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Phenolic compounds are toxic to many organisms (Babich and Stotzky
1985) and are often present in the effluents from oil refineries and the
petrochemical, pesticide, and color and textile industries. Several
authors have demonstrated a characteristic pattern of behavioral
responses in fishes during phenol exposure (Hansen and Kawatski
1976; Swift 1981). Cenci et al. (1987) have also evaluated the toxicity of
halogenated phenolic compounds by screening for effects on the specific
growth rates (SGR) and the dehydrogenase activity (DHA) of Escherichia
coli. However, little work has been done to determine the effects on biota
from short exposures at relatively high concentrations of phenol or mono-
chlorophenols that might occur following a deliberate or accidental
discharge to a receiving water.

Microorganisms with phenol-degrading capacity have been studied
intensively, including cyanobacteria such as Nostoc linckia (Megharaj et
al. 1991), yeast such as Trichosporon cutaneum (Neujahr and Gaal
1973), bacteria such as Pseudomonas putida, and other unidentified
species (Solomon et al. 1994; Molin and Nilsson 1985). Among these
Pseudomonas has received the most attention and several mutants have
been prepared to degrade substituted phenols (Bayly and Wigmore
1973; Evans et al. 1971; Gaunt and Evans 1971).

In general microorganisms degrade aromatic compounds to catechols
via the benzoate dioxygenase or phenol hydroxylase pathways. The
ultimate fate of catechols is either cis,cis-muconic acid (ortho fission
pathway) or 2-hydroxymuconic semialdehyde (meta fission pathway).
Since the effective toxicity of phenol and monochlorophenols toward
microorganisms might be highly dependent on their degradation path-
ways, two different strains of Pseudomonas have been employed: Pseu-
domonas I (ATCC 23973) which can utilize benzoate via the meta fission
pathway and Pseudomonas II (isolated from soil) with pyrocatechase
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activity, which is able to grow on phenol as the sole carbon source.

In our previous studies of phenol biodegradation by Pseudomonas, it
was observed that upon incubation of cells with a phenol-free mineral
medium no significant oxygen uptake rate can be observed. Because
oxygen uptake by the cells is only initiated in the presence of proper
substrates, it is implied that the cells’ activity can be determined by mea-
suring the oxygen uptake rates.

The aim of this study is to investigate the initial response of Pseudo-
monas I and II upon exposure to high concentrations of phenol and
chlorophenols by measuring the oxygen uptake rates using an oxygen
electrode. In order to compare these kinetic results with standard
microbial tests, a series growth experiments were also conducted in the
current studies.

MATERIALS AND METHODS

Cell growth was normally monitored by optical density (OD) measure-
ment, using a spectrophotometer (Shimadzu UV-120-02) at a wave-
length of 595 nm. Oxygen concentrations were measured with a Yellow
Springs Instruments Model 53 biological oxygen monitor.

Pseudomonas I was grown at 30 °C in medium A (Huang 1987)
containing 3.0 g (20.8 mM) of sodium benzoate and 0.5 g of yeast extract
per liter. Typically the exponential growth phase was complete in
approximately 20 hr (OD 2.1). 50-mL aliquots of medium A in 125-mL
Erlenmeyer flasks were autoclaved and supplemented with aqueous
solutions of phenol, o-chlorophenol (OCP), m-chlorophenol (MCP) or
p-chlorophenol (PCP) at the desired concentrations. A suitable amount
of sodium benzoate was added (without adding yeast extract) so as to
keep the total amount of carbon equal to that of 20.8 mM sodium
benzoate. A 0.2 mL aliquot of a primary culture (OD 1.6) was used as
inoculum for all sets of growth experiments. In the case of phenol molar
fractions of 0, 10, 20, 30 and 40% corresponding to sodium benzoate
were studied. However, owing to their limited solubilities in water, the
studies of monochlorophenols were only performed at concentrations of
0.101, 0.169, 0.506, 1.010 and 1.690 mM.

The initial oxygen-uptake studies with Pseudomonas I were carried out
at 30 °C in an oxygen electrode chamber. Phenol, OCP, MCP, and PCP
were first dissolved in ethanol and then diluted with medium A to the
desired concentrations. Each set of solutions at a fixed concentration of
phenols was assayed in the presence of sodium benzoate (in medium A)
at concentrations of 4.8, 2.4, 1.2, 0.8 and 0.6 mM. Finally, a 2.9 mL
reaction mixture containing 5 µL of ethanol, sodium benzoate, and
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phenols was preequilibrated at 30 °C in an oxygen electrode chamber,
and 0.1 mL of washed whole cells (harvested from 20 mL of an OD 1.3
culture, washed and resuspended in 4 mL of medium A) was added to
initiate the oxidation reaction, and the oxygen uptake rate was recorded.

Pseudomonas II was isolated by Dr. C. M. Huang (Taiwan Sugar Re-
search Institute) and determined to be a species of Pseudomonas which
was capable of growing on phenol as the sole carbon source. Typically,
the exponential growth phase was concluded at OD 1.4, giving an
inoculum of approximately 1.7 g/L of cells (wet weight). Inoculations of
Pseudomonas II at various phenol and monochlorophenol concen-
trations were studied. Each inoculum contained of OCP, MCP, or PCP
at various molar fractions from 0.5 to 50% corresponding to phenol,
keeping the total carbon equal to 10.6 mM (1000 ppm) phenol.

The initial oxygen uptake of Pseudomonas II in the presence of mono-
chlorophenols was also determined at 30 °C. A 100 mL (OD 0.86)
Pseudomonas II cell culture was harvested by centrifugation at 15,000
rpm for 10 min. The cells were resuspended in 10 mL of mineral medium
after having been washed twice with 100 mL of the same medium; this
cell suspension was defined as solution A. Various concentrations (4.50,
3.00, 1.80, 0.90, 0.60, 0.45, 0.39, 0.345, 0.30, 0.255 mM) of phenol
solutions were prepared. A 3 mL aliquot of reaction mixture containing 1
mL of the phenol solution and 1.9 mL of mineral medium was
preequilibrated at 30 °C in the oxygen electrode chamber. Solution A
(0.1 mL) was added to initiate the phenol oxidation reaction, and the
oxygen uptake rate was recorded. Inhibition studies with Pseudomonas
II were carried out at three fixed monochlorophenol concentrations (0.37,
1.1 and 3.3 mM) and various phenol concentrations (0.60, 0.30, 0.15,
0.10, 0.075 and 0.067 mM).

RESULTS AND DISCUSSION

Various molar fractions of phenol-benzoate have been applied to
exponentially growing cells of Pseudomonas I. The lag times of these
cultures were similar; however, their maximum absorbance (595 nm) at
the end of the exponential phase decreased significantly as the molar
fraction of phenol increased. A plot of the maximum absorbance
obtained at the end of the exponential growth phase of each culture vs
the molar fraction of phenol present in the corresponding growth medium
gave a linear relationship (Figure 1). Obviously, the decrease in the
maximum absorbance is due to the limited benzoate substrate present in
the culture media, while the molar fraction of phenol is increased. These
results suggest that phenol is neither a substrate nor a good inhibitor of
Pseudomonas I.
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Figure 1. Linear correlation of the maximum absorbance obtained at the
end of the exponential growth phase of each culture vs the molar-
fraction of phenol present in the corresponding growth medium.

Upon incubation of monochlorophenols with Pseudomonas I, a signifi-
cant changed in the growth rate is observed when the concentrations of
OCP, MCP, and PCP are higher than 1.686, 0.506 and 1.010 mM, re-
spectively. These results suggest that the toxic effect of phenols towards
Pseudomonas I decreases in the order of MCP, PCP, OCP, and phenol.

The initial effects of phenol and monochlorophenols on the oxidation of
benzoate by Pseudomonas I were analyzed and expressed as oxygen
uptake rates. Double reciprocal plots for the inhibition of Pseudomonas I
by phenols were prepared, as shown in Figure 2. When sodium benzo-
ate was varied in the presence of a set of concentrations of phenols, a
family of straight lines intersecting at the left of the vertical axis and
having a common intercept on the 1/[benzoate] axis was obtained. This
result implied that phenol and monochlorophenols are noncompetitive
inhibitors of Pseudomonas I. From linear replots of slope vs phenol
concentration, the apparent Ki’s of phenol, OCP, MCP, PCP were cal-
culated to be 67.5, 14.5, 3.9, and 10.0 mM, respectively. When the con-
centrations of phenol, OCP, MCP, and PCP were 3.3 mM, the remaining
maximum velocities of oxygen uptake (Vmaxi) were 95, 81, 54 and 69%,
respectively, of the velocity of the control reaction (Vmax; without adding
inhibitors; data not shown). This result is similar to the result from growth
experiments, indicating that the toxicity to Psedomonas I decreases in
the order MCP, PCP, OCP, and phenol.

Pseudomonas II is able to grow on phenol, an inhibitory substrate, as the
sole carbon source. It appears that both MCP and PCP can retard the
rate of cell growth completely if their molar fraction (corresponding to
phenol) exceeds 6 and 8%, respectively. In the case of OCP, in spite of
lengthening lag-times of up to 40 hr, the inoculum survived even when
the molar fraction of OCP was increased to 50%. Such results show that
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Figure 2. Double reciprocal plot for the inhibition of oxygen uptake by
Pseudomonas I by (a) phenol (b) OCP (c) MCP(d) PCP. The oxygen
electrode method was used for these measurements, and the velo-
cities were expressed as the percentage of oxygen uptake per min per
unit amount of cells.

the toxic effect of chlorinated phenols decreases in the order MCP, PCP,
and OCP.

In spite of the inhibitory effect of phenol, initial velocity studies with
Pseudomonas II were also carried out in essentially the same manner
except that a series of curves were obtained (Figure 3). From linear
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Figure 3. Double reciprocal plot for the inhibition of oxygen uptake by
Pseudomonas II by (a) phenol (b) OCP (c) MCP (d) PCP. The method
is as described in Figure 2.

replots of limiting slopes at low concentrations of phenol taken from the
reciprocal plots, the apparent Ki’s of OCP, MCP, and PCP were
calculated to be 3.6, 0.14, and 0.90 mM, respectively. The Vmaxi was
calculated directly from the oxygen uptake rate at the curve minimum.
Thus, in the presence each of OCP, MCP and PCP, fixed at 3.3 mM, the
corresponding Vmaxi are 36.7, 7.8, and 13.7 % of Vmax, respectively.
These kinetic results are also consistent with a toxicity descending in the
order MCP, PCP and OCP observed in growth experiments.
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Despite the differences in the metabolic pathways of Pseudomonas I and
II, the order of toxicity of phenol and monochlorophenols towards these
two strains are similar. This result could be due to the fact that MCP,
PCP and OCP are noncompetitive inhibitors of both benzoate-growth
Pseudomonas I and phenol-growth Pseudomonas II. Obviously, the
Vmaxi reflects the toxicity or inhibitory effect directly, but unfortunately,
the Vmaxi is highly dependent on the concentration of inhibitors, so that it
is difficult to evaluate the relative toxicity of compounds unless they are
assayed at the same concentration. Inasmuch as most compounds
inhibit noncompetively, the Vmaxi can be expressed as follows:

Ki
Vmaxi = Vmax

Ki + [I]
where [I] = inhibitor concentration

Thus, 1/Ki might be a good parameter to express the relative toxicity of
different compounds. Accordingly, the relative toxicity (RT) of phenols
may also be evaluated from the relative 1/Ki values (Table 1). These
results are in agreement with the relative phenol toxicity estimates from
Cenci’s SGR and DHA methods.

In this study we have demonstrated that the toxicity of phenolic
compounds may be evaluated by kinetic studies. The Vmaxi’s can reflect
the toxicity of inhibitors directly, whereas the apparent Ki is a good
parameter to evaluate the relative toxicity of compounds.
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Table 1. Relative toxicity (RT) of phenol and monochlorphenols towards
Pseudomonas and E. coli.

Pseudomonas I Pseudomonas I I E. coli
Compounds

Ki Vmaxia) RTb) Ki Vmaxi RT SGRc) DHAd)

Phenol 67.5 95 1.0 - - - 1.0 1.0
OCP 14.5 81 4.6 3.6 37 1 8.3 1.7
MCP 3.9 54 17 0.14 8 26 9.5 4.2
PCP 10.0 69 6.7 0.90 14 4 - -

a) Vmaxi at inhibitor concentrations of 3.3 mM. b) Relative toxicity from
relative 1/Ki c) Relative toxicity from specific growth rate of E. coli. d)
Relative toxicity from dehydrogenase activity (Cenci et al. 1987)
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