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ABSTRACT

Biofilms play an imponant role as sorbents in the process of diswibution of pollutants i surface water
systems. The sorption preperties of biefilms will influence the kind and the amount of sorbed substances.
The heterogeney of biofilms provides different sorption sites whica exhibit a different sorption preferznes
and capacity. As dynamic sysiems, biofiims will respond physiologicaily o their enviroament. Thus, the
sorption of one substancs may lead 1o a change in the composition of the EPS or other biotilm compouents
and further alter the original socpticn propertes. In tis paper, the influence of tofuene on 2 biotilm was
iavesdgated. As a suitable method, FTIR-ATR specmoscopy was agplied. The methed is non destructive sod
ailows tie abservation of biofilm formation and behaviour on line and in situ. A biofilm was allowed ta form
in ATR flow-through cetls. The test swain was gegedcally enginezred and contained a bioluminescent
reporer gene which was swiched on when toluene was mewmbolized. Thus, the degree of tolusne degradation
activiry could be observed with great sensitiviey. The FTIR specwometer conuined three flow-through ceils
which could be operated in parailel: ane was run with steqale medium only, ote with giedivm and bactena,
and ome with medivm. bacwria and toluene. This arangement allowed the diserimimation of the biofilm
response from other sifects. The IR, spectrun showed specific bands of protetas. polysaccharides, phospharyl
compounds and atber groups of molecules, A significant mcrease of EPS-polysaccharide formation was
abserved at a wiuene ievel of S mg L), At {5 me L, significantty more carbaxyl groups were formed.
Thus, the cifect of the lipophilic organic pollutant wluene increased the amount of negatvely charged groups
and, consequendy, the sorption capacicy for metat cadons. This resuit indicates that hiofilms respond in a
complex manger 1o different sorbates and alter their enviranmentat properties.
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INTRCDUCTION

Biofilms are complex microbial systems and respond to nuwitional conditons. Not oniy the composition af
the microbtal population can change {Pujol and Canler, 1992) but physiological changes are also possible in
response to degraded and/or sorbed substances. If a bioceerosis is exposed to a biadegradable organic
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poilutane, it is of interest to know if and how rauch the activity may changs and which concomitans
physiclegical aiterations occur. However, it is difficult to detsct such interactions. The intwoduocton of
Fourder transform infrared spectroscopy into microbial ecology allowed the investigation of adhesion and
physiology of biofilm organisms in sin, non-destructively, on iine and in real time (Nichols ez af., 1985). As
2 model system in our investigations, the interaction of toluene with Pseudomonas purida was chosan. As 2

-member of the BTEX group, toluene belongs along with benzene, ethyl benzeae and xylol to an irnportant
group of pollutants and has been included in the U.S. EPA pdoriry list of poilutants which have an impact on
human health (Sittig, 1985). Toiuene can be biologically degraded under asrobic and anaerobic condidons
and, therefore, does not constituts a recaicitrant compound. In order ta detect toluene degradation in such a
small system as represented by a biofilm on an FTIR-ATR crystal, it was necessary to use an exmemely
sensitive probe. This can be obtained using bioluminescence. Thus, a swain was used in which the fut
operen and the TOL plasmide pWWO were fused (Burlage er al., 1989; kindly sopplied by B. Burlags,
Center for Environmental Biotechnology, University of Knoxville, TN). Here, a reporter gene was
inwoduced which allowed the quantitative detectdon of toluene degradation activity, measured by emimad
Light. The aspects of toluene degradation are reported elsewhers (Schmitt er al., in prep.), while the paper
presented here focused on the physiological biofilr response to the exposure of toluene,

MATERIALS AND METHODS

3-chan a

An RFX-30 FTIR interferometer (Laser Pracision Analytical) was used to design a thres channel FTIR-
spectrometer. [t was equipped with three ATR flow-through cells resulting i parellel specira for

coraparisen. The design of a flow-cell is depicted in Fig. 1; further derails are given by Nivens and Scirairt
(1993).

Flow-
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Figure L. Design of an ATR flow-through ceil.

The flow-chamber volurne was 1.7 mL. As an internal reflection element, a germanium ATR crystal was
used (50 x 20 x 3 ram) with 19 actdve reflections inside. Further derails of FTIR-ATR spectroscopy ars givan
by Griffiths and de Haseth (1986) and Schrmitt er af. (1993).
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System design (Nivens and Schmitt, 1994), The system contzined thres channels. In chamnel I, the sterile
medium was used as a control. Channelt I conained a biofilm of 2 Pseudomonas putida strain and was used
to obtain the signal of the resulting toluene-free biofilm. In channel I, the procadure was the same a5 in
channel II but toluene was added in defined concentratons. In channel ITT, the detecdon of bioluminescence
was achieved by fiber optics: the signal was magnified by a photomuitiplier. Sterjlization of the systam was
carried out with ethylene oxide. The complete three-channei arrangeraent is given in Fig. 2.
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Figure 2. Test system with 3 ATR units.

Specra acquisirion. 256 sample interferograms were coadded, taken with a resoludon of 4 cm-l The
Norton-Beer function was used for apodisation. If necessary, baseline correcrion was carried out. At the start
of the experiments, background spectra of water and the gas phase with wazer vapour were recorded.

Measurement of bioluminescence. Bioluminescence was measured by a digital Oriel photometer with a
photomultiplier (Oriel Stratford, Conn.). It was connecizd to the ATR cell with a liquid light quide of 1.5 m

length. The light was determined directly as electrical cwrrent by the induced photoeiectic effect. The
sensitivity was 1 x 1012 A

Toluene concenrrarion. The determination of toluene concentation was performed directly before and after

the ATR cell via ports which led to flow-through head space vials. The head space samples were analyzed
with a Shimadzu A gas chromatograph.

RESULTS

Characterisdcal regions in the spectra

The advantages of the modern FTTR spectromaters, the software and elaborared mathematical and statisdcal
algorithms for analyzing IR-spectra allows the detection of differences small enough to distingnish different
bacterial strains. This is already used for bacierial identificadon (Naumann er gf., 1988; Schmiw er al.,
1993). Figure 3 shows the FTIR-ATR specmum of P. puridd. The regions which are characteristic for the
distincrion of different microorganismas are indicated. Table | relates these wavenumbers (o chemical
functonal groups of biomolecules and bacteria (after Jackson and Mantsch. 1993; Naumann er al., 1988;
Casal er al., 1988; Singh and Fuller, 1991; Nivens and Schmitt, 1993). :

SHST 32:3-K
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Figure 3. FTIR spectrum of P, putids. Region | = fany acids: region 2 = amids I and I {protzing); zepion 3 = mixed
TB210N; region 4 = palysaccharides.

Table 1. Posidon of characteristical IR bands

Region Wavenumber Band assignment
1 3400 C-H of H,0
fatty 2956 CH, asymm. stretch
acid 2920 CH, asymm. stretch
region 2870 CH, symm. stretch
2850 CH, symm. stretch
2 1745/1735 >C=0 Ester, fatty acids
protein 1705 >C=0 Ester, carboxylic groups
region 1652-1648 Amide [ (C=0Q), folded and helical struc-
tures of proteins
1550-1548 Amide [I, N-H, C-N
3 1460-1454 C-H from CH,
mixed 1400-1398 C-O from carboxylate ions
region 1303 Amide [1 (C-N)
1249 P=0 from phosphate
1222 P=0
4 1114 C-O-P, P-O-P, ring vibrations
polysacch. 1083 : ring vibrations
Tegion 1052 C-0, C-O-C from polysaccharides

Development of biofilm in the ATR ¢eil

The P. putida cells were introduced into the sterile ATR flow- -through cell as a suspension from a cantinuous
suspended culnure. After twa haurs, the supply with the suspension from & reactor was replaced by mineral
medium only. Thus, aftsr this time the biofilm growth is observed exclusively while the supply of suspended
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cells which can attach is cut off, The time-resolved spectrum could be obtained non-destrnctively. A typical
example of stacked spectra, representing biofilm growth, is given in Fig. 4. After one hour already, the calls
can be observed beginning to artach to the crystal surface. This is first indicated by the oecurrence of the
amide [ and 1T bands. Within 24 hours a rapid increase in cell numbers on the surface takes place until a
plateau phase is reached, which is set opdcally by the depth of penemation in ATR.-spectrascopy {Harrick,
1967} Further increases are slower and some times revers into a decraase, indicating detachment of cell
material fram the surface. This could be confirmed microscopically. When the cell number per squars unit
exceeded 4 x 107 (as determined by epifluorescence microscopy), detachment started. The course of the
spectra soggesis that this i3 a discontnuous process. The spectra demonstate that the intensity and
compositon of the bands between 1200 cm! and 900 cm-! vary considerably, according to the
physiological response of the biofilm. These tegions are mainly correlated with the formation of EPS. This

means that the physical and chemical properdes of the EPS (Christensen and Characklis, 1590) may change
more than expected during biofilm growth.
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Figure 4. Time dependent development of FTIR spectra in an ATR cell during adhesion and biofilm growth of
Pseudamonas putida,

si i i <

A biofiim had been estzbiished in the ATR cell, which developed in the presence of varicus concentratons
of toluene. These experiments had to be carried out subsequently for different toluene concantrations. As a
cenmol. the biofilm spectrum without toiuene was wmken. The wluens concentrations wers 3 and 13 ppm.
The spectra were taken for 120 hours. Figure 5 shows the spectra after biofilm growth had reached the
plaau phase. The effect of 5 ppm toluene is clearly visible as a change of the poiysaccharide regicn
comparced to the toluene-free biofilm. At 15 ppm wluene, significantly more carboxyl groups are formed and
could be artmibuted :0 the EPS by extracdon and FTIR comparison specta {not shown). These effects wers
reproducible.

Toluene was degraded acrobically by P. putide (Bucdage er al., 1989: Rose and Tempest, 1990). As
mentioned hefore, the sirain contained a /uwx operon s reportsr gens which indicated toluene-degrading
activity. The intensity of bioluminescence could be quandfied at 2 high sensitivity with the axperdmental set
up as depicted in Fig. 2. This led to the establishment of a correlation between the nutridonat status in terms
of toluene concentration and the degradation actvity. The degradation performance was correlated with the
amide II band as an indicator for protein concentraton or biomass. Oxygen concentration proved to be the
most impontant parameter foc the dcgradation actvicy. At 172 hours. the oxygen supply was cut off, which
resulted in an immediats decrease of bioluminescence because of its oxygen dependency. The fluctations of
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bioluminescence however correlate with flucruations of the prowin concentrazion. The larter are caused by
sloughing off esveants. Aftar these events, the degradaton actvity is always increased, suggesting that
sloughing may both iraprove the diffusion of substrates into the bioflm and trigger the physiological activiry
of biofilm cells. -
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Figure 3. FTIR-specta of bio(tlms after 140 hours of development, 1 = biofilm without toluere; 2 < § ppn toluene;
3 =15 ppm wivene. Arrows: increesss of the polysaccharids peaks at 5 ppm wigens and of the carboxylic group
peak ar 15 ppm toluene,
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Figure 6, Comrelation of toluene-triggerad bioluminescence of P. puida and intansity of the smide [T band as a
quangizative marker for biomass,
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DISCUSSION

The resuits of this smdy demonstrates thet the FTIR-ATR technique is suitable for the detection of
physiological detzils and changes in biofilms in sime. non-desmuctively, at high seasitivity, and time
resoived. Thus, chemical information about the processes in the biofm is provided.

Of particular interest is the cbservadon that the biofiim responds to toluene in different ways. At low
concenations soch as 3 ppm, an increased formation of polysaccharides is noted. This can be interpreted as
a signai from additional EPS, as indicated by the position of the R-band at 1085 cm L. As the strain is
czpable to metabolize toluene, the polysaccharides may be zble to sorb wluene from the water phase; similar
effects have been observed when EPS from phenanthrene-degrading organisms influenced the transport of
this potlutart (Dohse and Lion, 1994). In addition, at the level of 15 ppm ioluene, polysaccharides change
their strocture and an increase in carboxylic groups is observed. A plausible ecological explanation is sall
iacking. However, the resnits are remarkable in terms of sorption: an organic substrate triggers the formation
of carboxylic groups. thus, increasing the amount of cation binding sites in the EPS. Such groups provide an
extended ion exchange capacicy and are known to bind to cations such as metals (Gezsey and Jang, 1589).

Of course, these data cznnot be extrapolated uncriticaily to mixed populations and other contamtinants.
However, they reveal that nutdemt conditions, EPS structure, and sorption praopertes in biofilms are
interrelated in a complex way. Given the appropriate conditions. an increase or a decrease in ion exchange
sites may be possible. This is an interesting dynamic process which can contribute t¢ & berzr underseanding
of the role of biofilms as sorbents and sink, in the diswibution and as a potential source of pollutants in the
aguatc environment {Flemming, 1995). Physiological responses may change the sorpuon capacity of

sediment biofilms significantly. This has to be considered when it is anzmpted to quandfy the sorption and
remobilizaton potenual of natural biofilms.
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