diesel fuel. The cell envelope and cytoplasm of strain Q15 were
stained well by the ruthenium red concentration used in our
studies, but the method used resulted in low contrast for the
EPS. The presence of EPS was not anticipated in strain Q15
cells grown on glucose-acetate because the cells did not aggre-
gate during growth. However, glucose is known to stimulate
the production of capsules in many bacteria, and encapsulated
bacteria do not usually aggregate. The delicate web of fibers
surrounding strain Q15 cells grown on glucose-acetate is con-
sistent with images of capsules of other bacteria stabilized only
by ruthenium red (4, 26). The morphological differences be-
tween the EPS of glucose-acetate- and diesel fuel-grown cells
may reflect a difference in the chemistry of the exopolymers.
This idea is supported by CSLM observations which revealed
that significant changes to or adaptations of the EPS of strain
Q15 had occurred during growth on diesel fuel at 5°C, includ-
ing the appearance of two specific glycoconjugates found in
this bacterium’s EPS under these growth conditions.

The ability of strain Q15 to adhere to both solid (octaco-
sane) and liquid (diesel fuel) hydrocarbon substrates is espe-
cially intriguing and may be the key mechanism by which this
organism takes in and assimilates alkane substrates at low
temperatures. The adhesion observed may be related to the
increased cell surface hydrophobicity of strain Q15 cells ob-
served during growth on hydrocarbons, as determined by the
MATH test performed with pelleted cells. The observation
that strain Q15 cells completely surrounded hydrophobic die-
sel fuel microdroplets strongly indicates that the strain Q15 cell
surface is hydrophobic rather than hydrophilic. In addition,
CSLM images of strain Q15 cells grown at 5°C on diesel fuel
and stained with the hydrophobic stain Nile Red appeared to
bind to a greater extent to the surfaces of diesel fuel-grown
cells than to the surfaces of glucose-acetate-grown cells, indi-
cating that there was an increase in cell surface hydrophobicity
and/or lipid content in the diesel fuel-grown cells (data not
shown). The presence and chain lengths of mycolic acids in the
cell envelopes of a variety of coryneform bacteria, including
Rhodococcus strains, were related to the increased cell surface
hydrophobicities of these organisms (5, 29).

The adhesion process may also be related to changes in or
adaptations to the cell surface of strain Q15 when the organism
is grown on hydrocarbons at 5°C. The ability of an alkane-
degrading Acinetobacter sp. to adhere to fuel oil droplets was
attributed to the production of EPS, which allowed the cells to
anchor themselves to the surface (3). Indeed, EPS is thought to
bridge the gap between the secondary minimum (reversible
attachment) and the primary minimum (irreversible attach-
ment), as described by the DLVO theory (11); in this case this
allows direct contact between the surfaces (i.e., EPS) of strain
Q15 cells and the hydrocarbon substrate. With close contact
between the strain Q15 cell and hydrocarbon surfaces
achieved, a cell surface-associated biosurfactant(s) could then
solubilize the alkane substrates, facilitating cellular uptake. A
cell surface-associated polysaccharide in another Rhodococcus
sp. possesses biosurfactant activity and increases cell surface
hydrophobicity (28). The EPS may also play a role in floc
formation in strain Q15, enabling the cells to remain in close
physical contact with hydrocarbons, in the same manner de-
scribed previously for R. erythropolis during growth on penta-
decane (40) and for alkane-degrading yeasts (37).

Membrane fatty acid analysis indicated that the counteract-
ing effects of growth at a low temperature and growth on
hydrocarbons resulted in a balanced response by Rhodococcus
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sp. strain Q15. This psychrotroph adapted to growth at a low
temperature by decreasing the degree of saturation of the
membrane lipid fatty acids in order to maintain optimal mem-
brane fluidity, like Rhodococcus rhodochrous (39). However,
the extent of this adaptation was not as great when strain Q15
was grown on aliphatic substrates, indicating that strain Q15
cells adapted or protected themselves during growth on the
aliphatic substrates. The relatively greater degree of saturation
(two- to fivefold) observed at 5°C when strain Q15 was grown
on aliphatic substrates than when it was grown on glucose-
acetate was indicative of the counteractive effects of hydrocar-
bon substrates on cytoplasmic membrane fatty acid composi-
tion. As the greatest relative degree of fatty acid saturation was
found in strain Q15 cells at both 5 and 24°C when they were
grown on diesel fuel, which is a complex mixture of long- and
short-chain alkanes, cyclic hydrocarbons, and aromatic com-
pounds, the relatively greater saturation may be a protective
mechanism required by strain Q15 to limit the toxicity of the
short-chain alkanes present in diesel fuel. This protective
mechanism may be especially important during low-tempera-
ture growth because volatilization of short-chain alkanes
(<C,p) is impeded, which results in increased solubility of
these compounds in the aqueous phase and, consequently,
increased microbial toxicity (2, 25). Conversion of cis fatty
acids to their trans forms, an additional protective mecha-
nism to reduce hydrocarbon toxicity observed in a number of
Pseudomonas spp. (8, 14, 15), does not seem to occur in Rhodo-
coccus sp. strain Q15 as trans fatty acids were not detected or
were present only at low levels in the fatty acid profiles of cells
grown under the conditions tested. It should be noted that
during extraction of the lipids from hexadecane- and diesel
fuel-grown cells, the contents of the inclusions which were
observed in these cells during TEM analysis might have been
isolated as well. Consequently, the fatty acid profiles obtained
may not precisely reflect the fatty acid profiles of the mem-
brane lipids; rather, they may reflect the fatty acid profiles of
the whole cells.

In conclusion, we observed numerous and complex physio-
logical cellular responses and adaptations involved in alkane
assimilation at a low temperature by Rhodococcus sp. strain
Q15. These included (i) production of a cell-bound biosurfac-
tant(s), (ii) augmentation of cell surface hydrophobicity, (iii)
production of intracellular inclusions, (iv) modification of the
EPS, and (v) alteration of membrane fatty acid composition.
We are currently isolating and characterizing the EPS of strain
Q15 in order to better understand its role in hydrocarbon
utilization at low temperatures.
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