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ABSTRACT
Inhibition of α-glucosidase (EC 3.2.1.20) and β-galactosidase (EC 3.2.1.23) biosynthesis
by phenolic compounds (phenol, 2-chlorophenol, 4-chlorophenol, 4-bromophenol and 3,5dimethylphenol) in Escherichia coli, Bacillus and Pseudomonas species isolated from
petroleum refinery wastewater was assessed. At sufficient concentrations, phenols inhibited
the induction of α-glucosidase and β-galactosidase. The patterns of these toxic effects can be
mathematically described with logistic and sigmoid dose-response models. The median
inhibitory concentrations (IC50) varied among the phenols, the bacteria and enzymes.
Quantitative structure–activity relationship (QSAR) models based on the logarithm of the
octanol–water partition coefficient (log10Kow) were developed for each bacterium. The
correlation coefficients varied between 0.84and 0.99 for the enzymes. The test results
indicated α-glucosidase and β-galactosidase biosynthesis as important microbial indices for
evaluation of toxicity of phenolic compounds.
Keywords: Toxicity; phenolic compounds; QSAR; wastewater bacteria.

Inibição de β-galactosidase e síntese de α-glicosidase em bactérias de
efluente de refinaria de petróleo por compostos fenólicos
RESUMO
A inibição da biossíntese da α-glicosidase (CE 3.2.1.20) e da β-galactosidase (3.2.1.23)
por compostos fenólicos (fenol, 2-clorofenol, 4-clorofenol, 4-bromofenol e 3,5-dimetilfenol)
nas espécies Escherichia coli, Bacillus e Pseudomonas isoladas de efluentes de refinarias de
petróleo foi avaliada. Em concentrações suficientes, os fenóis inibiram a indução da αglicosidase e β-galactosidase. O comportamento desses efeitos tóxicos pode ser descrito
matematicamente com modelos de logística e sigmóide dose-resposta. A mediana da
concentração inibitória (IC50) variou entre os fenóis, as bactérias e enzimas. Modelos da
relação quantitativa de estrutura-atividade (QSAR) baseados no logaritmo do coeficiente da
partição octanol-água (log10Kow) foram desenvolvidos para cada bactéria. Os coeficientes de
correlação variaram entre 0.84 e 0,99 para as enzimas. Os resultados dos testes indicaram a
biossíntese da α-glicosidase e da β-galactosidase como importantes índices microbianos para
avaliação da toxicidade de compostos fenólicos.
Palavras-chave: Toxidade; compostos fenólicos; QSAR; bactéria de resísuduo líquido.
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1. INTRODUCTION
Phenolic compounds are common constituents in effluents from many industrial sources,
including oil refineries and other petrochemical industries. Phenolic wastewaters have been
treated using biological processes in which the compounds are digested by acclimated
microbial consortium. Numerous microorganisms have been reported to degrade phenol and
its derivatives. However, most phenol-degrading bacteria suffer from substrate inhibition,
whereby growth and biodegradation rates are inhibited at high phenol concentration due to
toxicity (Goudar et al., 2000; Oboirien et al., 2005; Okpokwasili and Nweke, 2006; Kumar et
al., 2005; Saravanan et al., 2008; Agarry et al., 2008; Agarry and Solomon, 2008).
Bacteria are important group of microorganisms because of their unique role, for
efficient functioning of natural ecosystems. The determination of the toxicity of chemicals to
bacteria is an important criterion for the evaluation of pollution risk of chemicals in the
environment. In this regard, rapid and sensitive bacterial toxicity tests for assessment of
toxicity are developed. Bacterial test systems include the estimation of respiration activity
(Anderson et al., 1988; Broecker and Zahn, 1977; Brown et al., 1981; Dutka et al., 1983; King
and Painter, 1986), measurement of growth inhibition of bacteria (Strotmann et al., 1994),
estimation of dehydrogenase activity (Strotman et al., 1993; Okolo et al., 2007), β galactosidase activity (Katayama-Hirayama, 1986), intracellular ATP level (Pill et al., 1991),
bioluminescence (Choi and Gu, 2001), nitrification inhibition (Strotmann and Eglsäer,1995;
Gendig et al., 2003; Juliastuti et al., 2003), inhibition of periplasmic nitrate reductase (Okolo
et al., 2007), inhibition of enzyme biosynthesis (Dutton et al., 1990; Odokuma and
Okpokwasili, 2003; Nweke and Okpokwasili, 2011).
Bioassays involving inhibition of enzyme activity and enzyme biosynthesis are simple,
rapid, cost-effective and require small volume of samples. Inhibition of biosynthesis and
activity of α-glucosidase and β-galactosidase in bacteria have been used to assess toxicity of
inorganic and organic toxicants (Barnhart and Vestal, 1983; Dutton et al., 1988; Dutton et al.,
1990; Guven et al., 2003; Bitton and Koopman, 1994; Codina et al., 1994, Nweke and
Okpokwasili, 2011). It was previously reported that bioassay based on α-glucosidase and βgalactosidase activity is insensitive to heavy metals (Barnhart and Vestal, 1983; Dutton et al.,
1988, 1990). In addition, β-galactosidase biosynthesis was shown to be more sensitive to
organic toxicants than β-galactosidase activity (Dutton et al., 1988).
Although inhibition of α-glucosidase and β-galactosidase biosynthesis have been used to
assess toxicity of organic toxicants, they have not been extensively used to assess toxicity of
phenolic compounds. Also, not much work has been done to assess toxicity of phenolic
compounds on bacterial strains derived from petroleum refinery wastewater. The aim of this
study was to compare the inhibitory effects of phenolic compounds on the biosynthesis of
inducible enzymes, α-glucosidase and β-galactosidase, in petroleum refinery effluent bacteria.
The information obtained should have bearing on the development of ecotoxicity assay using
bacteria.

2. MATERIALS AND METHODS
2.1. Test chemicals and reagents
The phenolic compounds, 2-chlorophenol, 4-chlorophenol, and phenol were obtained
from Sigma, USA. Others including 4-bromophenol and 3,5-dimethylphenol were obtained
from Fluka Rieldel-de Haën. The enzyme substrates p-nitrophenyl-β-D-galactopyranoside and
p-nitrophenyl-α-D-glucopyranoside were obtained from Sigma (USA). The Z-buffer for the
enzyme assays contained the following components: Na2HPO4.7H2O, 16 g.L-1; NaH2PO4, 5.6
g.L-1; MgSO4, 0.12 g.L-1; KCl, 0.754 g.L-1 and β-mercaptoethanol, 2.7 ml.L-1.
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2.2. Cell cultures
Bacterial strains used were Pseudomonas sp. DAF1, Pseudomonas sp. RWW2, Bacillus
sp. DISK1 and Escherichia coli isolated from petroleum refinery wastewater obtained from
wastewater treatment system of Port Harcourt petroleum refinery, Port Harcourt, southeastern
Nigeria. The method of sample collection, isolation and identification of the bacterial strains
was as described by Nweke and Okpokwasili (2010). They were maintained in nutrient agar
slants at 4°C. The cells were grown by inoculating 50 ml of sterile nutrient broth media
(HIMEDIA) in 100ml Erlenmeyer flask. The cultures were incubated at room temperature (28
± 2oC) for 16 – 24 hours on rotary shaker operated at 150 rpm. Cells were harvested by
centrifugation at 4000 rpm for 10 minutes. Harvested cells were washed twice in sterile
deionized distilled water and resuspended in the same water. The cell suspensions were
standardized in a spectrophotometer to an optical density of 0.6 at 420 nm. The standardized
cell suspensions were used as inocula in the enzyme assays.
2.3. β-Galactosidase activity assay
β-Galactosidase activities were determined using p-nitrophenyl-β-D- galactopyranoside,
which is hydrolyzed to yellow-coloured p-nitrophenol. Portions (0.1 ml) of standardized cell
suspensions were inoculated into sterile triplicate 20 ml screw-capped test tubes containing
1.9 ml of Z-buffered (pH 7.0) nutrient broth-lactose medium (consisting of 0.4 ml of Z-buffer,
0.4 ml of nutrient broth and 0.1 ml of 0.4% w/v lactose) supplemented with a particular
concentration of phenolic compound (0 – 4000 mg.L-1). The controls consisted of inoculated
medium without toxicant. The cultures were shake-incubated at room temperature for 1 h.
Thereafter, 0.1 ml of 7% w/v sodium dodecyl sulphate (SDS) was added into each tube and
shaken to solubilize the cells. Then, 0.1 ml of 0.4% w/v p-nitrophenyl-β-D-galactopyranoside
was added and the reaction mixture incubated at room temperature for 24 hours. The reactions
were stopped with 1 ml of cold 1 M Na2CO3 solution. The absorbances of p-nitrophenol
solution produced were measured spectrophotometrically at 420 nM (λmax). The βgalactosidase activities were calculated relative to controls as shown in equation 1.
2.4. α-Glucosidase activity assay
α-Glucosidase activities were determined using p-nitrophenyl-α-D-glucopyranoside that
is hydrolyzed to yellow-coloured p-nitrophenol. Portions (0.1 ml) of standardized cell
suspensions were inoculated into sterile triplicate 20 ml screw-capped test tubes containing
1.9 ml of Z-buffered (pH 7.0) nutrient broth-lactose medium (consisting of 0.4 ml of Z-buffer,
0.4 ml of nutrient broth and 0.1 ml of 0.4% w/v maltose) supplemented with a particular
concentration of phenolic compound (0 – 6000 mg.L-1). The controls consisted of inoculated
medium without toxicant. The cultures were shake-incubated at room temperature for 1 h.
Thereafter, 0.1 ml of 0.4% w/v p-nitrophenyl-α-D-glucopyranoside was added and the
reaction mixture incubated at room temperature for 24 h. The reactions were stopped by
adding 1 ml of cold 1 M Na2CO3 solution. The absorbances of p-nitrophenol solution
produced were measured spectrophotometrically at 420 nM (λmax). The α-glucosidase
activities were calculated relative to controls as shown in equation 1.
2.5. Data analysis
The degree of inhibition was determined relative to control (100% enzyme activity) on
the basis of measured absorbances as shown in equation 1. Differences at enzyme activity
levels between the controls and other samples were taken as the effect of phenolic compounds
on enzyme biosynthesis. At least three replicate tests were carried out on each toxicant. The
data were plotted in terms of percent of enzyme activity in control test on y-axis versus
concentration of phenolic compound on x-axis with means and standard deviations (n =3)
shown as data points and bars respectively. The toxicity thresholds of the toxicants (IC20, IC50
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and IC80) were determined by fitting the experimental data (obtained from equation 1) into
non-linear logistic (equation 2) and sigmoid dose-response (equation 3) models. All
regressions were done iteratively using the data mean and standard deviations at 95%
confidence limit. The toxicity thresholds were compared pairwise between the phenolic
compound and between β-galactosidase and α-glucosidase using student’s t-test. The linear
regression analyses were done using Microsoft Excell 2003.
Enzyme activity (% of control) =

TA
× 100
CA

[1]

Enzyme activity (% of control) =

a

[2]

⎛ x⎞
1+ ⎜ ⎟
⎝b⎠

c

Where, CA is the absorbance of p-nitrophenol in uninhibited control (without toxicant), TA the
absorbance of p-nitrophenol in inhibited test (with different concentrations of phenolic
compound), x is the concentration of phenolic compound, a the uninhibited value of enzyme
activity (100%), b is IC50 and c is dimensionless toxicity parameter
a
1 + e b ( x −c )
Where b is slope parameter indicating the inhibition rate and c is IC50
Enzyme activity (% of control) =

[3]

2.6. Quantitative structure-activity relationship (QSAR) analysis
The correlation between IC50 values and physicochemical properties for some phenolic
compounds were evaluated. Two parameters that are often employed in QSAR analysis were
used; the logarithm of the octanol-water partition coefficient, Log10Kow, characterizing the
lipophilicity and the dissociation constant of acid and pKa describing the electronic effect.
The Log10Kow and pKa values were obtained from Aptula et al. (2002). Linear regression was
performed on the IC50 (y-axis) versus parameter (x-axis) plot. The predicted IC50 were
generated from the linear models.

3. RESULTS AND DISCUSSION
The effects of phenolic compounds on the biosynthesis of two inducible enzyme, βgalactosidase and α-glucosidase are shown in Figures 1 – 3. The compounds tested included,
phenol, 2-chlorophenol, 4-chlorophenol, 4-bromophenol and 3,5-dimethylphenol. In all the
bacteria, phenolic compounds inhibited β-galactosidase and α-glucosidase biosynthesis in a
dose-dependent manner. Generally, substituted phenols were more inhibitory than phenol. In
terms of α-glucosidase biosynthesis, Escherichia coli tolerated 2-chlorophenol more than
other bacteria. 3,5-Dimethylphenol was more inhibitory to α-glucosidase induction in
Pseudomonas sp. RWW2 than in other bacteria. Pseudomonas sp. DAF1 and Escherichia coli
were tolerant to toxicity of phenol than Pseudomonas sp. RWW2 and Bacillus sp. DISK1.
Inhibition of β-galactosidase synthesis in Pseudomonas sp. DAF1 increased with increase in
concentration at concentrations ranging from 0 – 5000 mg.L-1 for phenol and 0 – 1000 mg.L-1
for the other phenolic compounds. At 0 – 1000 mg.L-1, 3,5-dimethylphenol and phenol
progressively inhibited β-galactosidase synthesis in Pseudomonas sp. RWW2. On the other
hand, 2-chlorophenol, 4-chlorophenol and 4-bromophenol progressively inhibited β43
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galactosidase synthesis in this bacterium at concentrations up to 320 mg.L-1 and total
inhibition of β-galactosidase synthesis was observed at 320, 220, 200, 800 and 1000 mg.L-1 of
2-chlorophenol, 4-chlorophenol, 4-bromophenol, 3,5-dimethylphenol and phenol respectively.
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Figure 1. Effects of 2-chlorophenol (2-CP), 4-chlorophenol (4-CP), 4-bromophenol
(4-BP) and 3,5-dimethylphenol (3,5-DMP) on α-glucosidase activity of bacterial
strains.
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Figure 2. Effects of 2-chlorophenol (2-CP), 4-chlorophenol
(4-CP), 4-bromophenol
(4-BP) and 3,5-dimethylphenol (3,5-DMP) on β-galactosidase activity of bacterial
strains.
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Figure 3. Effects of phenol on α- glucosidase and β-galactosidase
activities of Pseudomonas sp. DAF1, Pseudomonas sp. RWW2,
Bacillus sp. DISK1 and Escherichia coli. The continuous and dotted
lines are predicted values determined from dose response models.
Differences at enzyme activity levels between the controls and other
samples were taken as phenol effect on enzyme biosynthesis.

Pseudomonas sp. DAF1 was more tolerant than Pseudomonas sp. RWW2 to inhibition of
β-galactosidase synthesis by phenolic compounds. In Pseudomonas sp. DAF1, 4chlorophenol, 4-bromophenol and 3,5-dimethylphenol completely inhibited β-galactosidase
synthesis at 600, 800 and 800 mg.L-1 respectively, and at 800 mg.L-1, 2-chlorophenol
inhibited β-galactosidase synthesis by 76.078 ± 6.479%. Like in other bacteria, inhibition of
β-galactosidase synthesis in Bacillus sp. DISK1 by phenolic compounds is dose-dependent.
However, the extent of inhibition differs from the other bacteria. Bacillus sp. DISK1 is more
sensitive to 4-chlorophenol and total inhibition of β-galactosidase biosynthesis was observed
at 80 mg.L-1. On the other hand, 2-chlorophenol, 4-chlorophenol and 3,5-dimethylphenol
completely inhibited β-galactosidase synthesis at 200, 200 and 1000 mg.L-1 respectively.
Similar responses to the toxicity of 3,5-dimethylphenol were shown by Pseudomonas sp.
DAF1, Pseudomonas sp. RWW2 and Bacillus sp. DISK1. Inhibition of β-galactosidase by
3,5-dimethylphenol was sharp at lower concentrations but became less pronounced with
successive increase in concentration at higher concentrations. With the exception of 2chlorophenol, the inhibition pattern of β-galactosidase biosynthesis in Escherichia coli is
similar to that of Pseudomonas sp. DAF1.
Generally, phenol was less inhibitory to enzyme biosynthesis than the substituted phenol.
Higher concentrations (up to 4000 mg.L-1) of phenol were required to inhibit β-galactosidase
and α-glucosidase biosynthesis in Escherichia coli and Pseudomonas sp. DAF1. Substituted
phenols are known to be more toxic than phenol. For instance, using a number of microbial
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indices, chlorinated phenol was reported to be more toxic than phenol (Cenci et al., 1987).
The sensitivity of these bacteria to inhibitory effect of phenolic compounds corroborates
previous reports that biosynthesis of β-galactosidase was more sensitive to organic pollutants
than β-galactosidase activity (Dutton et al., 1988; Reinhartz et al., 1987). Cenci et al. (1987)
also reported that phenol and some chlorophenols did not inhibit β-galactosidase activity of
Escherichia coli even at high concentration. Similar insensitivity of β-galactosidase activity
to phenol has also been confirmed through a number of investigations (Bitton et al., 1992a,
1992b; Bitton and Koopman, 1994). Similarly, Barnhart and Vestal (1983) reported that in
vitro α-glucosidase activity was relatively insensitive to pentachlorophenol, phenol and
sodium dodecylsulphate. Therefore, enzyme biosynthesis is more reliable than enzyme
activity as bacterial index for assessment of toxicity of organic compounds. The inhibition of
β-galactosidase and α-glucosidase biosynthesis reported in this study is consistent with the
report of Dutton et al. (1990).
The dose-dependent responses of all the bacterial strains are describable by logistic and
sigmoid dose-response models with r2 values ranging from 0.9791 to 0.9999. The toxicity
thresholds of the phenolic compounds estimated from the models are shown in Table 1. Also,
the significant difference (P < 0.05) of the thresholds between β-galactosidase and αglucosidase enzymes were shown.
On the basis of the toxicity threshold, the toxicity of the phenolic compounds varies
among themselves, the bacteria and enzyme. Generally, the thresholds of β-galactosidase vary
significantly with that of α-glucosidase for a particular bacterium and phenolic compound.
The median inhibitory concentration (IC50) of phenol ranged from 387.862 ± 26.468 mg.L-1
with Bacillus sp. DISK1 to 1724.492 ± 6.853 mg.L-1 with Escherichia coli for α-glucosidase
biosynthesis and from 450.031 ± 37.615 mg.L-1 with Bacillus species to 1312.851 ± 32.237
mg.L-1 with Escherichia coli for β-galactosidase. The values were consistent with toxicity
thresholds reported by Dutton et al. (1990).
Quantitative structure activity relationship (QSAR) models based on Kow was established
for each bacterium. The octanol-water partitioning coefficient (Kow) is a physicochemical
descriptor that is widely used in QSARs. It indicates the ability of a chemical to partition
between the aqueous phase and cell membrane. The IC50s were plotted on y-axis versus
log10Kow on the x-axis as shown in Figures 4 and 5. The log10Kow-dependent QSAR models
have the following general form:
IC 50 (mg/l) = a log10 K ow + b

[4]

A linear regression of IC50 (mg.L-1) with log10Kow yields a straight line, with the slope
and intercept corresponding to the constants a and b in equation 4 respectively. The octanolwater partitioning coefficient (Kow) predicted inhibition of β-galactosidase synthesis by 3,5dimethylphenol better in Pseudomonas sp. RWW2 than in the other bacteria. As shown in
Figures 4 and 5, the correlation coefficients (r2) ranged from 0.9218 to 0.9889 for αglucosidase and from 0.8440 to 0.9722 for β-galactosidase. The high regression coefficients
indicate that the phenols possibly have the same mode of action against the induction of the
enzymes, and that Kow is a strong determinant of toxicity of the phenolic compounds. The
octanol-water partitioning coefficient have been adjudged the most important
physicochemical parameter related to biological activity (Dearden, 1985). The r2 values
obtained in this study are comparable to those reported in QSAR analyses involving other
organisms. Ren and Frymier (2002) reported r2 values ranging from 0.69 to 0.99 when
modelling toxicity of organic chemicals against bioluminescent bacteria. Schultz et al. (1998)
obtained r2 values of 0.87 when modelling the toxicity of nonpolar narcotic chemicals to
bioluminescent Vibrio fischeri, and r2 values of 0.69 when modelling the toxicity of phenols
to V. fischeri. Similarly, Gül and Öztürk (1998) reported r2 values of 0.98 and 0.54 in a
log10IC50 versus log10Kow relationship for aliphatic and aromatic alcohols respectively against
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dehydrogenase activity of Pseudomonas putida. Using the models generated, the predicted
IC50 were estimated. The relationship between the predicted IC50 and the experimental IC50
are shown in Figures 6 and 7. The values were close to unity as indicated by their closeness to
the line y = x in Figures 6 and 7.
Table 1. Threshold concentrations of phenolic compounds for inhibition of α- glucosidase and βgalactosidase biosynthesis in wastewater bacteria.
Bacteria/Toxicant
Pseudomonas sp. DAF1
2-Chlorophenol
4-Chlorophenol
4-Bromophenol
3,5-Dimethylphenol
Phenol
Pseudomonas sp. RWW2
2-Chlorophenol
4-Chlorophenol
4-Bromophenol
3,5-Dimethylphenol
Phenol
Bacillus sp. DISK1
2-Chlorophenol
4-Chlorophenol
4-Bromophenol
3,5-Dimethylphenol
Phenol
Escherichia coli
2-Chlorophenol
4-Chlorophenol
4-Bromophenol
3,5-Dimethylphenol
Phenol
Pseudomonas sp. DAF1
2-Chlorophenol
4-Chlorophenol
4-Bromophenol
3,5-Dimethylphenol
Phenol
Pseudomonas sp. RWW2
2-Chlorophenol
4-Chlorophenol
4-Bromophenol
3,5-Dimethylphenol
Phenol
Bacillus sp. DISK1
2-Chlorophenol
4-Chlorophenol
4-Bromophenol
3,5-Dimethylphenol
Phenol
Escherichia coli
2-Chlorophenol
4-Chlorophenol
4-Bromophenol
3,5-Dimethylphenol
Phenol

IC20

Toxicity thresholds (mg.L-1)
IC50
α- glucosidase

IC80

316.587 ± 44.120 b,c,e **
194.348 ± 30.259 a,d,e **
156.839 ± 3.585 a,d,e **
324.364 ± 8.313 b,c,e **
1077.214 ± 8.313 a,b,c,d **

510.206 ± 10.502 b,c,d,e *
311.066 ± 14.952 a,c,d,e **
200.569 ± 2.337 a,b,d,e **
453.466 ± 6.771 a,b,c,e **
1515.887 ± 4.520 a,b,c,d **

682.736 ± 6.029 b,c,d,e **
371.946 ± 4.476 a,c,d,e **
257.578 ± 0.881 a,b,d,e **
578.932 ± 3.958 a,b,c,e **
1966.339 ± 0.642 a,b,c,d **

276.103 ± 14.509 b,c,d,e **
112.712 ± 0.573 a,c,d,e **
38.596 ± 1.477 a,b,e **
38.422 ± 15.481 a,b,e *
478.775 ± 45.488 a,b,c,d **

326.394 ± 7.692 b,c,d,e **
143.406 ± 4.195 a,c,e **
73.139 ± 0.528 a,b,e **
96.618 ± 21.515 a,e *
757.961 ± 20.098 a,b,c,d **

367.635 ± 3.078 b,c,d,e **
182.980 ± 9.981 a,c,e *
112.801 ± 1.344 a,b,d,e **
187.368 ± 14.035 a,c,e **
936.006 ± 11.414 a,b,c,d **

99.473 ± 2.565 b,c,d,e **
134.421 ± 3.155 a,c,d,e **
162.756 ± 5.839 a,b,d **
303.104 ± 4.939 a,b,c,e **
191.416 ± 26.137 a,b,d *

271.105 ± 19.175 b,c,d,e **
204.578 ± 11.141 a,c,d,e **
234.964 ± 4.954 a,b,d,e **
440.241 ± 10.532 a,b,c **
387.862 ± 26.468 a,b,c *

558.626 ±37.686 b,c,e **
306.326 ± 23.620 a,d,e **
337.664 ± 2.473 a,d,e **
579.313 ± 19.532 b,c,e **
779.184 ± 45.821 a,b,c,d *

634.982 ± 16.437 b,c,d,e **
94.856 ± 21.675 a,c,d,e *
162.756 ± 5.839 a,b,d,e **
303.774 ± 5.851 a,b,c,e **
1348.403 ± 5.581 a,b,c,d **

836.175 ± 9.685 b,c,d,e **
161.187 ± 14.096 a,c,d,e *
234.964 ± 4.954 a,b,d,e **
440.402 ± 10.895 a,b,c,e **
1724.492 ± 6.853 a,b,c,d **
β- galactosidase

965.745 ± 3.222 b,c,d,e **
302.438 ± 8.382 a,c,d,e **
337.664 ± 2.473 a,b,d,e **
579.353 ± 19.560 a,b,c,e **
2222.688 ± 9.469 a,b,c,d **

160.798 ± 16.087 b,c,d,e **
67.240 ± 14.596 a,c,e **
28.904 ± 2.586 a,b,d,e **
50.880 ± 7.932 a,c,e **
323.299 ± 12.597 a,b,c,d **

468.424 ± 30.312 b,c,d,e *
154.676 ± 19.042 a,c,e **
82.985 ± 4.781 a,b,d,e **
161.279 ± 11.581 a,c,e **
653.448 ± 0.625 a,b,c,d **

806.047 ± 34.854 b,c,d,e **
267.526 ± 13.756 a,c,d,e **
219.806 ± 6.767 a,b,d,e **
390.342 ± 11.311 a,b,c,e **
1298.329 ± 42.081 a,b,c,d **

123.198 ± 8.049 b,c,d,e **
57.274 ± 8.659 a,d,e **
44.676 ± 2.724 a,d,e **
14.408 ± 2.426 a,b,c,e *
285.813 ± 57.893 a,b,c,d **

228.988 ± 7.415 b,c,d,e **
118.120 ± 9.443 a,c,d,e **
94.414 ± 5.884 a,b,e **
83.482 ± 6.356 a,b,e *
564.407 ± 41.753 a,b,c,d **

292.399 ± 2.929 b,c,d,e **
173.682 ± 5.979 a,c,d,e *
150.418 ± 6.111 a,b,d,e **
311.217 ± 9.134 a,b,c,e **
827.755 ± 16.975 a,b,c,d **

45.609 ± 9.798 e **
28.451 ± 6.868 e **
32.414 ± 3.903 e **
32.624 ± 4.584 e **
163.780 ± 27.901 a,b,c,d *

105.847 ± 9.214 b,c,e **
53.438 ± 5.712 a,c,d,e **
82.696 ± 4.830 a,b,d,e **
125.283 ± 10.270 b,c,e **
450.031 ± 37.615 a,b,c,d *

166.424 ± 4.617 b,c,d,e **
70.760 ± 2.421 a,c,d,e **
143.191 ± 3.157 a,b,d,e **
382.735 ± 19.384 a,b,c,e **
778.131 ± 27.742 a,b,c,d *

73. 611 ± 18.945 d,e **
103.465 ± 4.706 c,e *
86.197 ± 2.506 b,d,e **
144.915 ± 3.198 a,b,c,e **
987.639 ± 32.181 a,b,c,d **

169.641 ± 21.668 d,e **
171.614 ± 7.942 d,e *
161.977 ± 3.893 d,e **
291.119 ± 5.125 a,b,c,e **
1312.851 ± 32.237 a,b,c,d **

368.240 ± 14.977 b,c,d,e **
280.343 ± 10.939 a,d,e **
306.320 ± 7.452 a,d,e **
453.126 ± 8.348 a,b,c,e **
1741.889 ± 30.200 a,b,c,d **

At p < 0.05 ( within each threshold, bacterial strain and enzyme)
a = significantly different from 2-Chlorophenol
b = significantly different from 4-Chlorophenol
c = significantly different from 4-Bromophenol
d = significantly different from 3,5-Dimethylphenol
e = significantly different from Phenol
** = threshold of α- glucosidase is significantly different from that of β- galactosidase
* = threshold of α- glucosidase is not significantly different from that of β- galactosidase
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There was poor correlation between pKa (the negative logarithm of the first ionization
constant) and the IC50 (plots are not shown). This indicates that the toxicity of the phenols is
independent on their ionization constants. Ren and Frymier (2002) have made similar
observation in a QSAR analysis of organic chemicals against Vibrio fischeri.
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Figure 4. Acute toxicity of five phenols against Log Kow for α-glucosidase
activity of Pseudomonas sp. DAF1, Pseudomonas sp. RWW2, Bacillus sp.
DISK1 and Escherichia coli. The linear regression relationships are based on:
phenol □; 2-chlorophenol ▲; 3,5-dimethylphenol ■; 4-bromophenol ∆ and 4chlorophenol ○.
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4. CONCLUSION
This study has shown that induction of α-glucosidase and β-galactosidase enzymes in
Escherichia coli, Bacillus and Pseudomonas species could be inhibited by phenolic
compounds to levels dependent on octanol–water partition coefficient. Thus, the organisms
may serve as convenient indices for assessment of toxicity of environmental pollutants and by
extrapolation, the risk assessment of industrial wastes.
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