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Stable carbon isotope analysis of biomass and analyses of phospholipid fatty acids (PLFA), glycolipid fatty
acids (GLFA), and mycolic acids were used to characterize mixed-substrate utilization by Mycobacterium
frederiksbergense LB501T under various substrate regimens. The distinct 13C contents of anthracene and
glucose as representatives of typical hydrophobic pollutants and naturally occurring organic compounds,
respectively, were monitored during formation into biomass and used to quantify the relative contributions of
the two carbon sources to biomass formation. Moreover, the influence of mixed-substrate utilization on PLFA,
GLFA, and mycolic acid profiles and cell surface hydrophobicity was investigated. Results revealed that M.
frederiksbergense LB501T degrades anthracene and forms biomass from it even in the presence of more readily
available dissolved glucose. The relative ratios of straight-chain saturated PLFA to the corresponding unsat-
urated PLFA and the total fraction of saturated cyclopropyl-branched PLFA of M. frederiksbergense LB501T
depended on the carbon source and the various rates of addition of mixed substrates, whereas no such trend
was observed with GLFA. Higher proportions of anthracene in the carbon source mixture led to higher cell
surface hydrophobicities and more-hydrophobic mycolic acids, which in turn appeared to be valuable indica-
tors for substrate utilization by M. frederiksbergense LB501T. The capability of polycyclic aromatic hydrocarbon
(PAH)-degrading bacteria to utilize readily available substrates besides the poorly available PAHs favors the
buildup of PAH-degrading biomass. Feeding of supplementary carbon substrates may therefore promote
bioremediation, provided that it sustains the pollutant-degrading population rather than other members of the
microbial community.

Engineered soil bioremediation aims at stimulating biodeg-
radation by promoting the creation and maintenance of an
active, pollutant-degrading microbial community. There is ev-
idence, however, that growth of heterotrophic microbes in
terrestrial ecosystems is often restricted by the availability of
nutrients or organic carbon (for a review see reference 8).
Moreover, practical experience shows—and theoretical consid-
erations confirm—that the bioavailability of extremely hydro-
phobic contaminants may be too low to build up and maintain
the microbial population sizes that would be needed to clean
soil in a reasonable time (6). It appears that from a microbe’s
perspective even a highly contaminated soil may be oligotro-
phic.

The restricted availability of carbon sources has led to the
selection of microorganisms with physiological properties that
allow them to survive in inhospitable low-nutrient environ-
ments, for instance by adjusting structural and metabolic fea-
tures (20). Recent observations have indicated that specific
bacterial adaptations to the utilization of contaminants of low
bioavailability may exist (10, 12, 14, 31). For instance, the
utilization of multiple carbon sources was shown to be a suit-
able bacterial strategy to cope with oligotrophic conditions,

and in laboratory experiments bacteria indeed metabolized
simultaneously a wide range of organic molecules (20). Addi-
tion of supplementary carbon sources may therefore improve
bioremediation, provided that it helps to create and sustain
pollutant-degrading populations. Information on microbial
substrate utilization can be obtained by analytically monitoring
the change of the substrate’s characteristic content of the mi-
nor stable carbon isotope �-13C into microbial biomass. �-13C
analysis of microbial biomarkers (e.g., cell wall membrane fatty
acids) has further been used to link contaminant degradation
to the catabolically active microbial community members in
situ (24). This requires, however, that (i) the �-13C content of
the contaminant is distinct from that of natural organic carbon;
(ii) the extent of enzymatic isotope fractionation, i.e., the dif-
ferentiation of 13C by bacterial enzymes, is low; and (iii) the
influences of substrate usage on the synthesis of fatty acids of
taxonomic value are known. An earlier study showed that
�-13C of phospholipid fatty acids (PLFA) and glycolipid fatty
acids (GLFA) and specific shifts of PLFA and GLFA patterns
of Mycobacterium frederiksbergense LB501T could be used to
distinguish between the utilization of anthracene and that of
glucose (32).

Mycobacteria are an important group of polycyclic aromatic
hydrocarbon (PAH)-degrading bacteria. They possess a com-
plex, highly rigid cell envelope that contains large amounts of
C60-C90 fatty acids (mycolic acids) specific for the genus My-
cobacterium. Mycolic acids can be extracted from soil and used
as markers for the presence of mycobacteria (L. Y. Wick et al.,
unpublished results). It has been shown that PAH-degrading
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mycobacteria respond specifically to the growth substrate by
modifying the mycolic acid composition of their cell walls (33).
PLFA, GLFA, and mycolic acids may therefore be used as
diagnostic tools for in situ substrate usage.

Here, we report on mixed-substrate utilization by laborato-
ry-grown M. frederiksbergense LB501T under various substrate
regimens, i.e., different molar ratios of anthracene and glucose
as representatives of typical hydrophobic pollutants and natu-
rally occurring organic substrates, respectively. The relative
contributions of these two carbon sources to biomass forma-
tion were quantified, and substrate influences on the compo-
sition of cell wall membrane fatty acids (PLFA, GLFA, and
mycolic acids) and concomitant cell surface hydrophobicity
were described. Our results are important for the development
and calibration of new methods that link observed in situ
catabolic activity to the identity of the active community mem-
bers.

MATERIALS AND METHODS

Bacterium and culture conditions. Strain LB501T (3), an environmental iso-
late belonging to the recently described species M. frederiksbergense (28, 34), was
grown in a minimal medium (30) with anthracene, glucose, or mixtures of both
as the carbon sources. Bacterial cultures were inoculated with anthracene-grown
inocula to an optical density at 578 nm of ca. 0.025 and were incubated at 25°C
on a gyratory shaker at 130 rpm in airtight three-neck 1-liter Erlenmeyer flasks
containing 300 ml of medium. Anthracene (�98% [high-pressure liquid chro-
matography (HPLC)]; Fluka, Buchs, Switzerland) was provided at 2 g liter�1 in
the form of crystals with diameters ranging from 0.2 to 0.5 mm. All growth
experiments were performed at least in triplicate. Due to its poor solubility of
only 3.4 � 10�7 mol liter�1 at 25°C, anthracene was mainly present as crystals
throughout the cultivation. The dissolution flux of 2 g of anthracene liter�1 had
been determined in separate dissolution experiments in the absence of cells (30)
(Table 1, column 1). Control cultures were also grown with anthracene dissolved
in dimethyl sulfoxide (DMSO) and continuously added to the culture flask with
a syringe pump (74900 series; Cole Parmer, Vernon Hills, Ill.) at a low rate.
DMSO at the final concentration accumulating in our cultures had no direct
effect on M. frederiksbergense LB501T, as could be seen from identical growth
rates during cultivation on glucose in the presence and absence of DMSO.
Glucose was provided either at an initial concentration of 2 g liter�1 (excess
glucose) or as slowly amended solutions of 0.72, 3.6, or 36 g liter�1 in mineral
medium at a flow rate of ca. 0.16 ml h�1, leading to glucose additions of 0.12,
0.58, and 5.8 mg h�1, respectively. The resulting molar glucose supply rates and
calculated contributions of anthracene to the total carbon and energy fluxes are
given in Table 1 in columns 1 to 4. The relative energy flux rates from anthracene
versus glucose in mixed-substrate cultures were deduced according to standard
procedures for calculations of Gibbs free enthalpy changes (�G°�) (Table 1,
column 8). Assuming ammonium as the nitrogen source (1/5 CO2 � 1/20 HCO3

�

� 1/20 NH4
� � H� � e� 3 1/20 C5H7O2N � 9/20 H2O; �G°�pH 7 � 32

kJ/electron equivalent) and oxygen as electron acceptor (1/2 O2 � H� � e� 3
1/2 H2O; �G°�pH 7 � �78.2 kJ/electron equivalent), the mineralization of the
more reduced anthracene molecule (1/66 C14H10 � 28/66 H2O3 CO2 � H� �
e�; �G°�pH 7 � 27.6 kJ/electron equivalent) yields more energy than does
mineralization of a glucose molecule to CO2 (1/24 C6H12O6 � 1/4 H2O 3 1/4
CO2 � H� � e�; �G°�pH 7 � 41.8 kJ/electron equivalent). Accordingly, �G°�pH

7 � �72.4 kJ/electron equivalent for anthracene and �G°�pH 7 � �28.5 kJ/
electron equivalent for glucose utilization can be calculated. This leads to a
roughly seven-times-higher molar energy yield for anthracene degradation than
for glucose degradation. Cells were harvested at times at which they grew at
identical specific rates, which were limited by the low substrate provision (cells
growing exponentially on excess glucose excepted). After harvest (about 2 weeks
of growth), cells were frozen or analyzed within 4 h. To separate planktonic cells
from cells attached to solid anthracene, cultures were filtered through a fritted
funnel covered with a paper filter (no. 589/1; Schleicher & Schuell, Dassel,
Germany). For the analysis of mycolic acids of attached cells, the filtered crystals
were removed from the paper filter and resuspended in 5 ml of 0.9% NaCl
solution in a 10-ml test tube. The test tube was exposed to an ultrasonic bath to
release attached cells from the crystal surfaces (31), and the resulting suspension
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was analyzed. The optical density of cell suspensions was determined spectro-
photometrically at 578 nm after the samples were carefully shaken.

Stable carbon isotope analysis. The carbon isotope composition of bacterial
biomass was determined with a Carlo-Erba CNS analyzer (CE Instruments,
Milan, Italy) coupled in continuous flow to an Optima mass spectrometer (Mi-
cromass, Manchester, United Kingdom) calibrated with the international carbon
isotope standards NBS22. All results are reported in the conventional � notation
with reference to Vienna Peedee belemnite. Analytical reproducibility was
	0.1‰. The percentage of anthracene carbon utilized PCA from substrate
mixtures was calculated as

PCA � (�M � �Gl/�A � �Gl) � 100 (1)

where �Gl, �A, and �M are the �-13C of the biomass grown on glucose only,
anthracene only, and the mixture of both.

Fatty acid analysis. Total lipids were extracted from whole bacterial cells by a
modified Bligh-Dyer method (4) and further fractionated into neutral lipids,
glycolipids, and polar lipids by column chromatography on a silica gel as de-
scribed previously (1). The polar lipids were dried, and the fatty acid methyl
esters were generated as described previously (9). The fatty acid methyl esters
were separated by gas chromatography (Hewlett Packard HP 5890 series II
chromatograph equipped with an HP Ultra 2 capillary column) and identified by
using the MIDI program (MIDI, Inc., version 4.0) according to a standardized
procedure (32). Fatty acid nomenclature followed standard rules as described
elsewhere (19).

Mycolic acid analysis. The extraction and p-bromophenacyl ester derivatiza-
tion of mycolic acids followed standard procedures described by Butler and
Kilburn (7). As described earlier (33), mycolic acids were analyzed by HPLC with
UV detection at 260 nm on an RP-18 column by applying a solvent gradient of
CH2Cl2 in MeOH (0 to 13 min, 0 to 10%; 13 to 17 min, 10 to 25%; 17 to 34 min,
25 to 70%; 34 to 41 min, constant 70%). Although HPLC-pure solvents were
used, small baseline drifts may thus occur at high sensitivity ranges. Mycolic acid
p-bromophenacyl esters eluted between 23 and 36 min.

Characterization of bacterial cell surface hydrophobicity. Cell surface hydro-
phobicities were derived from the contact angles 
w of water drops on bacterial
lawns by using a microscope with a goniometric eye piece (Krüss GmbH, Ham-
burg, Germany) as described earlier (27).

RESULTS

Growth on individual and mixed substrates. Batch growth
curves of M. frederiksbergense LB501T were established with
solid anthracene (A) or glucose (G), each provided at a low
rate, and three A-G mixtures (low, intermediate, and high
A-G; Fig. 1) exhibiting different molar A/G ratios. Pseudolin-
ear growth was observed in all cultures, indicating substrate
limitation. Growth rates were calculated by linear regression of
the linear growth phases. When expressed relative to the
growth rate obtained with limited glucose addition, growth
rates were about 6 times higher with solid anthracene only,
about 8 times higher for high A-G and intermediate A-G, and
40 times higher for low A-G (Table 1, column 5). These results
suggest that degradation of solid anthracene yields more bio-
mass than does degradation of glucose relative to the calcu-
lated available energy fluxes (Table 1, column 9). As biofilm
formation on anthracene crystals was generally observed, these
higher yields can be explained by the fact that energy flux
calculations were based on anthracene dissolution rates ob-
served in the absence of bacteria, whereas anthracene-consum-
ing bacteria in biofilms may drive anthracene dissolution more
efficiently. To test this hypothesis, we compared growth on
solid anthracene with growth on DMSO-dissolved anthracene
provided at a rate identical to the abiotically observed disso-
lution rate of solid anthracene. Figure 2 shows that under these
conditions growth with crystalline anthracene was indeed
about 10 times faster than growth with DMSO-dissolved an-
thracene.

Carbon isotope ratios of biomass. The �-13C values of bio-
mass of M. frederiksbergense LB501T grown on the single car-
bon source were within 1‰ of those of the carbon substrates
(�-13C � �10.70‰ 	 0.04‰ [glucose] and �23.76‰ 	
0.03‰ [anthracene] [Table 1, column 6]) and thus exhibited
little isotope fractionation during substrate degradation and
biomass formation. An exception was the somewhat 13C-de-
pleted biomass resulting from growth on DMSO-dissolved an-
thracene. The decreasing proportion of anthracene in the
three mixtures with glucose is reflected in the �-13C content of
the biomass. These data together with the observed growth

FIG. 1. Representative batch growth curves of M. frederiksbergense
LB501T on 2 g of size-fractionated (0.2- to 0.5-mm) solid anthracene
liter�1 leading to an anthracene dissolution flux of 9.7 � 10�10 mol
ml�1 h�1, dissolved glucose added at a rate of 2.3 � 10�9 mol ml�1

h�1, and additions of 2 g of solid anthracene liter�1 together with
dissolved glucose provided at three different rates (Table 1). Growth
was determined as optical bacterial density at 578 nm.

FIG. 2. Representative batch growth curves of M. frederiksbergense
LB501T on 2 g of size-fractionated (0.2- to 0.5-mm) solid anthracene
liter�1 and with continuous addition of DMSO-dissolved anthracene at
an identical substrate carbon flux as that in which 2 g of solid anthra-
cene liter�1 would dissolve under abiotic conditions.
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rates reveal simultaneous utilization of both carbon sources at
all A/G ratios. �-13C values were used to calculate the amount
of anthracene used for biomass formation during growth on
mixed carbon sources according to equation 1. Contributions
of anthracene carbon to biomass formation in mixed-substrate
cultures were more consistent with anthracene contributions to
the total energy flux than with those to the total carbon flux
(Table 1, columns 7, 8, and 10).

GLFA and PLFA composition of the cell envelope. The in-
fluence of mixed-substrate utilization on PLFA and GLFA
profiles of M. frederiksbergense LB501T was studied because
characteristic variations would make them promising markers
for substrate utilization. Cells grown on three mixtures of an-
thracene and glucose were analyzed and compared with those

grown on slowly dissolving solid anthracene, excess glucose, or
slowly amended glucose (32). Results showed that PLFA and
GLFA profiles depended on the kinds of individual growth
substrates or substrate mixtures and on the rates at which they
became available (Tables 2 and 3). Cells grown on excess
glucose were characterized by the lowest relative contents of
branched PLFA and GLFA and the highest contents of unsat-
urated PLFA and GLFA. When grown on slowly provided
glucose, the fractions of branched, cyclic, and saturated PLFA
and GLFA were drastically increased. Anthracene-grown cells
differed from those grown on excess glucose by their lower
content of unsaturated PLFA and GLFA and their higher
content of branched and saturated PLFA and GLFA. Cells
grown on slowly provided glucose and on mixtures of anthra-

TABLE 2. Relative abundance of PLFA of M. frederiksbergense LB501T grown in minimal medium containing anthracene or glucose as sole
carbon source or mixtures of both

PLFA
Fatty acid content (%) for substrate:

Anthracenea Excess glucosea Limited glucosea High A-G Intermediate A-G Low A-G

Saturated straight chain
14:0 0.6 	 0.6 1.1b 1.2b 0.4 	 0.1 0.6 	 0.4
15:0 1.3 	 0.7 1.0 	 0.1
16:0 15.5 	 3.5 12.0 	 0.6 14.2 	 3.3 23.2 	 8.1 21.2 	 4.1 30.9 	 3.9
17:0 0.4 	 0.2 1.0 	 0.6 0.5 	 0.3 0.5 	 0.1
18:0 1.9 	 0.7 0.7 	 0.0 5.8 	 1.5 8.8 	 3.5 7.7 	 5.2 5.2 	 4.2
20:0 4.1 	 0.9 1.1 	 0.3 1.0 	 0.1 2.3 	 2.9

Sum 22.1 	 3.7 12.7 	 0.6 22.6 	 3.6 36.5 	 8.9 32.1 	 7.2 38.2 	 5.7

Saturated methyl branched
a17:0 0.2 	 0.1 1.2 	 0.1 1.3 	 0.2 0.9 	 0.1 0.7 	 0.6
i18:0 0.5 	 0.1 0.8 	 0.7 1.9 	 0.7 1.3 	 0.9 0.9 	 1.0
10-Me-17:0 0.5 	 0.0
10-Me-18:0 16.9 	 12.1 4.3 	 0.2 4.8 	 2 16.7 	 10.3 14.0 	 5.0 2.6 	 2.6

Sum 17.6 	 12.1 4.8 	 0.2 6.8 	 2.1 19.9 	 10.3 16.6 	 5.1 4.9 	 2.9

Saturated cyclopropyl branched
cy17:0(�7,8) 3.8 	 0.5 3.4 	 0.6 10.9 	 1.4 17.8 	 9.4 14.9 	 0.2 29.9 	 4.9
cy19:0(�7,8) 4.2 	 0.2 3.9 	 0.5 55.2 	 5.9 19.2 	 9.7 27.2 	 8.6 13.6 	 10.5

Sum 8.0 	 0.5 7.3 	 0.8 66.1 	 6.1 37.0 	 13.5 42.1 	 8.6 43.5 	 11.6

Unsaturated
16:1�7c 7.5 	 3.2 3.0 	 0.3 1.7b 4.0b

16:1�9c 0.5 	 0.1 0
18:1�5c 0.7 	 0.0
18:1�7c 3.2 	 1.4 54.8 	 0.1 0.2b 1.2b 14.1b

18:1�9c 32.7 	 4.4 4.6 	 0.0 0.9b 7b 1.3b

a17:1 1.5 1.4 	 0.8 1.4 	 0.3 1.3
a18:1 2.2 	 0.2
11-Me-18:1�7c 4.3 	 4.0 2.7 	 0.2 0.6b

Sum 50.4 	 6.9 65.8 	 0.4 1.5b 2.5b 11.9 	 0.3 20.7b

Hydroxy substituted
2-OH-14:0 0.3 	 0.0 4.5 	 1.5
16:0 N alcohol 1.8 	 1.2
16:0 2-OH 1.0 	 0.3
18:1 2-OH 0.6 	 0.2 1.2 	 0.4 0.7 	 0.3 0.6b

Sum 2.1 	 1.2 5.5 	 1.5 0.6 	 0.2 1.2 	 0.4 0.7 	 0.3 0.6b

No. of replicates 3 3 3 2 2 2

a Data taken partly from reference 32.
b Found in only one of the replicates tested.
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cene and glucose were characterized by drastically lower un-
saturated PLFA and slightly lower unsaturated GLFA con-
tents. Interestingly the PLFA-GLFA composition of cells
grown at low A-G concentrations differed largely from that of
cells grown on excess glucose only. The former had consider-
ably higher contents of cyclic PLFA-GLFA and in this aspect
resembled cells grown on limited glucose. Changes of satu-
rated and branched fatty acids were less explicit. The ratios of
saturated to unsaturated as well as of cyclic to unsaturated
PLFA fractions of high A-G, intermediate A-G, and low A-G
decreased from 14.6 to 1.8 and from 14.8 to 2.1, respectively

(Fig. 3), whereas no such tendencies were found for GLFA.
Closer inspection of the most abundant C18 fatty acids reveals
a similar trend (Fig. 4A and B), whereas a linear relationship
between the anthracene incorporated in the biomass and the
ratio of the 18:1�9c to 18:1�7c fatty acids was observed for
both GLFA and PLFA (Fig. 4C). Anthracene-grown cells ex-
hibited an up to 10-fold-increased 18:1�9c/18:1�7c fatty acid
ratio.

Mycolic acid composition. Representative HPLC chromato-
grams of derivatized mycolic acids of M. frederiksbergense
LB501T show a clear difference between mycolic acid profiles

TABLE 3. Relative abundance of GLFA of M. frederiksbergense LB501T grown in minimal medium containing anthracene or glucose as sole
carbon source or mixtures of both

GLFA
Fatty acid content (%) for substrate:

Anthracenea Excess glucosea Limited glucosea High A-G Intermediate A-G Low A-G

Saturated straight chain
14:0 1.3 	 0.3 0.9 	 0.0 2.2 	 1.1 1.6 	 0.3 1.3 	 0.5 1.4 	 0.8
15:0 0.8 	 0.3 0.5 	 0.3 0.5 	 0.3 0.5 	 0.1
16:0 11.9 	 3.9 4.4 	 0.4 14.5 	 4.5 8.8 	 2.8 11.3 	 1.3 18.4 	 2.6
17:0 0.6 	 0.1 0.5 	 0.3 0.4 	 0.0 0.4 	 0.1
18:0 3.4 	 1.4 2.7 	 0.2 7.8 	 3.2 7.6 	 1.0 6.3 	 2.6 5.2 	 1.4
20:0 1.8 	 0.5 0.4b 0.5 	 0.1 0.5 	 0.3 0.4 	 0.1

Sum 18.4 	 4.2 8 	 0.5 26.3 	 5.6 19.5 	 3 20.3 	 3 26.3 	 3.1

Saturated methyl branched
i15:0 0.4b 0.4 	 0.2 0.2 	 0.0 0.2 	 0.0
a15:0 0.7 	 0.4 3.1 	 1.8 1.0 	 0.5 1.1 	 1.2 0.8 	 0.4
i16:0 0.7 	 0.2 0.7 	 0.4 0.7 	 0.3 0.7 	 0.5
i17:0 0.4 	 0.1 0.4 	 0.4 0.6 	 0.6 0.4 	 0.2
a17:0 0.7 	 0.4 0.7 	 0.1 2.0 	 1.4 1.0 	 0.5 1.8 	 1.9 1.1 	 0.4
i18:0 0.6 	 0.4 0.6 	 0.1 1.0 	 0.2 0.8 	 0.6 0.5 	 0.2
a18:0 3.7 	 0.2 3.0 	 2.2 3.4 	 1.2 3.4 	 1.7 2.3 	 0.4
10-Me-18:0 4.0 	 2.1 0.6 	 0.2 2.8 	 1.2 1.7 	 1.5 6.3 	 8.1 1.4 	 0.9

Sum 9.7 	 2.3 1.9 	 0.2 12.4 	 3.4 9.6 	 2.1 14.9 	 8.6 7.4 	 1.3

Saturated cyclopropyl branched
cy17:0(�7,8) 5.1 	 6.3 15.3 	 19.4 8.9 	 4.5 19.5 	 3.5
cy19:0(�7,8) 0.7 	 0.2 0.3b 9.2 	 10.2 5.2 	 4.9 13.6 	 10.1 4.1 	 1.0

Sum 0.7 	 0.2 0.3b 14.3 	 12 20.5 	 20 22.5 	 11 23.6 	 3.6

Unsaturated
16:1�7c 6.4 	 2.3 3.4 	 0.2 3.2 	 0.4 2.4 	 0.7 3.1 	 1.0 4.1 	 0.6
16:1�9c 0.8 	 0.2 0.3 	 0.1 0.3 	 0.0 0.4 	 0.2
17:1�6 2.1 	 0.2
17:1�7c 4.2 	 3.0 3.3 	 2.1 1.9b

17:1�8c 0.7 	 0.3 0.8 	 0.0 0.5 	 0.2 0.7 	 0.0
18:1�7c 4.5 	 1.5 22.9 	 6.7 4.1 	 1.5 4.3 	 2.1 5.5 	 1.9 9.2 	 5.4
18:1�9c 49.0 	 4.2 47.9 	 7.1 29.9 	 20.8 34.7 	 10.8 26.2 	 7.4 25.4 	 5.0
a17:1 1.3b 0.6 	 0.3 0.5 	 0.3 0.6b

a18:1 3.6 	 0.1 4.2 	 0.6
11-Me-18:1�7c 1.2 	 0.9 1.0 	 0.4 2.1 	 2.8 0.7 	 0.5 1.8 	 1.7 0.8b

Sum 71.8 	 5.9 83.0 	 10.1 41.3 	 21 45.7 	 11.0 38 	 7.9 40.8 	 7.4

Hydroxy substituted
16:0 N alcohol 0.6 	 0.3 2.7 	 0.6

Sum 0.6 	 0.3 2.7 	 0.6

No. of replicates 4 3 3 2 2 2

a Data taken partly from reference 32.
b Detected in only one of the replicates tested.
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of cells grown on anthracene and those of cells grown on
glucose (Fig. 5). Anthracene-grown cells exhibited three signal
clusters (referred to as multiplets m1, m2, and m3) eluting at 28
to 30.5, 31 to 34, and 34 to 35 min, respectively. In contrast,
multiplet m1 was much more pronounced in glucose-utilizing
cells, whereas multiplet m2 was nearly absent. When anthra-
cene crystals were present, cultures of M. frederiksbergense
LB501T split up into a fraction forming a biofilm on the sur-
faces of anthracene crystals and a suspended fraction. Sus-
pended and biofilm cells growing on high A-G and intermedi-
ate A-G showed all three signal multiplets, including a
pronounced multiplet m2. This is in accordance with the results
obtained by stable isotope analysis and growth curves of the
same cultures. Suspended cells utilizing low A-G mixtures had
a similar mycolic acid pattern as did glucose-utilizing cells. In
contrast, mycolic acid profiles of biofilm cells from the same
culture resembled those of bacteria utilizing anthracene. The
ratio of the surface area-based multiplet/signal ratios (m3/m2)
of derivatized mycolic acids of suspended M. frederiksbergense
LB501T showed a clear relationship with the percentage of

anthracene carbon in the biomass of the respective cultures
(Fig. 6).

Cell surface hydrophobicity after growth on single and
mixed substrates. Cell surface hydrophobicity, as analyzed by
contact angle measurements, reflected the different mycolic

FIG. 3. Ratios of the cyclopropyl-branched and the unsaturated
fatty acids (A) and the ratios of saturated straight-chain and unsatur-
ated fatty acids (B) as a function of the percentage of anthracene
carbon in biomass of M. frederiksbergense LB501T grown on solid
anthracene, excess glucose, or various mixtures of anthracene and
glucose.

FIG. 4. Ratios of the 18:0 fatty acids and the sum of 18:1�7c �
18:1�9c (A), cy19:0(�7,8) and the sum of 18:1�7c � 18:1�9c (B), and
18:1�9c and 18:1�7c (C) as a function of the percentage of anthracene
carbon in biomass of M. frederiksbergense LB501T grown on solid
anthracene, excess glucose, or various mixtures of anthracene and
glucose.
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FIG. 5. HPLC chromatograms depicting mycolic acid profiles of M. frederiksbergense LB501T grown on either solid anthracene, excess glucose,
or various mixtures of anthracene and glucose as described in Table 1. A distinction was made between bacteria present in suspension and those
in biofilms adhering to anthracene crystals. Signal multiplets of mycolic acids eluting after 28 to 30.5, 31 to 34, and 34 to 35 min are designated
as m1, m2, and m3, respectively. Values in parentheses represent the ranges of the y axis in milliabsorption units (mAU) at 260 nm. The x axis shows
time in minutes.
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acid profiles of the cells from the corresponding cultures. Cells
growing in suspension solely on anthracene were more hydro-
phobic and exhibited a water contact angle (
) of 85 	 4,
whereas glucose-grown cells were more hydrophilic (
 � 34° 	
6°). Contact angles of cells growing in suspension on mixed
substrates were 54° 	 13° (high A-G), 63° 	 12° (intermediate
A-G), and 34° 	 1° (low A-G). Despite some scatter of the
results obtained with high A-G and intermediate A-G in the
triplicate cultures, there appears to be a correlation between
contact angles of suspended M. frederiksbergense LB501T and
the percentage of anthracene carbon utilized for biomass for-
mation in the respective cultures.

DISCUSSION

Mixed-substrate utilization. We showed that M. frederiks-
bergense LB501T degrades solid anthracene in the presence of
similar and considerably higher concentrations of dissolved
glucose and uses both carbon sources simultaneously for
growth. Growth data, stable isotope compositions of biomass,
and variations of PLFA-GLFA and mycolic acid profiles as
well as concomitant cell surface characteristics led to this con-
clusion. Our attempt to feed dissolved glucose at controlled
rates relative to anthracene dissolution rates revealed that bio-
films apparently promoted the dissolution of anthracene be-
yond the rates observed in the absence of bacteria. This is in
accordance with earlier theoretical considerations and obser-
vations both suggesting that bacterial biofilms located in the
immediate vicinity of solid or sorbed substrates can create very
high dissolution fluxes because they drive dissolution from
inside the diffusion layer surrounding the substrate source (11,
15). In contrast, dissolution of crystals in bacterium-free aque-
ous medium is driven by the reduced bulk concentration of the
solute through diffusion layers of up to 100 �m in width,
depending on the crystal size and shaking velocity. According
to Fick’s first law of diffusion, the slope of the concentration
gradient as the driving force for substrate dissolution is in-

versely proportional to the distance between the source (the
anthracene crystal) and the sink (the biofilm versus the bulk
aqueous solution). Growth on anthracene crystals was 10 times
faster than on dissolved anthracene provided at nominally
equal flux (Fig. 2) and about 6 times faster than on dissolved
glucose delivered at the same nominal energy flux rate (Fig. 1).
Considering the various assumptions (described in Materials
and Methods) made about the energy yield of anthracene
versus glucose, this discrepancy of 40% is relatively small and
confirms the positive effect of a colonization of the substrate
source. The relative contributions of anthracene carbon to the
biomass in mixed-substrate cultures were in accordance with
calculations of relative energy fluxes from both carbon sources.

PLFA and GLFA as markers for substrate utilization and
pollutant-degrading Mycobacterium populations. A recent
study reported on variations of PLFA and GLFA profiles of M.
frederiksbergense LB501T that were controlled by both the
identity of growth substrates and their bioavailability (32). An-
thracene-grown cells showed clear indications of an adaptation
to the utilization of this hydrophobic compound. In contrast,
cells grown on molar glucose fluxes, which matched the disso-
lution flux of solid anthracene in the absence of bacteria,
showed signs of starvation stress such as a drastically enhanced
fraction of cyclic fatty acids (32). Substrate influences on the
composition of bacterial membranes need to be known be-
cause they may affect the value of PLFA and GLFA as taxo-
nomic markers (13, 21, 23, 32).

Information on substrate influences is also important when
�-13C values of carbon sources are used for an identification of
the microbial populations assimilating these substrates, based
on comparisons with �-13C-specific environmental biomarker
PLFA-GLFA (e.g., see reference 5). We were therefore inter-
ested in how the simultaneous utilization of more than one
substrate, such as expected in oligotrophic environments,
would influence PLFA and GLFA patterns. Results of PLFA
analyses revealed that the relative ratios of straight-chain sat-
urated to the corresponding unsaturated fatty acids and the
total fraction of saturated cyclopropyl-branched fatty acid pro-
files of M. frederiksbergense LB501T depend on the carbon
sources and the various rates of addition of mixed substrates
(Fig. 3). In cultures growing on mixed substrates a continuous
increase of the relative ratios of straight-chain saturated to the
corresponding unsaturated fatty acids and the saturated cyclo-
propyl-branched to the unsaturated fatty acids was observed
with increasing anthracene carbon fractions in the biomass. No
such trend was observed with GLFA or with cultures growing
on single carbon sources such as anthracene or excessively
available glucose. Many studies have shown that bacteria can
change their membrane fluidity by modifying their membrane-
bound PLFA and GLFA profiles. Typical changes include in-
creased ratios of saturated to unsaturated fatty acids or in-
creased fractions of cyclopropyl fatty acids (29). They were
found in response to environmental stress conditions such as
chemical contamination (23), drought (18), temperature
changes (16), starvation (13), and membrane-active substances
(25). Based on this reasoning, cells grown on limited glucose
and on A-G mixtures, particularly those on intermediate A-G,
would exhibit signs of stress, whereas cells growing on solid
anthracene or excess glucose would not exhibit such signs (Fig.
3 and 4).

FIG. 6. Surface area-based multiplet-signal ratios (m3/m2) of deri-
vatized mycolic acids of suspended M. frederiksbergense LB501T cells
as a function of the percentage of anthracene carbon in biomass
calculated from carbon-specific stable isotope measurements (n � 3).
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Our expectation of a stepwise transition from the anthracene
pattern via the various mixtures to the excess glucose pattern
was indeed partly fulfilled, e.g., for the ratios of the most
abundant unsaturated PLFA and GLFA, 18:1�9c and 18:1�7c
(Tables 2 and 3). Figure 4C shows the dependence of this ratio
on the content of anthracene carbon in the biomass. A further
important finding was the presence of the mycobacterium-
specific PLFA 10-Me-18:0 (tuberculostearic acid) in all cul-
tures in proportions between 3 and 17% (Table 2). Despite
some scatter in the data and a probable trend toward higher
relative fractions of this PLFA in cells predominantly grown on
anthracene, it appears that the presence of this PLFA in soil
extracts can be used to identify utilizing mycobacteria regard-
less of their actual growth substrate(s). It was shown before
that the �-13C labels of PLFA-GLFA reflect those of the
growth-supporting carbon source (32). Together with the new
information about their relative quantities in the biomass of
mixed-substrate-utilizing populations, this may help to link in
situ substrate utilization to Mycobacterium spp. populations.

Mycolic acids as markers for substrate utilization and pol-
lutant-degrading Mycobacterium populations. Long-chain (C60

to C90) mycolic acids are restricted to the genus Mycobacte-
rium, which makes them a powerful criterion for the in situ
identification of this genus. In a recent study (31, 33) it was
shown that the average chain length of mycolic acids of several
Mycobacterium spp. and their concomitant cell surface hydro-
phobicities were positively correlated with the aqueous solu-
bility of their growth substrates. Here we showed that this
relationship also exists with the average hydrophobicities of
mixtures of the hydrophobic substrate anthracene and the hy-
drophilic substrate glucose. Higher proportions of glucose in
the substrate mixture led to earlier-eluting mycolic acids and
lower cell surface hydrophobicities. Even more importantly,
the presence of distinct length classes of mycolic acids, visible
as peak multiplets in HPLC chromatograms, provided infor-
mation about the extents of the utilization of one or the other
substrate in the provided mixture. In our setup it seems that a
pronounced multiplet m1 is linked to glucose utilization
whereas multiplet m2 follows anthracene utilization (33). Sus-
pended and biofilm cells growing on high A-G and intermedi-
ate A-G showed all three signal multiplets, including a pro-
nounced multiplet m2, indicating simultaneous utilization of
glucose and anthracene, whereas suspended cells utilizing low-
A-G mixtures had a similar mycolic acid pattern as did glucose-
utilizing cells. Mycolic acid profiles of biofilm cells from the
same culture, however, resembled those of bacteria utilizing
anthracene. This indicates an interesting split-up of the culture
in glucose-utilizing suspended cells and anthracene-utilizing
biofilm cells. Future work will thus have to further calibrate
these relationships by relating the relative quantities of struc-
turally well-characterized mycolic acids and their length classes
to their �-13C labels.

Implications for bioremediation. The finding that M. fred-
eriksbergense LB501T degrades and grows on solid anthracene
in the presence of much more bioavailable dissolved glucose is
of special interest, as PAH degraders isolated from PAH-
contaminated soils are often mycobacteria, indicating that this
genus might play a major role in the biodegradation of PAHs
in contaminated soils (3, 17). Mixed-carbon-source utilization
is of high relevance for PAH bioremediation, as degradation of

poorly bioavailable carbon sources alone is unlikely to bring
about the metabolically active biomass needed to remedy con-
taminated soils (6). In ecological terms, the carrying capacity of
a contaminated environment for a pollutant-degrading micro-
bial population may rise when it provides additional growth-
supporting carbon sources. The capability of PAH-degrading
bacteria to simultaneously utilize readily available carbon
sources may therefore be used to decouple the formation of
actively pollutant-degrading biomass from the pollutant deg-
radation itself. An important consequence of mixed-substrate
maintenance of bacterial population is reduced environmental
threshold concentrations of each of the individual substrates
(22). For instance, it has been observed that many natural and
xenobiotic carbon sources can be utilized simultaneously when
present at concentrations of nanograms per liter or lower (2,
22, 26). Simultaneous utilization of the potentially available
carbon sources at concentrations lower than those observed
during single-substrate growth may thus be a crucial factor for
the efficient and fast growth of microorganisms in the environ-
ment (22). Addition of extra carbon sources may therefore
promote bioremediation, provided that it sustains the pollut-
ant-degrading population rather than promoting degradation
by other members of the microbial community.
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