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The polycyclic aromatic hydrocarbon fluorene is a
widespread environmental pollutant. It is a constituent
of coal tar, oil, and oil products. Fluorene is formed
upon the incineration of some organic compounds [1]
and is often detected in the atmosphere and bottom sed-
iments. The microbiological methods of transformation
and degradation of toxic polycyclic aromatic hydrocar-
bons are now considered to be the most promising
methods for their detoxification [2], which calls for the
search of novel fluorene-transforming microorganisms
and the study of metabolic systems involved in fluorene
conversion. Research along this line is also important
from the standpoint of the microbial production of
regio- and stereospecific fluorene derivatives, which are
difficult to obtain chemically [3].

Fluorene can be transformed or completely
degraded by taxonomically different microorganisms,
including gram-positive [1, 4–6] and gram-negative
[7, 8] bacteria. Of great interest is the transformation of
fluorene in the presence of cosubstrates, since it is
known that cometabolism can considerably increase
the transformation rate of persistent substrates [9] and
that polluted areas are usually contaminated by several
compounds rather than by a sole toxicant [10].

The aim of the present work was to investigate the
feasibility of transforming fluorene by 

 

Rhodococcus
rhodochrous

 

 strain 172 and 

 

Pseudomonas fluorescens

 

strain 26K during their growth on standard mineral
media.

MATERIALS AND METHODS

 

Rhodococcus rhodochrous

 

 strain 172 was selected
from the collection of rhodococci at the Laboratory of

the Enzymatic Degradation of Organic Compounds,
Institute of Biochemistry and Physiology of Microor-
ganisms, for its ability to transform fluorene. The other
fluorene-transforming strain, 

 

Pseudomonas fluorescens

 

26K, was isolated earlier from the coking industry sew-
age [11]. These two strains were chosen for investiga-
tions because they are taxonomically different and are
expected to possess structurally and functionally differ-
ent metabolic systems involved in fluorene transforma-
tion. The choice of growth substrates (cosubstrates)
was dictated by the fact that they provided for the most
intense growth of the strains chosen for investigations.

The strains were grown at 29

 

°

 

C on a shaker in 750-ml
flasks with 100 ml of a mineral medium containing (g/l)

 

NH

 

4

 

NO

 

3

 

, 1.0; 

 

KH

 

2

 

PO

 

4

 

, 1.0; 

 

K

 

2

 

HPO

 

4

 

, 1.0; 

 

MgSO

 

4

 

, 0.2;
and 

 

CaCl

 

2

 

, 0.02. The Fe ion requirement of the strains
was satisfied by adding two drops of a saturated 

 

FeCl

 

3

 

solution to the medium. The pH of the medium was
about 7.5. Fluorene (Fluka, Switzerland) was added to
the medium to a concentration of 100 mg/l in the form
of an acetone solution. The acetone added together with
fluorene was allowed to evaporate by incubating flasks
on the shaker for one day, after which the flasks were
inoculated with bacterial cells. Cosubstrates (sucrose
and glycerol) were added to the medium to the desired
concentrations in the form of sterile concentrated aque-
ous solutions.

To study the dynamics of fluorene transformation, a
few identical flasks were incubated under identical con-
ditions. The flasks were inoculated with bacterial cells
to an optical density of 1.0 (the control flasks were not
inoculated) and incubated on the shaker. At certain time
intervals, one of the flasks was taken for analyses. First,
the optical density of the culture was measured at 540 nm
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using a KFK colorimeter and a 0.5-cm cuvette. Then,
the contents of the flask were thrice extracted with eth-
ylacetate (before the third extraction, the aqueous phase
in the flask was acidified to pH 2 with diluted HCl). The
extracts were pooled and evaporated using a vacuum
rotary evaporator. The dry residue was dissolved in ace-
tone and analyzed qualitatively by thin-layer chroma-
tography (TLC) on Kieselgel 60 F-254 plates (Merck,
Germany). The plates were developed using a benzene–
dioxane–acetic acid (90 : 10 : 1) solvent mixture. Spots
were visualized under UV light. Then the acetone solution
was quantitatively analyzed using a Pye Unicam gas–liq-
uid chromatograph equipped with a flame ionization
detector and a (1.5 m 

 

×

 

 2

 

 mm) column packed with Chro-
mosorb G-AW-DMSC containing 3% SE-30. The
injector, column, and detector were kept at 150, 175,
and 290

 

°

 

C, respectively.

Experiments on the transformation of fluorene by
washed cells were carried out as follows. The strains
were grown on the respective growth substrates in the
presence of fluorene to the retardation growth phase.
Cells were harvested by centrifugation, washed twice
with phosphate buffer (pH 7.2), and suspended in the
buffer to an optical density of 1.2. This cell suspension
was dispensed in equal volumes in flasks. The flasks
were supplemented with fluorene and incubated under
the conditions described above. The contents of the
flasks were analyzed in the same manner as described
above for the growth experiments.

RESULTS AND DISCUSSION

When incubated in the mineral medium with fluo-
rene as the sole carbon source, the strains did not
exhibit noticeable growth (i.e., changes in the optical
density of the cultures were within the error of mea-
surements). In this case, the concentration of fluorene

in the medium decreased at a considerably slower rate
than in the presence of the respective cosubstrate
(Figs. 1, 3). TLC analysis showed that the transforma-
tion of fluorene in the presence of the cosubstrates was
accompanied by the appearance of some metabolites in
the culture liquid, which were not detected when fluo-
rene served as the sole carbon source.

The high rates of fluorene transformation by

 

R. rhodochrous

 

 172 were observed for a wide range of

initial sucrose concentrations (  = 0.5–5 g/l) in the

cultivation medium (Fig. 1). At  = 1 g/l, fluorene
was completely transformed after 120 h, while after

48 h at  = 5 g/l.

A comparative analysis of the effects of sucrose on
the growth of 

 

R. rhodochrous

 

 172 and fluorene trans-
formation showed that the acceleration of fluorene
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Fig. 1.

 

 The dynamics of fluorene in the culture liquid of

 

R. rhodochrous

 

 172 grown (

 

1

 

) without cosubstrate and in
the presence of (

 

2

 

) 0.5, (

 

3

 

) 1, and (

 

4

 

) 5 g/l sucrose as the
cosubstrate. Curve (

 

5

 

) shows bacterial growth in the pres-
ence of 0.5 g/l sucrose. 

 

Fig. 2.

 

 The transformation of fluorene by washed 

 

R. rhodo-
chrous

 

 172 cells.

 

Fig. 3.

 

 The dynamics of fluorene in the culture liquid of

 

P. fluorescens

 

 26K grown (

 

1

 

) without cosubstrate and in the
presence of (

 

2

 

) 0.6 and (

 

3

 

) 1.2 g/l glycerol as the cosub-
strate. Curve (

 

4

 

) shows bacterial growth in the presence of
0.6 g/l glycerol.
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transformation by sucrose was not merely due to its
beneficial effect on the biomass. Indeed, in these exper-
iments, the biomass yield 

 

Y

 

 was proportional to the initial

concentration of sucrose up to its value  = 2 g/l.
Therefore, the transition of the 

 

R. rhodochrous

 

 172 cul-

ture at  = 0.5 g/l to the stationary phase was due to
the exhaustion of sucrose from the medium. As can be
seen from Fig. 1 (curves 

 

2

 

 and 

 

5

 

), the transformation of
fluorene drastically declined when sucrose was
exhausted and the culture entered the stationary growth
phase. These data strongly suggest that the beneficial
effect of sucrose on the transformation of fluorene is
due to the cometabolism of sucrose and fluorene, since,
by definition, cometabolism is characterized by an
increase in the specific (per unit biomass) transformation
rate of a substrate in the presence of a cosubstrate [9].

The washed 

 

R. rhodochrous

 

 172 cells taken from the
retardation growth phase and incubated under non-
growth conditions could also transform fluorene at a
high rate (Fig. 2). These data indicate that some factors
responsible for growth limitation may affect fluorene
transformation by bacterial cells.

Similar data were obtained with the other strain,

 

P. fluorescens

 

 26K. The addition of glycerol enhanced
the transformation of fluorene by this strain (Fig. 3). At

a sufficiently high initial glycerol concentration (

 

 

 

=
1.2 g/l), fluorene was completely transformed after 60 h.
As in the case with 

 

R. rhodochrous

 

 172, the transforma-
tion rate of fluorene by 

 

P. fluorescens

 

 26K considerably
decreased in the stationary phase, which was caused by
the exhaustion of glycerol from the medium (Fig. 3,
curves 

 

2

 

 and 

 

4

 

).

The amount of fluorene transformed in the 

 

P. fluore-
scens

 

 26K culture depended not only on the initial con-
centration of glycerol in the medium, but also on the
physiological state of cells. Figure 4a presents some
growth curves of 

 

P. fluorescens

 

 26K cultivated at differ-
ent initial concentrations of glycerol (these concentra-
tions are indicated alongside the growth curves). The
concentrations of fluorene remaining in the culture liq-
uids after 69 h of cultivation are shown in Fig. 4b. A
comparison of the biomass yields at different initial
glycerol concentrations allowed the inference to be

made that, at  from 0 to 1.2 g/l, the transition of

 

P. fluorescens

 

 26K to the stationary growth phase was
due to the exhaustion of glycerol from the medium.
Within this range of glycerol concentrations, the resid-
ual concentration of fluorene in the medium was
inversely proportional to the initial concentration of

glycerol, so that at   = 1.2 g/l, fluorene was entirely
transformed. Surprisingly, with a further increase in

 to 1.6 g/l, the degree of fluorene transformation

decreased (Fig. 4b). Presumably, at   higher than
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1.2 g/l, bacterial transition to the stationary growth
phase was caused by a factor other than the exhaustion
of glycerol from the medium. This factor, presumably,
not only inhibits the growth of 

 

P. fluorescens

 

 26K but
also suppresses the transformation of fluorene.

The data presented in Fig. 3 cannot provide an
answer to the question of whether the beneficial effect
of glycerol on the transformation of fluorene by 

 

P. fluo-
rescens

 

 26K cells is due to the effect of glycerol metab-
olism itself or mediated by the increased biomass accu-
mulated in the presence of glycerol. To answer this
question, we employed the following approach. 

The specific transformation (or consumption) rate 

 

q

 

of a substrate is the specific rate of decrease in its con-
centration 

 

S

 

 per unit biomass 

 

X

 

, given by [12]:

 

(1)

 

For a batch culture, this rate can be calculated on the
basis of the substrate transformation model, as was
done by Wang and Loh for the cometabolism of phenol
and 4-chlorophenol in the presence of glutamate [10].
Since such a model has not yet been constructed for the
transformation of fluorene, let us proceed from empiri-
cal data. From formula (1), it follows that the decrease
in the substrate concentration during the time lapse
(

 

t

 

1

 

, 

 

t

 

2

 

) is given by the expression 

 

(2)

 

During batch cultivations, the specific rate 

 

q

 

 varies with
time as a result of changes in the medium composition,
the biomass concentration, and the physiological state of
cells. Let us substitute the function 

 

q

 

(

 

t

 

)

 

 in expression (2)
by a constant 

 

q

 

'

 

 such that the value of this expression
does not change:

 

(3)

 

The quantity 

 

q

 

'

 

 is a constant specific rate of substrate
transformation which is chosen such that the decrease
in the substrate concentration during the time interval
(

 

t

 

1

 

, 

 

t

 

2

 

) is the same as in the case of the actual variable
specific rate of substrate transformation. This quantity
may be called the effective specific rate of substrate
transformation. From equation (3), it follows that

 

(4)

q
1
X
----dS

dt
------.–=

∆S– q t( )X t( ) t.d

t2

t1

∫=

∆S– q t( )X t( ) td

t2

t1

∫ q' X t( ) t.d

t2

t1

∫= =

q' ∆S–

X t( ) td

t2

t1

∫
-------------------= .
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If the concentrations of the biomass and the substrate
are measured at the same points, expression (4) trans-
forms into

(5)

The effective specific rate of substrate transforma-
tion given by formulas (4) and (5) can be found by
dividing the decrease in the substrate concentration
over the time interval (t1, t2) by the area below the line
showing the time dependence of the biomass (or the
optical density of the culture) at this time interval.

Figure 5 shows the results of such calculations for
the transformation of fluorene by P. fluorescens 26K
cells at different initial concentrations of glycerol in the
medium. At small cultivation times, the graphs q'(t) for
fermentations with glycerol lie above the graph for fer-
mentation without glycerol. However, after about 30 h
of cultivation, the specific transformation rates of fluo-
rene in the presence of glycerol fall to values typical of
its transformation in the absence of the cosubstrate.
Therefore, the transformation of fluorene in the pres-
ence of glycerol is enhanced due to the cometabolism
of these compounds. Numerically, the specific rate of
fluorene transformation by the logarithmic-phase P. flu-
orescens 26K culture grown in the presence of 0.6 g/l
glycerol reaches a value higher than 25 mg fluorene per
l per h per one optical density unit of cell suspension.
This value is higher than that observed in the absence
of the cosubstrate (Fig. 5).

Thus, the data obtained in this study show that the
R. rhodochrous strain 172 and P. fluorescens strain 26K

q'
2 S1 S2–( )

X1 X2+( ) t2 t1–( )
------------------------------------------.=

grown in standard mineral media in the presence of,
respectively, sucrose and glycerol as cosubstrates trans-
form fluorene more efficiently than in the absence of
the cosubstrates. The cometabolic transformation of
fluorene by these cultures under the given conditions
can presumably be used for obtaining valuable products
which are difficult to produce by chemical synthesis.
The application of these strains to bioremediation pur-
poses requires a search for other cosubstrates that less
expensive than sucrose and glycerol.
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Fig. 4. (a) The growth of P. fluorescens 26K at different initial concentrations of glycerol (indicated alongside the growth curves)
and (b) the residual concentrations of fluorene in the culture liquids after 69 h of cultivation. 

Fig. 5. The specific rates of fluorene transformation by
P. fluorescens 26K growth (1) without a cosubstrate and in
the presence of (2) 0.6 and (3) 1.2 g/l glycerol as the cosub-
strate. 

optical density unit



166

MICROBIOLOGY      Vol. 72      No. 2      2003

BABOSHIN et al.

ACKNOWLEDGMENT

This work was supported by grant EC ICA2-CT-
2000-10006.

REFERENCES

1. Grifoll, M., Casellas, M., Bajona, J.M., and
Solanas, A.M., Isolation and Characterization of a Fluo-
rene-degrading Bacterium: Identification of Ring-Oxi-
dation and Ring-Fission Products, Appl. Environ. Micro-
biol., 1992, vol. 58, pp. 2910–2917.

2. Microbial Transformation and Degradation of Toxic
Organic Chemicals, Yong, L.Y. and Cerniglia, C.E.,
Eds., New York: Wiley-Liss, 1995.

3. Boyd, D.R. and Sheldrake, G.N., The Dioxygenase-cat-
alyzed Formation of Vicinal cis-Diols, Nat. Prod. Rep.,
1998, vol. 15, pp. 309–324.

4. Trenz, S.P., Engesser, K.H., Fisher, P., and Knack-
muss, H., Degradation of Fluorene by Brevibacterium
sp. Strain DPO 1361: A Novel C–C Bond Cleavage
Mechanism via 1,10-Dihydroxyfluorene-9-on, J. Bacte-
riol., 1994, vol. 176, pp. 789–795.

5. Monna, L., Omori, T., and Kodama, T., Microbial Deg-
radation of Dibenzofuran, Fluorene and Dibenzo-p-
Dioxin by Staphylococcus auriculans DBF 63, Appl.
Environ. Microbiol., 1993, vol. 59, pp. 285–289.

6. Boldrin, B., Tiehn, A., and Fritzsche, C., Degradation of
Phenanthrene, Fluorene, Fluoranthene and Pyrene by a
Mycobacterium sp., Appl. Environ. Microbiol., 1993,
vol. 59, pp. 1927–1930.

7. Grifoll, M., Selifonov, S.A., and Chapman, P.J., Evi-
dence for a Novel Pathway in the Degradation of Fluo-
rene by Pseudomonas sp. Strain F274, Appl. Environ.
Microbiol., 1994, vol. 60, pp. 2438–2449.

8. Resnick, S.M. and Gibson, D.T., Regio- and Stereospe-
cific Oxidation of Fluorene, Dibenzofuran and Diben-
zothiophene by Naphthalene Dioxygenase from
Pseudomonas sp. Strain NCIB 9816-4, Appl. Environ.
Microbiol., 1996, vol. 62, pp. 4073–4080.

9. Golovleva, L.A., Skryabin, G.K., and Golovlev, E.L.,
Kometabolizm: biologicheskii smysl fenomena (Come-
tabolism: biological Implications), Pushchino, 1978.

10. Wang, S.J. and Loh, K.C., Biotransformation Kinetics of
Pseudomonas putida for Cometabolism of Phenol and
4-Chlorophenol in the Presence of Sodium Glutamate,
Biodegradation, 2001, vol. 12, pp. 189–199.

11. Golovleva, L.A., Finkelstein, Z.I., Baskunov, B.P.,
Alieva, R.M., and Shustova, L.G., Microbial Detoxifica-
tion of the Coking Industry Sewage, Mikrobiologiya,
1995, vol. 64, no. 2, pp. 197–200.

12. Pirt, S.J., Principles of Microbe and Cell Cultivation,
Oxford: Blackwell, 1975. Translated under the title
Osnovy kul’tivirovaniya mikroorganizmov i kletok, Mos-
cow: Mir, 1978. 


