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Abstract: Pseudomonas putida ATCC 17514 was used as
a model strain to investigate the characteristics of bacterial
growth in the presence of solid fluorene and phenanthrene.
Despite the lower water-solubility of phenanthrene, P.
putida degraded this polycyclic aromatic hydrocarbon
(PAH) at a maximum observed rate of 1.4 + 0.1 mg L™’
h~", higher than the apparent degradation rate of fluorene,
0.8 + 0.07 mgL™" h~". The role of physiological processes
on the biodegradation of these PAHs was analyzed and
two different uptake strategies were identified. Zeta po-
tential measurements revealed that phenanthrene-grown
cells were slightly more negatively charged (-57.5 =+
4.7 mV) than fluorene-grown cells (-51.6 + 4.9 mV), but
much more negatively charged than glucose-grown cells
(-26.8 £ 3.3 mV), suggesting that the PAH substrate
induced modifications on the physical properties of bac-
terial surfaces. Furthermore, protein-to-exopolysaccharide
ratios detected during bacterial growth on phenanthrene
were typical of biofilms developed under physicochemical
stress conditions, caused by the presence of sparingly
water-soluble chemicals as the sole carbon and energy
source for growth, the maximum value for TP/EPS during
growth on phenanthrene (1.9) being lower than the one
obtained with fluorene (5.5). Finally, confocal laser micro-
scopy observations using a gfp-labeled derivative strain
revealed that, in the presence of phenanthrene, P.
putida::gfp cells formed a biofilm on accessible crystal
surfaces, whereas in the presence of fluorene the strain
grew randomly between the crystal clusters. The results
showed that P. putida was able to overcome the lower
aqueous solubility of phenanthrene by adhering to the solid
PAH throughout the production of extracellular polymeric
substances, thus promoting the availability and uptake of
such a hydrophobic compound. © 2005 Wiley Periodicals, Inc.
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INTRODUCTION

Fluorene and phenanthrene are among the most common
polycyclic aromatic hydrocarbons (PAHs) found at con-
taminated industrial sites (George and Neufeld, 1989;
Bezalel et al., 1996). The microbial uptake kinetics of such
compounds is constrained by their solid physical state and
very low water-solubility, leading to their accumulation in
the environment (Cerniglia, 1992; Wodzinski and Coyle,
1974). Some microorganisms are able to adapt to hydro-
phobic PAHs by using efficient substrate-to-cell contact
mechanisms and several studies pointed out the relevance
of adhesion in substrate bioavailability. Guerin and Boyd
(1992) found that desorption of soil-sorbed naphthalene
was enhanced by a Pseudomonas putida strain, which
strongly adhered to the sorbent surface. Likewise, Wick
et al. (2002) indicated attachment and biofilm formation as
a specific physiological response of Mycobacterium sp.
LB50IT to optimize anthracene bioavailability. However,
no specific information regarding bacterial adaptations,
such as the production of polymeric substances as a
substrate-induced bioavailability-enhancing mechanism
was clearly provided.

Therefore, in order to better understand strain-specific
mechanisms to improve PAH bioavailability, more knowl-
edge about bacterial physiological processes affecting the
uptake of different substrates is necessary. An appreciation
of the mechanisms that control PAH biodegradation will be
very helpful in developing practical bioremediation strat-
egies. Thus, the goal of the present work was to identify
specific responses of P. putida ATCC 17514 to different
sparingly soluble PAHs, namely, fluorene and phenan-
threne. For that purpose, the kinetics of fluorene and



phenanthrene utilization as the sole carbon and energy
source for growth were determined, the role of biopolymer
production and bacterial surface properties in PAH uptake
mechanism was analyzed, and the growth strategy of gfp-
labeled P. putida ATCC 17514 on fluorene and phenan-
threne crystals was identified in situ using confocal laser
scanning microscopy.

MATERIALS AND METHODS

Chemicals

Fluorene (FL; 98% pure) was purchased from Sigma
Aldrich (Steinheim, Germany) and phenanthrene (PHE;
98% pure) was purchased from Aldrich Chemical (Mil-
waukee, WI). PAH stock solutions (10 mg mLfl) were
prepared by dissolution of fluorene or phenanthrene
crystals in acetone or n-hexane (Riedel-de-Héen).

Bacteria and Culture Conditions

Pseudomonas putida ATCC 17514 NCIMB 10015 was first
grown in mineral medium with glucose (2 g/L) for 24 h at
25°C. The mineral medium contained, per liter of solution:
69.6 mg of CaCl,.2H,0, 8 mg of NaCl, 103 mg of KNOs3,
698 mg of NaNOj, 100 mg of MgS0O,.7H,0, 100 mg
of NTA, 2 mg of FeSO,.7H,0, 0.1 mg of ZnSO,.7H,0,
0.043 mg of MnSO,4.5H,0, 0.3 mg of H3;BOj, 0.24 mg
of CoSO,4.7H,0, 0.01 mg of CuSO4.5H,0, 0.02 mg of
NiSO4.7H,0O, 0.03 mg of NaMoO4.2H,O, 0.5 mg of
Ca(OH),, 5 mg of EDTA, 544.4 mg of KH,PO,, 2148.9 mg
of Na,HPO,, and 30 mg of (NH4),SO,4. Subsequently,
fluorene or phenanthrene crystals were added to the me-
dium for enzyme induction. The cultures were then incu-
bated for 7 days in the dark at 25°C, with shaking at
150 rpm. P. putida was able to use fluorene or phen-
anthrene as the sole carbon and energy source for growth.
A double gfp cassette, containing two copies of gfp with
the strong psbA constitutive promoter plus a ribosome
binding site from T7genel0 was used to label P. putida
ATCC 17514. Plasmid pUTgfp2 (Unge et al., 1996) is a
transposon delivery system used for stable chromosomal
integration of two copies of gfp, consisting of a mutant form
of GFP, which is excited at 471 nm (instead of 396 nm) and
more prominently expressed compared to the wildtype GFP.
The plasmid pUTgfp2 was transferred by conjugation from
a donor strain, E. coli DH5a, to P. putida ATCC 17514 in
a triparental mating with helper strain CM404, which is
HB101 carrying the necessary transfer genes for conjugation
on plasmid pRK2013 (Figurski and Helinski, 1979).
Escherichia coli strains were grown at 37°C in Luria-
Bertani (LB) medium supplemented with ampicillin (50 pg/
mL) or kanamycin (50 pg/mL), for DH5a and CM404,
respectively. P. putida (wildtype and gfp-tagged) cells were
incubated at 30°C on agar plates (Pseudomonas Agar Base,

OXOID) using mineral medium with gluconate as carbon
source, supplemented with kanamycin (50 pg/mL).

Since the wildtype P. putida is also resistant to kana-
mycin (50 ng/mL), fluorescent colonies were detected in
a dark room upon exposure to an UV lamp (312 nm) and the
colony with the highest fluorescence intensity was scraped
off the agar plate and restreaked several times on agar
plates with mineral medium supplemented with kanamycin
(50 pg/mL), using gluconate as the carbon source.

Biodegradation Assays

Experiments to measure the removal rates and the partition
coefficients of PAHs between the solid phase and the liquid
phase were carried out in 250-mL Erlenmeyer flasks. PAH-
containing medium was prepared by adding a 500-uL
aliquot of acetone-dissolved fluorene or phenanthrene
(10 mg mL™") to sterile Erlenmeyer flasks. The solvent was
allowed to evaporate before the addition of 50 mL of sterile
mineral medium, corresponding to a final PAH content of
~100 mg L™". The inoculum was a culture of P. putida
ATCC 17514 pregrown on the respective PAH (with an
optical density at 540 nm (ODs40) of 0.4). The volume of
the inoculum was 10% of the total liquid volume. A flask
with only mineral medium was also inoculated and used as
control. After inoculation, the flasks were sealed with
sterile silicone stoppers, from which a gas filter was
suspended and incubated in the dark at 24°C on a gyratory
shaker at 150 rpm for 10-15 days. A 2-mL aliquot of cell
suspension was sampled at regular time intervals and its
ODs4o was determined as a measure of the density of cell
suspensions, after carefully shaking the samples. The
ODsy4p was measured in a UNICAM, HENIOS v spectro-
photometer (Cambridge, UK), using a cell-free control as
reference. Due to their size (0.2-0.5 mm, as evaluated by
confocal laser scanning microscopy), PAH crystals sedi-
mented quickly and did not interfere with the OD mea-
surements. Volatile suspended solids concentration was
determined as a measure of biomass concentration. Mea-
surements were carried out as described in APHA (1998).

Sterile uninoculated and autoclaved controls were
included. In order to determine the effect of bacterial cell
surfaces on adsorption to solid PAHs, experiments with
inactivated biomass were performed. A cell suspension of
P. putida was inactivated by autoclaving (121°C, 1.5 bar)
for 1 h, followed by a second autoclaving step (15 min) the
next day (Hwu et al., 1996). Inactivated cell suspension
(ODs49 = 0.4) was added to Erlenmeyer flasks containing
50 mL of sterile mineral medium, and fluorene or
phenanthrene as sole substrates (~100 mg L™'). The
sterility of the medium was confirmed by plating in solid
LB medium.

The concentration of PAH in the samples was deter-
mined. Some samples were clarified by centrifugation at
16,000g for 10 min in order to quantify PAH in the solid
phase (solid substrate and cell-associated fraction), as well
as the PAH in the liquid phase. The supernatant was
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transferred to a sterile tube and the pellet was resuspended
in 1 mL of mineral medium.

The partition coefficients of PAH between the solid
phase and the liquid phase were calculated from the slope
of a plot of pellet PAH content (mgpan/gvss) versus PAH
concentration in the liquid phase (mgpay/L).

Activity Tests

The specific activity of P. putida cells was measured by
respirometry at different stages of fluorene and phenan-
threne degradation assays using a Biological Oxygen
Monitor (YSI model 5300). The respirometry test device
had a volume of 10 mL and was sealed with a tightly fitting
stopper. The suspension was mixed with a magnetic stirrer
to overcome external mass transfer resistance. Oxygen de-
pletion was monitored continuously by using a YSI elec-
trode. The batch respirometric experiments were performed
at room temperature (~24°C) during 14 days of P. putida
growth on fluorene or phenanthrene as sole substrates, as
follows: 10 mL of growth medium were saturated with
oxygen by air bubbling and stirring for 30 min, the res-
pirometric cell was closed, and oxygen consumption was
monitored. Mineral medium without added PAH, inocu-
lated with P. putida cells, was used as control. The max-
imum specific activity was calculated from the oxygen
consumption curve.

In Situ Monitoring by CLSM of Bacterial Growth
on Sorbed PAHs

Growth experiments with the gfp-labeled derivative strain
of P. putida ATCC 17514 on PAHs sorbed to a glass
surface were carried out in a four-channel (5 X 10 X
40 mm) flow-cell, limited by two microscope glass cover-
slips. The glass coverslip at the bottom of the flow-cell was
coated with PAH crystals (0.2-0.5 mm). In channels 1 and
2, a single PAH was used (phenanthrene in channel 1 and
fluorene in channel 2). In channel 3, fluorene was placed at
the inlet and phenanthrene at the outlet. The glass surface
area coated with PAH crystals (at the inlet and at the outlet
of each flow channel) was approximately equivalent to
2 mm?>. The flow cell was filled up with a flow of mineral
medium. Thereafter, each flow channel was inoculated with
a culture of gfp-labeled P. putida cells (ODsy = 0.4)
pregrown on the respective PAH, as described for the
biodegradation experiments. After 1 h of incubation,
mineral medium was continuously pumped at a flow rate
of SmL h™".

The flow-cell was placed under a microscope AXIO-
VERT 135 TV with a confocal laser unit, coupled to a
Leica QUANTIMET image analysis computer. In each
channel, three distinct areas, at the inlet (a), at the middle
(b), and at the outlet (c), were monitored. Twenty hori-
zontal optical sections were scanned at 2-um vertical inter-
vals. The bacteria were detected with an Ar 488 nm laser
using a 515 nm long-pass filter, and the PAH crystals with

a HeNe 543 nm laser line using a 550 nm long-pass filter.
Images were obtained using a 40x/1.3 oil immersion lens.
The growth of P. putida::gfp cells was monitored for 6 days
and biovolumes were determined by numeric integration of
microbial colonization profiles, following the method
described in Kuehn et al. (1998). The flow cell system
was kept under the CLSM for the entire experimental
period so that the same site was always scanned. The room
temperature was 18°C.

PAH Analysis

Each sample was extracted with two equal volumes of n-
hexane. A centrifugation (16,000g for 10 min) was per-
formed to separate aqueous and organic phases. PAHs in
the hexane fraction were separated by reversed-phase high-
pressure liquid chromatography (RP-HPLC) analysis using
a Knauer chromatograph, equipped with a Knauer K-2500
UV-detector (254 nm). A LiChroCART 250-4 LiChrospher
PAH column was used for component separation. The
compounds were eluted using a gradient of acetonitrile (A)
and water (0—10 min, 50%A; 10-35 min, 100%A), pumped
at a flow-rate of 1 mL/min by using a solvent organizer
K-1500 WellChrom, Knauer and a HPLC pump K-1001,
WellChrom, Knauer. Total PAH concentrations were deter-
mined from a mixed liquor sample (containing mineral
medium, cells, solid and dissolved PAHs). PAH in the solid
phase (solid PAH and cell-associated PAH) and PAH
concentration in the liquid phase (dissolved PAH and very
small PAH crystals) were determined after centrifugation
of the mixed liquor sample (16,000g for 10 min). The
supernatant was transferred to a sterile tube and the pellet
was resuspended in 1 mL of mineral medium. For quan-
tification of PAH in the solid phase, the sample was
previously sonicated for 2 min, in order to allow the de-
tachment of cells from insoluble PAH, and afterwards ex-
tracted with n-hexane.

Biopolymers

Cell production of biopolymers was assessed during PAH
degradation assays. A quantitative approximation of the
exopolysaccharide (EPS) matrix was obtained using the
phenol-sulfuric acid method of Dubois et al. (1956).
Glucose was used as standard and the absorbance was
measured at 490 nm in a UNICAM, HEANIOS +y spectro-
photometer. The total protein (TP) concentration was
measured according to the Lowry et al. (1951) method
with a kit supplied by Sigma (St. Louis, MO, procedure
5656), using bovine serum albumin as standard. Absor-
bance was measured at 740 nm.

Cell Surface Properties

Relative cell surface hydrophobicity determinations were
carried out using a modification of the method described by
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Rosenberg et al. (1980). P. putida ATCC 17514 was grown
in batch cultures, as described above, and harvested at the
early stationary growth phase by centrifugation (12,000g,
10 min). The pellet was washed, resuspended, and diluted
with mineral medium to an initial ODsy, of 0.4. The purity
of the cultures was confirmed by plating on LB medium. A
4.5 mL portion of cell suspension (ODs4o = 0.4) was trans-
ferred to an acid-washed (HCI, 0.1 M) round-bottom glass
tube, previously overlaid with 0.6 mL of hexadecane. For
each culture, one control (tube not overlaid with hexade-
cane) was prepared. Samples and controls were then
vortexed for 60 sec. After an equilibration period of
10 min, the loss in ODs4q of the aqueous phase relative to that
of the initial cell suspension was measured. Hydrophobicity
was estimated by calculating the percentage of cells
adhering to hexadecane. The electric charge of P. putida
cells grown on fluorene or phenanthrene was evaluated by
zeta potential determinations. Measurements were per-
formed with a micro-electrophoresis cell, Zetameter 3.0+.
The applied voltage was 200 V, and each average value
consisted of 25 records.

RESULTS

Kinetics of PAH Biodegradation

Degradation and growth experiments with P. putida ATCC
17514 were performed in batch cultures using either crys-
talline fluorene or phenanthrene as sole carbon and energy
sources. The results are presented in Figures 1 and 2.
After an equilibration period, fluorene and phenanthrene
concentrations in the suspension decreased with time.
During the exponential growth phase, the partitioning of
the PAH to the cells was observed as a significant increase
in the concentration of PAH in the solid phase. Concom-
itantly, the PAH concentration in the bulk liquid decreased.
Afterwards, at the late exponential growth phase, the PAH
concentration in the solid phase declined continuously as a

Fluorene concentration (mg/L)
OD (540 nm)

0 100 200 300 400

Time (hours)

Figure 1. Removal of total fluorene (), fluorene in the bulk liquid phase
(O) and fluorene in the solid phase ( A) during growth of P. putida ATCC
17514 (@). The lack of biomass growth in the absence of fluorene is also
depicted (*). The error bars represent the standard deviation calculated on
the basis of measurements performed in two experiments.

OD (540 nm)

Phenanthrene concentration
(mg/L)

Time (hours)

Figure 2. Removal of total phenanthrene (), phenanthrene in the bulk
liquid phase () and phenanthrene in the solid phase (A ) during growth
of P. putida ATCC 17514 (@). The lack of biomass growth in the ab-
sence of phenanthrene is also depicted (). The error bars represent the
standard deviation calculated on the basis of measurements performed in
two experiments.

result of the continued metabolism of cell-associated PAH.
The maximum observed degradation rates are depicted in
Table I, the phenanthrene degradation rate being higher
than with fluorene. Furthermore, biological activity during
growth on phenanthrene (1.16 g O, g VSS™' d™!, at the
exponential phase) was much higher than on fluorene
(Fig. 3). Apparently, the maximum cell activity was
reached when most of the phenanthrene was associated
with the biomass (as can be seen in Fig. 2). No cell activ-
ity was detected in the absence of fluorene or phenanthrene
as substrate.

The effect of cell-surface properties in PAH association
with the biomass was investigated in batch assays per-
formed with inactivated cells (Table I). The increase in
PAH in the solid phase and the simultaneous inflection in
the concentration of PAH in the liquid phase was more
noticeable for phenanthrene. These data are consistent with
the slightly higher hydrophobicity of this PAH compared to
fluorene, since the water-solubility of the two compounds
differs by a factor of 1.6.

Cell Surface Properties and Bacterial
Production of Biopolymers

The effect of the growth substrate on the physical prop-
erties of bacterial surfaces was also analyzed. After P.
putida growth on fluorene, phenanthrene, or glucose, mea-
surements of zeta potential and bacterial surface hydro-

Table I. Maximum observed degradation rates and partition coefficients.
Initial partition
Initial partition coefficient in the
Maximum observed coefficients in the presence of
degradation rates  presence of active  inactive cells
PAH (mgL™'h™")  cells(LgVSS™") (LgVss™
Fluorene 0.8 £ 0.07 3.0+ 09 4.6 £ 0.5
Phenanthrene 14 £ 0.1 105 £ 1.8 185 £ 1.2
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Figure 3. Activity of P. putida cells during growth on fluorene (4)
or phenanthrene (M). The optical density of the medium at 540 nm is
also represented as a measure of biomass growth on fluorene (&) or
phenanthrene (OJ).

phobicity were performed in order to examine whether
the used carbon source affects the cell surface properties
(Table II).

As expected, zeta potential measurements revealed that
the strain was always negatively charged at neutral pH
(Table II), although the growth substrate was different.
Cells grown on glucose were the least charged, while cells
grown on PAHs displayed extremely high negative zeta
potential values. However, despite the slightly higher
hydrophobicity and more negative electric charge of cells
grown on phenanthrene compared to fluorene, no signifi-
cant differences were registered between cells grown on
these substrates.

The production of biopolymers, namely, exopolysaccha-
rides (EPS) and total proteins (TP), during bacterial growth
on fluorene and phenanthrene is shown in Figures 4 and 5,
respectively. After an adaptation period, an increase in the
concentration of biopolymers was observed. In general, the
ratio of total protein to exopolysaccharides was lower in
the presence of phenanthrene compared to fluorene (Fig. 6),
which means that the production of polysaccharides was
higher in the presence of phenanthrene crystals.

In Situ CLSM Monitoring of Bacterial Growth
on Sorbed PAHs

In order to monitor the growth of P. putida ATCC 17514
on fluorene and phenanthrene crystals using confocal laser
scanning microscopy, the strain was labeled by transposon
mutagenesis. P. putida::gfp cells were found to express
strong, green fluorescence, clearly detectable by epifluo-

Table II. Cell-surface characteristics of Pseudomonas putida ATCC
17514 grown on different substrates.

Growth substrate  Zeta potential (mV) % cells adhered to hexadecane

Fluorene —51.6 £ 49 4.7 + 0.7
Phenanthrene —57.5 + 4.7 6.2 +£ 0.5
Glucose —26.8 £33 —

Polymers
(mg/gVSs)

25

50

115

220 TP

Time (hours)

41§PS

Figure 4. Biopolymer production during growth on fluorene.

rescence or confocal microscopy. During all flow-cell
experiments, expression of GFP was very stable and no
nonfluorescent subpopulations were observed.

After inoculation and an adaptation period of about 24 h,
growth of P. putida::gfp cells was detected in all scanned
regions in channels 1 (phenanthrene crystals only) and 2
(fluorene crystals only). On the other hand, in channel 3
(inlet: fluorene, outlet: phenanthrene), a confluent growth
of P. putida cells was observed near the outlet, i.e., where
the phenanthrene crystals were located, and nearly no cells
could be detected at the inlet and at the center of the
channel. Figure 7 shows P. putida cell distribution in
channels 1 (image A) and 2 (image B).

DISCUSSION

Kinetics of Fluorene and
Phenanthrene Biodegradation

Degradation and growth experiments with P. putida ATCC
17514 were performed in batch cultures using either
crystalline fluorene or phenanthrene as the sole carbon
and energy sources, at a concentration of 100 mg L™". Such
initial PAH concentration was much higher than the PAH
aqueous solubility limit in order to ensure that PAH
dissolution from crystals was never the limiting step of
biomass growth. Figures 1 and 2 show that, after a lag

[600
500
400
300
200
100
0

Polymers
(mg/gVss)

0
25

50

115

220 ™

PS
Time (hours) adf

Figure 5. Biopolymer production during growth on phenanthrene.
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Fluorene
Phenanthrene

Time (hours)

Figure 6. Comparison of the ratio between total protein and polysac-
charides during P. putida growth on fluorene and on phenanthrene crystals.

period of ~48 h, exponential growth was observed only
at high substrate-to-microorganism ratios. In all experi-
ments it was noticed that cultures in the presence of
fluorene reached the stationary growth phase before those
grown on phenanthrene. During the exponential growth
phase, the observed growth rate in the presence of fluo-
rene was 0.0196 h™'. After 120 h of incubation, the
growth rate decreased to 0.0005 h™'. With phenanthrene
(Fig. 2), the growth was clearly characterized by two
distinct stages: an exponential phase with an observed
growth rate of 0.0317 h™', followed by a linear growth
(at a rate of 0.0018 hfl). At high biomass concentra-
tions (around 1.1 gyss/L), phenanthrene aqueous solu-
bility limit appears to be the limiting step controlling
the uptake rate. The observed growth rate in the pres-
ence of solid phenanthrene was approximately one-half
of the rate obtained by Boldrin et al. (1993) during the
exponential growth of a Mycobacterium sp., using the
same substrate (0.069 h™'). This difference can be ex-
plained by the strong hydrophobicity and very high ad-
hesion efficiency usually exhibited by Mycobacterium spp

(Bastiaens et al., 2000), properties that are believed to be
favorable to the biodegradation of sorbed PAHs (Wick
et al., 2002).

During biodegradation assays, it was observed that,
either for fluorene or phenanthrene, most of the PAH-
compound was present in the suspension as solid PAH and/
or cell-associated PAH. Indeed, after 100 h of P. putida
growth on fluorene, 63.0 = 20.3% of the total PAH was
localized in the solid fraction. On the other hand, 90.1 +
9.4% of the total PAH was solid and/or associated to the
cells during growth on phenanthrene. This trend is again
consistent with the higher hydrophobicity of phenanthrene
and its affinity for lipid membranes.

The initial partition coefficients between the solid phase
and the supernatant, obtained for fluorene and phenan-
threne were 3.0 + 0.9 and 105 + 1.8 L g VSS™!,
respectively. These values for the partition coefficients
determined are conservative. In fact, due to the active
degradation of the substrate by the cells, the experimental
results tend to indicate the combined effects of transport to
the cells and metabolism of cell-associated PAH. In the
presence of inactivated cells, the initial partition coeffi-
cients (Table I) are higher than the ones obtained with
active biomass (4.6 = 0.5 and 185 £ 1.2L g VSS~!, for
fluorene and phenanthrene, respectively). This result
confirms that the values for the partition coefficients
determined with active biomass are underestimated due to
PAH metabolism and suggests that there is a spontaneous
partitioning of fluorene and phenanthrene to the cells as a
result of their lipophilic nature and hydrophobicity,
although the higher concentration of PAH in the solid
phase is also due to PAH crystals that were centrifuged out
of suspension along with cells during the experimental
procedure described in Materials and Methods.

The maximum specific fluorene and phenanthrene ap-
parent degradation rates were 12.9 + 0.3 and 17.5 +

(A)

(B)

Figure 7. On-line monitoring of the growth of P. putida::gfp cells on crystalline fluorene and phenanthrene. Each image is presented as a horizontal cross
section through a microcolony of cells located near the fluorene (A) and phenanthrene (B) crystals. GFP-expressing cells are green and the red signal refers

to the PAH crystals.
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0.7 mg PAH g VSS™! d™', corresponding to 0.8 + 0.07
and 1.4 + 0.1 mg L™' h™', respectively. Despite the
lower solubility in water of phenanthrene, P. putida
seemed to degrade this PAH at a rate slightly higher than
fluorene. The results obtained in the biodegradation ex-
periments indicated that the low bioavailability of phen-
anthrene caused by its low aqueous solubility could be
overcome. Therefore, the contribution of physiological
mechanisms, such as biopolymer production to promote
bacterial adhesion to sparingly soluble PAHs, thus im-
proving the bioavailability of such hydrophobic substrates,
was highlighted.

Effect of the Substrate Type on the Physical
Properties of Cell Surface

The hydrophobicity measurements showed that P. putida is
rather hydrophilic. However, some influences of the sub-
strate on the physical properties (hydrophobicity and zeta
potential) of bacterial surfaces were observed (Table II).
Zeta potential values were significantly different when
comparing cells grown on PAHs and on a more easily de-
gradable carbon source (glucose). The results showed that
PAH-grown cells were more negatively charged (-51.6 +
4.9 to =57.5 = 4.7 mV) than glucose-grown cells (-26.8 =+
3.3 mV). This difference could be attributed to a
modification of the cell surface of the bacteria. Wick et al.
(2002) also reported differences in surface properties of a
Mycobacterium strain according to the substrate regime,
glucose-grown cells being slightly larger, significantly
more hydrophilic, and less negatively charged than
anthracene-grown cells.

The zeta potential value measured for P. putida cells
pregrown on glucose (-26.8 = 3.3 mV) is similar to the one
obtained by Bastiaens et al. (2000) with the naphthalene-
degrading P. putida strain PpG7 (Dunn and Gunsalus,
1973) during growth on the same easily degradable carbon
source (-32.06 £ 5.23 mV). Furthermore, in the presence
of fluorene or phenanthrene, P. putida cells displayed an
extremely high negative charge (-51.6 + 4.9 and -57.5 +
4.7 mV, respectively), only slightly lower than the electric
cell surface charge exhibited by a hydrophobic strain
belonging to the Mpycobacterium genus (-66 mV), as
reported by the same authors. This result suggests that,
particularly during growth on phenanthrene crystals, the
characteristics of bacterial surface are similar to the ones
displayed by the referred Mycobacterium strain, which
presents a very strong adhesion capacity.

In fact, despite the high negative zeta potentials of P.
putida cells detected during growth on PAHs, the formation
of cell aggregates could be observed. This observation is in
apparent contradiction with the high electrostatic repulsion
expected to occur between highly negatively charged cells.
The adhesion capacity is inversely correlated to a high
negative surface charge (Oliveira, 1992). The observed
formation of cell aggregates is explained by favorable
polymer interactions.

The surface of cells grown on phenanthrene was slightly
more negatively charged (57.5 + 4.7 mV) than the surface
of cells grown on fluorene (-51.6 £ 4.9 mV). It is known
that, for relatively hydrophilic cell surfaces, the electro-
kinetic potential becomes more influential on bacterial
adhesion (van Loosdrecht et al., 1987). These differences in
the zeta potential values may be related to the type and
concentration of exopolysaccharides excreted by P. putida
cells during growth on these PAHs. The EPS synthesized
by microbial cells vary in their chemical and physical
properties (Sutherland, 2001). Those organic molecules
(proteins and complex polysaccharides) conditioning the
cell surface will change the surface charge of the original
surface, as determined by zeta potential measurements
(Neu, 1996).

Cell Production of Polymeric Substances

The concentration of total polysaccharides and proteins
was assessed during P. putida growth on fluorene and
phenanthrene crystals. A higher cell production of bio-
polymers was observed in the presence of phenanthrene
compared to fluorene (Figs. 4, 5). Moreover, there was a
clear difference in the composition of the biomass during
growth on both substrates (Fig. 6). In fact, in the presence
of fluorene, the ratio of total protein to exopolysaccharides
(TP/EPS) increased continuously, reaching a maximum
value of 5.5 on day 9. On the other hand, with phenan-
threne, the maximum value for the protein to exopolysac-
charides ratio, 1.9, was observed during day 2, after which
it decreased to a lower value (between 0.5 and 1.2). This
ratio of total protein to exopolysaccharides (TP/EPS) was
the parameter used by Lazarova et al. (1994) to determine
the structure and solidity of biofilms. According to these
authors, the higher TP/EPS values observed in the pres-
ence of fluorene correspond to homogeneous, smooth, and
fragile biofilms, whereas TP/EPS values of 0.5 to 2.0,
detected during bacterial growth on phenanthrene, are typ-
ical of biofilms developed under physicochemical stress
conditions, which often present a much stronger exopoly-
saccharide matrix. Lopes et al. (2000) obtained a maxi-
mum value for the protein to exopolysaccharides ratio
of 25.6 during growth of P. fluorescens on glucose in
an airlift reactor. Despite the strong hydrodynamic forces
that prevail in such a system, the results indicate that
PAHs are likely to exert more stress than glucose. Further-
more, phenanthrene-grown cells are submitted to stronger
stress conditions than fluorene-grown cells. Therefore,
the biosynthesis and release of polymeric substances can
be a bacterial strategy to promote bioavailability of less
water-soluble compounds and/or adhesion to hydropho-
bic surfaces.

The adhesion of bacterial cells to PAHs is greatly
determined by the physical properties of the macro-
molecules at the cell surface, the formation of bridges of
extracellular polymers being responsible for anchoring the
cells to the substratum. According to Rattee and Breuer
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(1974), the binding interaction between a dye and cellu-
losic polymers occurs by hydrogen bonding between the
pyranose rings of the polysaccharide and the aromatic rings
of the dye. The same kind of interaction may occur be-
tween EPS and PAHs. Possibly, PAHs adsorb to or interact
via hydrogen bonding with EPS, thereby becoming more
available to the cells in the biofilm. Such enhanced bio-
availability can be explained by a reduction of the PAH
diffusion pathway (between the bulk liquid and the biofilm)
and a sharp substrate concentration gradient, caused by the
adhered bacteria, which may in turn enhance the diffusive
substrate flux. Moreover, many biosurfactants/bioemulsi-
fiers are just complex structures of polysaccharides and
proteins, which are known to increase the apparent solu-
bility of hydrophobic compounds (Barkay et al., 1999;
Burd and Ward, 1996).

In Situ CLSM Monitoring of Bacterial Growth
on Sorbed PAHs

Cell growth was detected microscopically based on GFP
fluorescence in the presence of fluorene, phenanthrene, or
both PAHs, as the sole carbon and energy source. P. putida
seems to use different growth strategies according to the
PAH it is feeding on. In fact, P. putida::gfp cells attached
and grew on the phenanthrene crystals, forming a biofilm
over accessible surfaces (Fig. 7). On the other hand, in the
presence of fluorene, which is more water-soluble than
phenanthrene, CLSM observations showed that the strain
grew randomly between the crystal clusters feeding on the
dissolved PAH. Moreover, in the presence of both PAHs,
P. putida directly colonize phenanthrene crystals in order to
reduce the PAH diffusion pathway and to take advantage of
the higher substrate concentration at the surface crystal,
despite the fact that they can also feed on the available
fraction of fluorene, which is being dissolved. The different
growth patterns exhibited by P. putida ATCC 17514 can be
attributed to the differences in substrate properties. Indeed,
by adhering to phenanthrene throughout the formation of a
biofilm, P. putida cells may be favored to utilize the
insoluble PAH compound, being able to overcome its lower
aqueous solubility. Biofilm formation by a Mycobacterium
strain on solid anthracene was also detected by Wick et al.
(2002). The same authors suggest that biofilm formation
may be required for growth under conditions of low
substrate availability.

In conclusion, the results obtained in the present study
revealed different growth strategies of a P. putida strain
on fluorene and phenanthrene crystals, showing that
PAH uptake strategy depends on bacterial strain-specific
mechanisms which are induced by the physical and
chemical characteristics of the PAH compound. Indeed,
despite the lower aqueous phase phenanthrene concen-
tration P. putida ATCC 17514 was able to utilize this PAH
compound at a rate higher than the one observed for
fluorene by adhering to the solid substrate throughout the
production of a stronger exopolysaccharide matrix, which,

in its turn, was corroborated by changes in cell surface
electric charge.

The CLSM studies were performed at the Technical University
of Munich, Germany. A.C.R. thanks L. Hendrickx for assistance
in the labeling of P. putida and A. Schnell for help in flow-
cell experiments.
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