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Summary. The antibacterial activity of phenol
was determined by measuring inhibition of ex-
ponentially growing free and immobilized cells of
Escherichia coli, Pseudomonas putida and Staphy-
lococcus aureus. Immobilization of microorgan-
isms in calcium alginate beads reduced the
growth inhibition caused by bacteriostatic con-
centrations of phenol. The increase in phenol to-
lerance occurred at different culture conditions
and growth rates of the cells. The strength of the
effect, however, was found to correlate with the
formation of colonies in the gel matrix. Dissolu-
tion of gel beads led to a substantial loss of the
protection against phenol of immobilized-grown
cells.

Introduction

In biological waste water treatment, immobiliza-
tion of microorganisms has a great tradition. Ad-
sorption of organisms on activated carbon is one
possibility which has the advantage that microbial
resistance to compounds like phenol is increased
because the pollutant itself is bound and so re-
moved from the water phase (Ehrhardt and Rehm
1985).

The entrapment of cells in alginate is another
promising method for microbial degradation of
toxic substances (Westmeier and Rehm 1985).
These biocatalysts are also favourable for investi-
gation of the physiology of immobilized microor-
ganisms. The immobilization method is not toxic
to the cells, and the dissolution of gel particles,
and thus the liberation of the immobilized cells, is
easy and rapid (Vorlop and Klein 1983).

Offprint requests to: H.-J. Rehm

The degradation of phenol by Pseudomonas
putida, immobilized in calcium alginate, was ex-
amined by Bettmann and Rehm (1984). The au-
thors found that these cells showed better degrad-
ation rates than free cells. Moreover, the immobil-
ized bacteria could be exposed to higher phenol
concentrations without loss of cell viability. The
reasons for this are unknown. We examined the
phenol tolerance of P. putida in a medium with
glucose as carbon source to prevent the degrada-
tion-dependent change in phenol concentration.
Further we studied the phenol tolerance of free
and immobilized cells of Escherichia coli and Sta-
phylococcus aureus which are examples of well-in-
vestigated microorganisms.

Materials and methods

Microorganisms. Escherichia coli K-12 strain Ymc (lac—, supF,
A%y and Staphylococcus aureus (no 257) were derived from the
strain collection of our institute. Pseudomonas putida P8 was
isolated from a phenol-contaminated waste water (Bettmann
and Rehm 1984).

Media. The minimal medium contained (per 1): (NH,),SO,,
1.06 g; MgSO,, 0.1g; KCl, 0.74g; K,HPO,, 2g; FeSO,,
1.6 mg, and 1 ml of a trace element solution (Pfennig and Lip-
pert 1966). The pH was set to 7.5. Glucose (2 g/1) or sodium
succinate (5.4 g/1) were added as carbon sources before inocu-
lation. The medium was supplemented with sodium citrate
(0.3 g/1) in the case of E. coli, with yeast extract (0.1 g/1) for P.
putida, and with thiamine (0.1 mg/1) and yeast extract (0.2 g/1)
for S. aureus. The complex medium was Standard I nutrient
broth (Merck, Darmstadt, FRG).

Culture conditions. Batch cultures of free and immaobilized
bacteria were grown in a gyratory shaker at 30° C for E. coli
and P. putida, and at 35° C for S. aureus. Free cells were ino-
culated from overnight cultures in 50 ml medium. Immobil-
ized cells in 40 ml alginate were suspended in 160 ml medium
which was concentrated to compensate for the increase in vol-
ume by the alginate gel particles.
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Immobilization. Alginate (Manugel DJX) was obtained from
Alginate Industries, Hamburg, FRG. The entrapment of cells
was carried out according to the method of Eikmeier and
Rehm (1987). Bacteria of a preculture were suspended in so-
dium alginate by stirring for 15 min to obtain a 2% alginate
suspension. The mixture was extruded through a thin needle
(30 % 0.65 mm) into a 1% CacCl, solution, and left to harden for
1 h. The free Ca®* was then washed out twice with saline, fol-
lowed by transferring the gel beads into growth medium.

Dissolution of biocatalysts. The alginate beads were separated
from the medium and washed with 0.05 M potassium phos-
phate buffer, pH 7.0, for some minutes. The gel particies were
dissolved by shaking at 30°C in 0.05 M sodium hexameta-
phosphate, which rapidly (8-10 min) liberated the cells with-
out loss of viability.

Determination of growth rate and minimal inhibitory concentra-
tion. Cell growth was monitored by measuring the optical den-
sity (ODsgonm) With a Hitachi 101 spectrophotometer (Tokyo).
In some experiments, the total and the viable cell number were
also determined to verify the OD measurements. The cell den-
sity of immobilized bacteria, determined after dilution with so-
dium hexametaphosphate for gel dissolution, was calculated
for the volume of the biocatalysts. Phenol was added at ap-
proximately equal cell concentrations for free and immobil-
ized cells in experiments that were compared. With regard to
immobilized cells the phenol concentrations were adjusted to
the total volume of liquid and gel phase. Growth rates after
phenol addition were calculated from the exponential phase
of reduced growth. The growth rates were set in relation to
that of an unpoisoned control; this was done in every experi-
ment.

The minimal inhibitory concentration was defined as the
phenol concentration that completely blocked growth. It was
detected in a series of tests with concentration steps of 0.25 g/
1. This concentration was always identical to the minimal con-
centration that reduced the vial count determined at 4 h after
toxification in comparison to the value obtained at the mo-
ment of phenol addition.

Scanning electron microscopy (SEM). The samples were fixed
for 1 h in a solution of glutaraldehyde (2% in 0.15 M Soérensen
buffer, pH 7.0), followed by dehydration in 30%, 50%, 70%,
80%, 90% and 96% ethanol (each step for 1h), and critical
point drying. In a “sputter coating” process the particles were
covered with a gold layer to increase their electrical conductiv-
ity. The micrographs were made with a Hitachi scanning elec-
tron microscope (type S 450).

Results

Phenol toxicity of free and immobilized cells of
Escherichia coli

Escherichia coli K-12 was immobilized in alginate
spheres with a diameter of about 3 mm. Com-
pared with free cells, these cells showed a slightly
but significantly increased growth rate in a mini-
mal medium with glucose as growth substrate.
After addition of phenol to the medium a reduc-
tion of the concentration corresponding to the to-
tal volume of the alginate beads was established.
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Fig. 1A, B. Growth inhibition of Escherichia coli by phenol.
Free (A) and calcium alginate immobilized cells (B) were
grown in minimal medium with glucose as growth substrate.
Phenol was added at the time indicated by the arrow at a con-
centration of 1 g/1 (A, 4) or 2 g/1 (00, M). Control cells with-
out phenol: O, @

The quantity of phenol dilution was in accor-
dance with an even distribution of phenol in the
liquid and in the gel phase as previously demon-
strated by other authors (e.g. Hering 1987). There-
fore we could conclude that the phenol concen-
tration inside the gel was equal to the concentra-
tion outside.

When bacteriostatic concentrations of phenol
were added to cells after 4h of exponential
growth, the bacteria continued to grow at a re-
duced rate for 2-4 h and then entered the station-
ary phase at a lower cell density. Free cells were
incubated under the same conditions with phenol.
Figure 1 shows that 1g/1 phenol inhibited the
growth of suspended cells 3-4 times more
strongly than the growth of immobilized cells.
This reduced phenol toxicity of immobilized bac-
teria was found for all bacteriostatic concentra-
tions tested (Fig. 2). When 2 g/1 phenol was ad-
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Fig. 2. Effect of phenol on growth of free and immobilized E.
coli in minimal medium with glucose. Growth inhibition of
immobilized grown cells was measured before (@) and after
dissolution of the gel followed by incubation of the liberated
cells in growth medium (M). The free cells were measured as
usual (O) or immobilized and liberated immediately after-
wards before toxicity determination (1)

ded to cells, only the immobilized bacteria were
still able to grow (Fig. 1). This shows that the min-
imal inhibitory concentration was different: the
immobilized cells tolerated about 0.5 g/l phenol
more than the free cells (Figs. 2 and 3). The use of
higher concentrations led to a drastic reduction of
the viable cell number for immobilized and for
free cells. The bactericidal action of phenol is ap-
parently also influenced by the immobilization of
the microorganisms.
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Fig. 3. Minimal inhibitory phenol concentrations of different
bacteria. Free (00) and immobilized cells (M) were grown in
minimal medium with glucose
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Minimal inhibitory concentrations of S. aureus
and P. putida

The growth inhibition induced by phenol was also
examined for two other bacteria in the free and in
the immobilized state. Staphylococcus aureus was
chosen because this species is often used in toxic-
ity studies. Besides, it is a Gram-positive organism
which has a markedly different structure of the
cell envelope. Nevertheless, immobilization also
increased the phenol tolerance of S. aureus cells.
Figure 3 shows that the minimal phenol concen-
tration that completely blocked growth was, as for
E. coli, higher in the case of immobilized cells. At
all other bacteriostatic concentrations tested, im-
mobilization into the alginate gel was advanta-
geous.

Free and also immobilized-grown cells of P.
putida P8 were more sensitive to phenol than the
first two species. This is surprising because the
strain is able to use this substance as a substrate
for growth. When grown with glucose as carbon
and energy source (Fig. 3), the minimal inhibiting
concentration of phenol was higher for immobil-
ized cells, as observed for the other bacteria.

Variations in growth conditions for Escherichia
coli

Apparently, the culture conditions can be
changed to a great extent without loss of protec-
tion by immobilization in alginate. The increased
phenol tolerance of immobilized E. coli cells was
also apparent when glucose was replaced by suc-
cinate in the minimal medium (Fig. 4). The phe-
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Fig. 4. Growth inhibition of E. coli by phenol in minimal me-
dium with succinate. The different phenol concentrations were
added to cultures of free (O) and immobilized cells (@) after
3-4 h of exponential growth. The growth rate after the addi-
tion was set in relation to a control without phenol
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Fig. 5. Effect of different cell numbers in the gel microcolon-
ies on growth inhibition by phenol. Free (O) and immobilized
cells (closed symbols) of E. coli were grown in minimal medium
with glucose. Phenol was added at a total cell concentration of
4.8-55x108xmi~'. @, biocatalysts seeded with 2.2x 10°
cells per gel bead (grown for 4 h), M, biocatalysts seeded with
1.0 x 10° cells per gel bead (grown for 8 h), A, biocatalysts
seeded with 7.0 x 10° cells per gel bead (grown for 2 h)

nol concentrations that completely blocked
growth showed the same difference as glucose. In
these experiments the growth rates of the non-in-
hibited free and immobilized cells were decreased
to about 70% compared with the growth rates in
the glucose-containing medium.

The increase in growth rate with the use of a
complex medium did not change the protection
against phenol reached by immobilization in algi-
nate (for details see Heipieper 1988). However, in
this case low phenol concentrations induced
lower inhibition of growth than in minimal me-
dium, probably because of adsorption of the phe-
nol to lipophilic constituents in the medium. Also
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the difference between free and immobilized cells
was smaller.

Cultivations with calcium alginate biocatalysts
are carried out in media of low phosphate con-
centrations to maintain the stability of the gel par-
ticles. However, it is known that the toxicity of
phenol may depend on the pH of the environment
(Hamilton 1971). Therefore, the buffering capac-
ity of the gel matrix could cause the decreased
sensitivity of the cells inside. Thus we studied the
effect of increasing the phosphate concentration
in the medium (Heipieper 1988); the results
showed that the influence of buffer capacity was
negligible and did not give an explanation for the
cell protection by immaobilization.

Significance of formation of cell colonies in the gel
matrix

A partial loss of the protection against phenol oc-
curred when the alginate beads were seeded. with
a higher cell concentration and received the phe-
nol addition after 2 h instead of 4 h of growth
(Fig. 5). Also cells were examined that grew for a
longer time (8 h) inside gel beads which had a
smaller inoculum. Although the total cell density
at the time of poisoning was as high as in the
other experiments, larger colonies could develop
during the growth period. The cells in this experi-
ment had an even higher phenol tolerance (Fig.
5). These results demonstrate that the response of
immobilized cells to phenol is independent of the
total cell concentration in the gel. However, the
number of generations of the immobilized cells
and, apparently, the formation of cell aggregates
are important for increased phenol tolerance. The

Fig. 6 A, B. Scanning electron micro-
graphs of E. coli immobilized in cal-
cium alginate. The general view (A)
and details (B) of the gel surface
show the microcolonies at the mo-
ment of phenol addition as described
in Fig. 1
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more cells are located closely together in the mi-
crocolonies, the less is the damage caused by phe-
nol.

Figure 6 shows that distinct multicellular ar-
rangements were indeed formed by E. coli after
growing for 4 h inside the gel. As described for
other immobilized aerobic microorganisms (Bett-
mann and Rehm 1984), the microcolonies were
confined to the outer area of the beads probably
because of oxygen limitation. A smooth extracel-
lular layer is apparently built by the colony, but
we cannot exclude that this is an artefact of sam-
ple preparation for SEM.

If the organization of cells in a microcolony is
important for phenol tolerance, it can be expected
that the increase in tolerance drops after the dis-
solution of the cell aggregations. Therefore cells
were grown for 4 h as usual in the immobilized
state. Before determination of phenol tolerance,
the alginate beads were dissolved and thus immo-
bilized-grown bacteria were tested as suspended
cells. They were compared with cells that grew for
the same period of time in a free mode but were
immobilized shortly before phenol addition and
dissolved immediately after. Thus the influence of
the immobilization procedure and of the dissolu-
tion of beads on cell physiology and phenol toler-
ance was eliminated. The results of this experi-
ment show that shortly (1 h) after separation of
the cells much of the tolerance gained was lost
(Fig. 1). The growth inhibition induced by phenol
was only to the extent that was reached by the
control cells. These cells, however, showed a sig-
nificantly higher phenol tolerance than cells that
had never come in contact with alginate.

Discussion

Phenol degradation of P. putida immobilized in
alginate was studied by Bettmann and Rehm
(1984). They observed that immobilized cells to-
lerated higher phenol concentrations than free
cells. This was also found in our studies with bac-
teria lacking the potential for phenol degradation.
Therefore, the tolerance enhancement is rather a
general characteristic of immobilization and not
specific for phenol-degrading organisms. The ef-
fect is also apparently independent of culture
conditions and growth rates. Moreover, a protec-
tion against more toxic phenol derivatives like
chlorinated phenols by immobilization of micro-
organisms can be concluded from the studies of
Westmeier and Rehm (1985). Considering that, a
new great advantage of these biocatalysts is evi-
dent in the treatment of waste waters which are
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contaminated with substances of antimicrobial
activity.

The phenol-degrading strain P. putida P8 was
obviously more sensitive to phenol compared
with the other bacteria tested. This surprising fact
contradicts specific mechanisms of phenol-de-
grading bacteria to increase resistance. Karabit et
al. (1985) also found a clearly higher phenol sen-
sitivity for a P. aeruginosa strain than for E. coli
and S. aureus. An explanation for this is, perhaps,
the observation that lipopolysaccharide-deficient
mutants have different sensitivities to phenols
(Russell et al. 1987). The outer membrane of the
Gram-negative bacteria may act as an obstruction
for the access of these substances to the cell.

Many methods to determine minimal inhibi-
tory concentrations rely on the control of the sup-
posed endpoint of growth behaviour. In contrast
to this, the continuous monitoring of the response
of exponentially growing cells to a toxic agent is
superior because it gives more and time-depend-
ent information. This method of toxicity examina-
tion guarantees that only the reaction of growing
and not of resting cells is recorded. The transition
of cells from resting to growing is a more complex
system, in which the toxic effects of phenol and
the adaptive response of the cell are more difficult
to study.

Owing to our method of toxicity examination,
the advantage of immobilization could be eluci-
dated: only when cell aggregates developed in the
gel matrix was significant protection against phe-
nol obtained. The size of the microcolonies appar-
ently determines the extent of phenol tolerance. It
is possible to suppose that the external cells of the
colonies in the gel bind the phenol and so protect
internal bacteria which continue to multiply with-
out any inhibition. This different cell behaviour
contradicts the fact that no lag phase was ob-
served after phenol addition to exponentially
growing cells. This was even true for the experi-
ment in which the high-loaded biocatalysts could
develop only very small colonies and so the pro-
tection from phenol was poor (Fig. 5).

It is known that in colonies the cells can be
markedly different in morphology compared with
free-grown cells. Shapiro (1987) found in E. coli
colonies sharply delineated zones of bacterial
populations differentiated from each other with
respect to cell sizes, cell shapes and patterns of
multicellular alignment. He suggested that the dif-
ferent cells have specialized tasks in the building
of the colony. Furthermore he reported that extra-
cellular material is deposited. This was also found
in SEM studies of P. putida (Shapiro 1985); the
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colonies of this bacterium are surrounded by a
“membrane” of extracellular material.

In this work we observed an envelope sur-
rounding the microcolonies formed by E. coli.
Similar extracellular structures can be found with
other bacterial strains immobilized and grown in
alginate (unpublished results). Studies to eluci-
date this phenomenon are in progress. At the mo-
ment we do not know the function of this struc-
ture but it could have a significance in phenol to-
lerance. Possibilities for that are the binding of
the toxic agent or the inhibition of diffusion into
the colony. It can be excluded that the alginate
matrix itself is a diffusion barrier for compounds
of the size of phenol (Tanaka et al. 1984).

Mattiasson et al. (1984) proposed that a reduc-
tion of water activity is concerned in the change
in physiology of immobilized cells. Our experi-
ments show that it is not the different environ-
ment inside the gel particles, but the reduced wa-
ter activity or other changed conditions in the mi-
crocolonies that influence the physiology of the
cells. Shirai et al. (1988) found an increased oxy-
gen uptake rate of growing hybridoma cells im-
mobilized in calcium alginate. This effect corre-
lated with the formation of colonies. The authors
concluded also that close cell contact is a prere-
quisite to change in cell physiology. The similari-
ties of these and our observations are striking al-
though rather different cell types were used. How-
ever, common to both is that life without contact
to other cells is not the usual form of existence in
nature. This is surely also true for many other mi-
croorganisms. The rather artificial conditions of
growing E. coli in a free state are apparently unfa-
vourable for cell biosynthesis, demonstrated by a
reduction of the growth rate, and also a disadvan-
tage in the defence against toxic agents.

Considering the importance of gradients
across the cytoplasmic membrane of bacteria, €. g.
in the transport of solutes or cellular energetics, it
is reasonable to assume that a very close cell-to-
cell contact influences the dynamics of the mem-
brane. Moreover, antimicrobial action of most
phenols in bacteriostatic concentrations is proba-
bly caused by the injury of membrane function
(Hamilton 1971; Davidson and Branen 1981).
Some chloro- and nitrophenols are known as un-
coupling agents of oxidative phosphorylation
(Hugo 1978). However, phenol itself does not ap-
parently cause the retardation of growth by inhi-
bition of membrane-dependent energy produc-
tion. This can be concluded from the fact that the
replacement of glucose by succinate did not en-
hance the inhibitory action of phenol (Fig. 4). In
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this case energy production of E. coli relies solely
on oxidative and not partly on substrate-level
phosphorylation.

We conclude from our experiments that close
cell-to-cell contact mainly influences the dynamic
and not the structural aspects of the membrane.
Shortly after dissolution of the gel particles, the
liberated bacteria responded with similar sensitiv-
ity to phenol as cells grown in the free state.

The control cells of the last-mentioned experi-
ment ran through the same immobilization and
dissolution procedure to detect phenol-indepen-
dent influences, e. g. of the dissolution agent. Un-
expectedly, these cells were more resistant to phe-
nol than cells that had never come in contact with
alginate and hexametaphosphate. We have evi-
dence that impurities in the alginate were respon-
sible for this phenomenon and, at present, we are
trying to elucidate it.
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