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Abstract 
Background: Chemicals do not exist in isolation in nature, but under certain conditions, may act jointly in a 

way that the overall level of toxicity is affected.Toxicity interaction of chemical mixtures have been widely 

reported and mathematically described to include a number of interactions such as synergism  and antagonism; 

and in more complex models involving a mixture of homesis and synergism.Toxicity of 2,4-dichlorophenol (2,4-

DCP), 4-chlorophenol (4-CP), 4-bromophenol (4-BP), 2-chlorophenol (2-CP) and phenol as single and quinary 

mixtures to Pseudomonas fluorescens using inhibition of dehydrogenase activity as toxicity response was 

assessed.  

Materials and Methods: Quinary mixtures of the phenolic compounds were evaluated using arbitrary 

concentration ratios (ABCR) and equi-effects concentration ratios (EEC) to obtain mixtures of the compounds 

2,4-D:4-CP:2-CP:4-BP:Phe. The ABCR ratios were (ABCR1;2%:6%:14%:4%:74%), 

(ABCR2;6%:2%:28%:2%:62%), (ABCR3; 1%:5%:10%:2%:82%) and (ABCR4;4.5%:3.4%:20%:3.1%:69%), 
while the EEC ratios evaluated were EE5, EE10, EE20, EE30, EE40 and EE50.  

Results: Results obtained from the study showed that the phenolic compounds toxicity to dehydrogenase enzyme 

activity were logistic dose dependent. Assessment of the mixtures showed that among the ABCR mixtures, 

ABCR1 produced the highest toxicity with ecotoxic concentration 50% (EC50) value of 1.632 ± 0.048mM, while 

EE10 mixture was the most toxic among the EEC ratios with EC50 value of 1.732 ± 0.028mM. The quinary 

mixtures of these phenolic compounds were found to be less toxic than the single compounds.Toxic index (TI) 

analysis of the mixtures indicated largely antagonistic interactions. Toxicity of the arbitrary concentration 

ratios mixtures was in the order ABCR1>ABCR2>ABCR3>ABCR4, while equi-effect concentration ratios was 

in the order EE10> EE50> EE40> EE20> EE30> EE5. Conclusion: The interactive effect of the mixtures of 

these compounds suggest that response of the isolate to their toxicity  maybe largely dependent on the relative 

amount of these toxicants present in a mixture. 
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I. Introduction 
Phenols are important compounds widely applied in the modern chemical industries such as petroleum 

refining, drugs manufacture, paints, fertilizer etc.  Phenol derivatives are abundant in the effluent component 

discharged into the environment by these industries (Whiteley and Bailey, 2000; Arutchelvan,  et al.,  2005). 

Phenolic compounds maybe recalcitrant and toxic to most microorganisms; at higher concentrations, they can 

even inhibit the growth of microbial strains that are capable of assimilating them (Krastanov et al.,  2013). 

Chlorophenols are widespread pollutant of aquatic ecosystems, their toxicity may be genetic and influence the 

offspring of the affected organisms (Galindez-Mayer et al., 2008). Microbial community are directly involved in 

biodegradation and maybe affected in frontline of a toxicity burst. Microbial cells are toxico-sensitive and can 

be applied as a biosensor in the detection of toxicity and environmental pollution (Chan et al.,  2013; Liu  et al.,  

2014; Vogrincet al.,  2015; Zhou et al.,  2017). Phenol and its derivatives when degraded bya numbers of 

microorganisms may result to other products which pose environment risk to aquatic and terrestrial ecosystem 

(Krastanovet al.,  2013). In the Environment, chemicals do not act in an isolation but in the milieux of other 
equally potential toxicants. Toxicants may bioaccummulate in the environment; act independently or by 

interaction with other environmental toxicants. Toxicity interaction of chemical mixtures have been widely 

reported and mathematically described to include a number of interactions such as synergy and antagonism; and 

in more complex models involving a mixture of homesis and synergism (Cassee et al. 1998; Haddad et al.,  

2000; Charles et al.,  2007; Kortenkamp et al., 2009,  SCHER, SCCS, SCENIHR, 2012; Nweke et al., 2015; 

Nweke et al.,  2018). In the present study, Pseudomonas fluorescens dehydrogenase enzymes inhibition is 

applied as an index of cellular necrotic potential. The present study examines the invitro toxicity of phenols, 2-
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Chlorophenol, 4-Chlorophenol, 2.4-dichlorophenol, 4-Bromophenol on P. fluorescens isolates, and the possible 

interactive effect of these compounds in a hypothetical quinary mixture using a randomized concentration ratio 

and equi-effect concentration ratio.   

 

II. Materials and Methods 
 Test Chemical and Reagents  

The phenolic compounds used in this study were Phenol (JHD, China), 2-Chlorophenol (Merck, 

Germany), 4-Chlorophenol (Merck, Germany), 2,4-dichlorophenol (JHD, China) and 4-bromophenol (Merck, 

Germany).The enzyme substrate 2,3,5-triphenyltetrazolium chloride was obtained from Sigma-Aldrich, 

Germany. All other reagents used were of analytical grade. 

 

Isolation of Test Organism  

The soil sample for the isolation of the test organism was collected from an arable soil in Owaelu Urata 

in Owerri-North LGA of Imo State, Nigeria. 
The test bacterium Pseudomonas fluorescens was isolated from garden soil by inoculation of soil 

suspension on Pseudomonas agar for fluorescein (obtained from Sisco Research Laboratories (SRL), Mumbai, 

India) and incubated at 30oC for 24 h (Collins et al.,  2004). The isolated organism was then characterized based 

on morphology, growth characteristics and biochemical test using oxidase production, oxidative fermentation, 

growth at 4 oC, no growth at 42 oC, nitrate reduction, phosphate solubilization (using Pikovskaya’s broth, SRL, 

India), acid production from mannitol and maltose (Rhodes, 1959). 

 

Preparation of Inoculum for Toxicity Assay 

The P. flourescens isolate was grown in nutrient broth on a rotary shaker (150rpm) at room 

temperature (28 ± 20C) for 24 hrs. The cells were harvested by centrifugation at 4000 rpm for 10 min using 

centrifuge (Alpin medical England Model 90(1). Harvested cells were washed twice in sterile distilled water 

(Nweke et al., 2014). The washed cells were suspended in the sterile distilled water and their optical density 
(OD) adjusted to 0.1 at wavelength of 540 nm using spectrophotometer (VIS Spectrophotometer 721D, Life 

Assisstance Scientific INST. CO).  

 

Preparation of single chemicals 

 A 10mM stock solution of each of 2,4-dichlorophenol (2,4-DCP) and 4-chlorophenol (4-CP), and 

50mM stock of 4-bromophenol (4-BP), 2-Chlorophenol (2-CP), and phenol were prepared in sterile deionized 

water and used for the study. 

 

 Preparation of mixtures of chemicals 

The phenolic mixtures were prepared by diluting and mixing the stock solutions to achieve desired 

combination ratios in the mixtures as described in table 1. Arbitrary concentration ratios (ABCR) were based on 
random variations in the percentage composition of the mixtures. The equi-effect concentration ratios were 

achieved using the concentration of the single compounds with equal eco-toxic effect to create combination 

ratios (%). The mixtures were created in a final stock concentration of 10mM.  

 

Design of Experiment 

The quinary mixtures of all the phenolic compounds were studied through arbitrary concentration ratio 

(ABCR) and  equi-effect concentration ratio (EE) and the various arbitrary concentration ratios (ABCR) 

evaluated were ABRR1, ABCR2, ABCR3 and ABCR4, while  equi-effect concentration ratios evaluated were 

EE5, EE10, EE20, EE30, EE40 and EE50 as shown on table  1.  

 

Table 1: Experimental design for the various Equi-effect and arbitrary concentration ratios of the phenols to the 

dehydrogenase activity of Pseudomonas flourescens 
 

Mixture 

Mixture ratios (%) 

2,4-DCP 4-CP 2-CP 4-BP Phenol 

ABCR1 2.0 6.0 14.0 4.0 74.0 

ABCR2 6.0 2.0 28.0 2.0 62.0 

ABCR3 1.0 5.0 10.0 2.0 82.0 

ABCR4 4.5 3.4 20.0 3.1 69.0 

EE5 1.9 8.2 14.6 3.4 71.9 

EE10 1.9 7.6 14.4 3.5 72.6 

EE20 1.9 7.0 14.1 3.6 73.4 

EE30 1.8 6.7 13.9 3.7 73.9 

EE40 1.8 6.4 13.7 3.8 74.3 

EE50 1.8 6.1 13.6 3.9 74.6 
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Toxicity Assay 

Dehydrogenase activity inhibition was determined using 2,3,5-triphenyltetrazolium chloride (TTC) as 

the artificial electron acceptor which is reduced to the red-colored triphenylformazan (TPF) as described by 

Nweke et al.,  2014.The assay was carried out in 2ml volume of nutrient broth (pH 7) and TTC supplemented 
with varying concentrations of phenol, 2-chlorophenol, 4-chlorophenol, 2,4-dichlorophenol, , 4-bromophenol.  

A 0.5ml portion of x4-strength of 0.1% nutrient broth and requisite volumes of sterile distilled water and stock 

solution (10mM for 2,4-DCP, 4-CP, 4-BP and 50mM for 2-CP and phenol) of the respective toxicants were 

added to each 20ml screw capped test tube to obtain different concentrations of the individual mixture ratios. 

Thereafter, 0.1 ml each of 0.1%w/v solution of TTC and bacterial suspension were added into each tube. The 

final concentrations of the toxicants ranged from 0 to 0.4 mM. The controls consisted of the medium without the 

toxicants. The cultures were incubated at room temperature (28±20C) for 24 hrs. After incubation, 1ml of 1%v/v 

Triton X100 was added into each tube and allowed to stand for 10 min. the formazan produced in each tube was 

extracted in 4ml of butanol; and absorbances of the extracts were determined spectrophotometrically at 500nm. 

 

Data Analysis 

The inhibition of dehydrogenase activity at varying concentrations of the phenols (2,4-DCP, 4-CP, 2-
CP, 4-BP and phenol) as well as mixtures were calculated as shown in equation below. The responses were 

generated as mean and standard deviation from triplicate determination as described by Nweke et al. (2014). 
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Where CA is the absorbance of TPF extract in the control (without phenols); TA is the absorbance of TPF extract 

in the test with different concentrations of the mixtures. 

 

 Determination of toxicity threshold 

The dose-response data from the assessment of toxic effects of the toxicants (as individual and mixtures) to 

dehydrogenase activity of Pseudomonas flourescen were fitted into 2-parameter logistic model to obtain their 

respective ecotoxic threshold (EC50) which is defined as the concentrations of the toxicants that inhibited the 

dehydrogenase activity of the isolate by 50%. 
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Where x is the concentration of the chemical, EC50 is the concentration that caused 50% inhibition;b is 

parameter determining the relative slope at EC50. 

 

 Analysis of combined effects using toxic index model  
Toxic index (TI) model was also used to analyze the combined effect of the mixtures. The TI values were 

calculated using the expression: 
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Where Cmixiis the concentration of the ith toxicant in the mixture and IC50i is the IC50 of the same toxicant when 

tested as an individual.TI=1 signifies additive interaction, TI > 1 signifies antagonistic interaction and TI < 1 

signifies synergistic interaction (Boillot and Perrodin, 2008). 

 

III. Results 
Figure 1.0 shows the fit curves for toxicity of the phenols, 2,4-dichlorophenol, 4-Chlorophenol, 4-

Bromophenol, 2-Chlorophenol and phenol singly  to dehydrogenase activity of P. fluorescens. 

The phenols showed a logistic dose dependent inhibition of the dehydrogenase activity of the isolate; 

toxicity response of the isolates to the phenols ranked in the order 2,4-Dichlorophenol > 4-Bromophenol > 
Phenol > 4-Chlorophenol > 2-Chlorophenol. However, the response of the organism to phenol and 2-

chlorophenol showed a narrow zone of low dose stimulation between 0-0.2mM. 
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Figure 1: Toxicity of 2,4-dichlorophenol, 4-Chlorophenol, 4-Bromophenol, 2-Chlorophenol and phenol  to P. 

fluorescens 

 

Figure 2.0 shows the toxicity effect of quinary mixtures of 2,4-dichlorophenol, 4-Chlorophenol, 4-

Bromophenol, 2-Chlorophenol and phenol  to P. fluorescensusing arbitrary concentration ratios.The quinary 

mixtures of phenols demonstrated a significantly increased inhibitory effect on the growth of P. fluorescens.  

Toxicity of the phenol mixtures progressively increased with increasing concentration in the four assessed ratios 

of phenol mixtures: ABRR1, ABCR2, ABCR3 and ABCR4 achieving a total inhibition of dehydrogenase 

activity. The mixtures ABRR1, ABCR2, ABCR3 and ABCR4 progressively inhibited dehydrogenase activity, 

reaching saturations at concentrations between 4.0-6.0mM of the mixtures. 
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Figure 2: Toxicity of arbitrary concentration ratio quinary mixtures of 2,4-dichlorophenol, 4-Chlorophenol, 4-

Bromophenol, 2-Chlorophenol and phenol  to P. fluorescens 

 
The fitted curves in figure 3 shows the response of P. fluorescensto toxicity of quinarymixtures of 2,4-

dichlorophenol, 4-Chlorophenol, 4-Bromophenol, 2-Chlorophenol and phenol  usingequi-effect concentration 

ratios. The equi-effect mixtures stimulated dehydrogenase activity at low doses, however, exhibited a steady 

increase in inhibition as concentration increased. At high concentration, the mixtures EE5, EE10, EE20, EE30, 

EE40 and EE50 demonstrated a saturation effect, with no significant changes in toxicity beyond 4.0mM. 
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Figure 3: Toxicity of equi-effect quinarymixtures of 2,4-dichlorophenol, 4-Chlorophenol, 4-Bromophenol, 2-

Chlorophenol and phenol  to dehydrogenase activity of P. fluorescens 

 

Table 2.0 shows thethresholdeco-toxic concentration (EC50)of individual and mixtures of phenols.  The 

EC50 values obtained from the studies  was 0.118 ± 0.002mM,  0.296 ± 0.006mM, 0.138 ± 0.005mM, 0.631 ± 

0.019mM and 0.245 ± 0.012mM for the single compounds 2,4-Dichlorophenol, 4-Chlorophenol, 4-

Bromophenol, 2-Chlorophenol and Phenol respectively. The EC50 of the arbitrary concentration ratio and equi-

effect mixture are presented on table 2.0. 

 
Table 2: Thresholdeco-toxic concentration (EC50) of the singles and quinary mixtures of 

phenols to dehydrogenase activity of P.fluorescens 

Toxicants/Mixtures EC50 (mM) 

2,4-Dichlorophenol 0.118 ± 0.002 

4-Chlorophenol 0.296 ± 0.006 

4-Bromophenol 0.138 ± 0.005 

2-Chlorophenol 0.631 ± 0.019 

Phenol 0.245 ± 0.012 

Arbitrary concentration ratios  

ABCR1 1.632 ± 0.048 

ABCR2 1.984 ± 0.014 
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ABCR3 2.216 ± 0.071 

ABCR4 3.276 ± 0.056 

Equi-effect concentration ratios  

EE5 2.443 ± 0.045 

EE10 1.208 ± 0.013 

EE20 1.947 ± 0.010 

EE30 2.279 ± 0.092 

EE40 1.922 ± 0.038 

EE50 1.732 ± 0.028 

Values are Mean ± standard deviation of 3 determinations 

 

Table 3.0 shows the toxicity interactions of quinary mixtures of phenols to dehydrogenase activity of P. 
fluorescens.The TI values ranged from 6.31 ± 0.38 to 12.60 ± 0.41 for arbitrary concentration ratios, and 4.60 ± 

0.23to 8.80  ± 0.70 for equi-effect concentration ratio mixtures. The interactions observed in the assessed 

mixtures were largely antagonism. 

 

 

Values are Mean ± standard deviation of 3 determinations 

 

IV. Discussion 
Toxicity interaction of chemical mixtures is paramount in assessment of environmental toxicity, 

industrial effluents are a complex mixture of ions, elements and compounds whose toxicity maybe modulated by 

others present in the environment.  

In the present study, results obtained (Figure 1) shows the toxicity response of P.flourescen to the 
single phenolic compounds 2,4-DCP, 4-Chlorophenol, 4-Bromophenol, 2-Chlorophenol and phenol. These 

compounds demonstrated varying degree of inhibition on the dehydrogenase activity of P. flourescen; 

thetoxicity responses weretightly dose dependent and fitted into a logistic dose response model (Figure 1). 

Analysis of EC50 values of these single compounds (table 2) showed that the 50% eco-toxic concentration was 

0.118 ± 0.002mM,  0.296 ± 0.006mM, 0.138 ± 0.005mM, 0.631 ± 0.019mM and 0.245 ± 0.012mM for 2,4-

Dichlorophenol, 4-Chlorophenol, 4-Bromophenol, 2-Chlorophenol and Phenol respectively. Comparison of 

these EC50 of the single compound showed that toxicity ranked in the order 2,4-Dichlorophenol > 4-

Bromophenol > Phenol > 4-Chlorophenol > 2-Chlorophenol. 

Also, the mixtures of these phenolic derivatives with the parent compound presented interesting trends 

of toxicity responses. The arbitrary concentration and equi-effect ratio mixtures resulted in a marked increase in 

the EC50 values when compared to the single compounds. The EC50 values were 1.632 ± 0.048mM, 1.984 ± 
0.014mM, 2.216 ± 0.071mM and 3.276 ± 0.056mM for the arbitrary concentration ratios ABCR1, ABCR2, 

ABCR3 and ABCR4 respectively. While for the equi-effect mixture ratios, EC50 were 2.443 ± 0.045mM, 1.208 

± 0.013mM,1.947 ± 0.010mM,  2.279 ± 0.092mM, 1.922 ± 0.038mM and  1.732 ± 0.028mM for EE5, EE10, 

Table 3: Toxicity interactions of quinary mixtures of phenols to dehydrogenase activity of P. 

fluorescens 
Mixtures Toxic Index (TI) Interactive Effect 

Arbitrary concentration ratios   

ABCR1 6.31 ± 0.38 Antagonistic 

ABCR2 7.30  ± 0.52 Antagonistic 

ABCR3 8.63  ± 0.35 Antagonistic 

ABCR4 12.60  ± 0.41 Antagonistic 

Equi-effect concentration ratios   

EE5 7.15  ± 0.20 Antagonistic 

EE10 4.60  ± 0.23 Antagonistic 

EE20 7.54  ± 0.56 Antagonistic 

EE30 8.80  ± 0.70 Antagonistic 

EE40 7.42  ± 0.37 Antagonistic 

EE50 6.71  ± 0.47 Antagonistic 
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EE20, EE30, EE40 and EE50respectively. The highest toxicity response for the mixtures using arbitrary 

concentration and Equi-effect concentration ratio was recorded at ABCR1 with EC50 value of 1.632 ±0.048mM 

and EE10mixture with EC50 value of 1.208 ± 0.127 mM.These toxicity threshold were 10 times higher than that 

obtained for the most toxic single compound, 2, 4-dichlorophenol. The observed increases in the eco-toxic 

(EC50) dose may be attributed to a possible shift in metabolism of the compound, towards a greater tolerance of 
the chemical mixtures.Also notable in the study,P.flourescens demonstrated a biphasic response to the equi-

effect mixtures; low dose stimulation of growth of microorganisms by certain chemicals have been reported. 

Hormetic response observed in this studyis consisted with reported hormeticeffects of phenolic compounds on 

microorganisms (Calabrese and Blain, 2005, Nweke et al., 2014, Christofiet al., 2002, Nwekeand Okpokwasili, 

2010). 

Furthermore, the analysis of toxicity interaction of this mixtures using toxic index analysis (table 3) 

shows that both arbitrary concentration and equi-effects concentration ratios mixtures were largely antagonistic. 

The TI values ranged from 6.3 to 12.6 for arbitrary concentration ratios and 4.6 to 8.8 for equi-effect 

concentration ratios (Table 3). Toxic Index analysis is a widely applied method in ecotoxicological studies to 

explore the possible interactions of mixture of toxicants (Boillot and Perrodin, 2008; Nwanyanwu et al.,  2017; 

Asiwe et al., 2018;  Nweke et al., 2018, Nzeh et al., 2019). Boillot and Perrodin, (2008) described toxicity 

interaction of mixtures of chemicals, TI values =1 describes additive interaction, TI > 1 describes antagonistic 
interaction and TI < 1 describes synergistic interaction.  

TI modeling of the resultscorroborated with the observed increase in EC50 of the phenolic mixtures 

against dehydrogenase activity of the P. fluorescens evaluated in this study. The TI values indicated largely 

antagonistic responses of the joint action of the quinary mixture. The TI values ranged from 6.30 to 12.6 for 

arbitrary concentration ratios, and 4.6 to 8.8 for equi-effect concentration ratio mixtures. These were far greater 

than the range 0.5 to 2.0 proposed by Deener (2000) as additive. The TI of the mixtures were largely greater 

than 1, indicating a strong antagonism of the phenolic derivatives to their individual toxicity. The antagonistic 

effect of chemical mixtures may be attributed to tolerance of the microorganisms to the mixtures or a possible 

chemical interaction of the mixture resulting in less toxic chelates (Nwanyanwu et al., 2017). Similar 

observations were made by Boillot and Perrodin (2008) on seemingly antagonistic interaction between 

glutaraldehyde and surfactant against mobility of Daphnia magma and also by Nweke et al. (2014) on 
evaluation of toxicity of binary mixtures of formulated glyphosate and phenolic compounds on Rhizobium 

species. Mowat and Bundy (2002) predicted possibility of synergistic, additive and antagonistic interactions 

among binary and ternary mixtures of pollutants.  Zhu and Chevion (2001) reported synergistic interaction of 

pentachlorophenol and copper mixture. Environmental contaminations are frequently encountered as mixtures 

and behaviors of chemicals in a mixture may not correspond to that from data on the pure compounds 

(Altenburger et al.,  2003). The chemicals may modulate the toxicity of each other in a mixture. Modulation of 

chemicals may have been established in this study with phenolic compounds evaluated. Environmental 

contaminants at increasing concentrations exert inhibitory effect on indigenous microorganisms of an ecosystem 

and thus disturb microbial balance of the ecosystem (Abdu et al., 2017). The inhibition of dehydrogenase 

activity observed in this study at high concentrations of 4-chlorophenol, 2,4-dichlorophenol, 4-Bromophenol, 2-

Chlorophenol and phenol is consistent with what has been widely reported (Agarryet al.,  2008; Agarry and 

Durojaiye, 2008; Heinaruet al.,  2001; Nweke et al. 2014; Nwanyanwu et al.,  2017). Phenols are membrane 
damaging biocides (Heipieper et al., 1992; Okolo et al.,  2007), causing loss of cytoplasmic membrane integrity 

and thus disruption of membrane functions. Since dehydrogenases are membrane associated, loss of membrane 

integrity will ultimately affect their functions. In this study, the order of toxicity, 2,4-Dichlorophenol > 4-

Bromophenol > 4-Chlorophenol > phenol > 2-Chlorophenol is in line with the report of Nweke et al. (2014) and 

Ren and Frymier (2002). Higher toxicity of 2,4-dichlorophenol when compared to 4-chlorophenol observed in 

this study corresponds to the findings of Rani et al. (2009) on degradation of mixture of phenolic compounds by 

activated sludge process using mixed consortia. This may be attributed to a higher number of substituent groups 

in structure and initial phenol concentration(Agarryet al.,  2008, Agarry and Durojaiye, 2008).  

 

V. Conclusion 
In the present study, the toxicity interaction of mixtures of fivephenolic compounds (2,4-

Dichlorophenol, 4-Chlorophenol, 4-Bromophenol, 2-Chlorophenol and phenol) to P. fluorescens were assessed 

using inhibition of dehydrogenase activity as response. The single compounds exhibited varying level of toxicity 

to P.fluorescens. Toxicity ranked in the order 2,4-Dichlorophenol > 4-Bromophenol > Phenol > 4-Chlorophenol 

> 2-Chlorophenol. 

However, EC50 analysis of the mixtures indicated that the mixture of the compounds using arbitrary 

concentration ratios and equi-effect concentration ratios were less toxic than the single compounds. Toxicity of 

the arbitrary concentration ratios mixtures was in the order ABCR1>ABCR2>ABCR3>ABCR4, while equi-

effect concentration ratioswas in the order EE10> EE50 > EE40> EE20> EE30> EE5.Furthermore, toxic index 
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analysis of the phenolic compounds mixturesshowed that the mixture interaction werelargely antagonistic.This 

is indicative of a strong interaction of the phenolic derivatives in the mixture ratios studied resulting in less 

toxicity. 

References 
[1]. Abdu, N., Abdullahi, A.A. &Abdulkadir, A. Heavy metals and soil microbes (2017). . Environ ChemLett15, 65–84. 

[2]. Agarry, S. E. and Durojaiye, (2008). Microbial degradation: a review, International Journal of Environmental Pollution, 32, 12-28 

[3]. Agarry, S. E., Solomon, B. O. and Layokun, S. K.(2008). Kinetics of batch microbial degradation of phenols by indigenous binary 

mixed culture of Pseudomonas aeruginosa and Pseudomonas fluorescens. African Journal of Biotechnology, 7 (14), 2417-2423. 

[4]. Altenburger, R., Nendza, M. and Rmann, G. S. U.(2003). Mixture toxicity and its modeling by quantitative structure–activity 

relationships. Environmental Toxicology and Chemistry, 22, 1900–1915 

[5]. Arutchelvan, V.; Kanakasabai, V.; Nagarajan, S.; Muralikrishnan, V. (2005).Isolation and identification of novel high strength 

phenol degrading bacterial strains from phenol-formaldehyde resin manufacturing industrial wastewater. J. Hazard. Mater., 127, 

238–243.  

[6]. Asiwe, E. S., Alisi, C. S., Onuabuchi, T. C. and Alisi, P. N. (2018).Toxicity of Ciprofloxacin and Ampicillin Combinations against 

Methicillin-Resistant Staphylococcus Aureus and Pseudomonas aeruginosa -complicit in Cystic Fibrosis.Futo Journal Series, (4), 2, 

134 – 145. 

[7]. Boillot, C., and Perrodin, Y., (2008). Joint-action ecotoxicity of binary mixtures of glutaraldehyde and surfactants used in hospitals: 

use of the Toxicity Index model and isobologram representation. Ecotoxicology and Environmental Safety, 71, 252–259.  

[8]. Cassee, F. R., Groten, J. P., van Bladeren, P. J. and Feron, V.J. (1998). Toxicological evaluation and risk assessment of chemical 

mixtures. Crit Rev Toxicol, 28(1), 73-101. 

[9]. Chan A.C., Ager D., Thompson I.P. (2013). Resolving the mechanism of bacterial inhibition by plant secondary metabolites 

employing a combination of whole-cell biosensors.Journal of Microbiological Methods, 93, 209–217. 

[10]. Charles, G, D., Gennings, C., Tornesi, B., Kan, H. L., Zacharewski, T. R., Bhaskar, G. B, and Carney, E. W. (2007). Analysis of the 

interaction of phytoestrogens and synthetic chemicals: an in vitro/in vivo comparison. ToxicolApplPharmacol., 218(3), 280-288. 

[11]. Danish Veterinary and Food Administration (2003). Combined Actions and Interactions of Chemicals in Mixtures: The 

Toxicological Effects of Exposure to Mixtures of Industrial and Environmental Chemicals.  Fødevare Rapport, 12, pp. 22 -31, 1st 

Edition, ISBN: 87-91399-08-4 

[12]. Deneer, J. W.(2000). Toxicity of mixtures of pesticides in aquatic systems. Pest Management Science, 56, 516 – 520.  

[13]. Galindez-Mayer, J., Ramon-Gallegos, J., Ruiz-Ordaz, N., Juarez-Ramirez, C. et al., (2018).Phenol and 4-chlorophenol 

biodegradation by yeast Candida tropicalis in a fluidized bed reactor.Biochem. Eng. J., 38, 147–157. 

[14]. Haddad, S., Charest-Tardif, G., Tardif, R. and  Krishnan, K. (2000). Validation of a physiological modeling framework for 

simulating the toxicokinetics of chemicals in mixtures. Toxicol Appl Pharmacol, 167, 199–209. 

[15]. Heinaru, E., S. Viggor, E. Vedler, J. Truu, M. Merimaa, and A. Heinaru. (2001). Reversible accumulation of p-hydroxybenzoate 

and catechol determines the sequential decomposition of phenolic compounds in mixed substrate cultivations in pseudomonads. 

FEMS Microbiology Ecology, 37,79-89. 

[16]. Heipieper, H. J., Diefenbach, R. and Keweloh, H.(1992). Conversion of cis unsaturated fatty acids to trans: a possible mechanism 

for the protection of phenol-degrading Pseudomonas putida P8 from substrate toxicity. Applied and Environmental 

Microbiology,58, 1847–1852. 

[17]. Kong, X.; Zhou, X.; Tian, Y.; Wu, X.; Zhang, J.; Zuo, W. (2016).Niobium doped lanthanum calcium ferrite perovskite as a novel  

electrode material for symmetrical solid oxide fuel cells. J. Power Sources,  326, 35–42. 

[18]. Kortenkamp, A., Backhaus, T. and Faust, M. (2009). State of the Art on Mixture Toxicity.Report. 

http://ec.europa.eu/environment/chemicals/pdf/report_Mixture%20toxicity.pdf . 

[19]. Krastanov, A., Alexieva, Z.  and  Yemendzhiev, H. (2013). Microbial degradation of phenol and phenolic derivatives.Eng. Life Sci., 

13, 76–87 

[20]. Liu B., Lei Y., Li B. (2014). A batch-mode cube microbial fuel cell based “shock” biosensor for waste water quality monitoring. 

Biosensors and Bioelectronics, 62, 308–314. 

[21]. Mowat, F. S. and Bundy, K. J. (2002).Experimental and mathematical_computational assessment of the acute toxicity of chemical 

mixtures from the Microtox_assay.Advances in Environmental Research,6, 547-558. 

[22]. Nwanyanwu, C. E., Adieze, I. E., Nweke, C. O. and Nzeh, B. C. (2017).Combinned effect of metals and chlorophenols on 

dehydrogenase activity of bacterial consortium.Inter. Res. J. Biol. Sci. 6 (4), 10-20. 

[23]. Nweke, C. O., Ahumibe, N. C. and Orji, J. C. (2014).Toxicity of binary mixtures of formulated glyphosate and phenols to 

Rhizobium Species dehydrogenase activity. Journal of Microbiology Research, 4, 161-169  

[24]. Nweke, C. O., Orji1, J. C., Ahumibe, N. C. (2015). Prediction of Phenolic Compounds and Formulated Glyphosate Toxicity in 

Binary Mixtures Using Rhizobium Species Dehydrogenase Activity.Advances in Life Sciences, 5(2): 27-38. 

[25]. Nweke, C.O., Umeh, S.I. &Ohale V.K. (2018). Toxicity of four metals and their mixtures to Pseudomonas fluorescens: An 

assessment using fixed ratio ray design. Ecotoxicol. Environ. Contam.,13(1), 1-14. 

[26]. Nzeh B. C., Chiegboka N. A., Nwanyanwu C. E. and Asiwe E. S. (2029). Inhibitory and Interactive Effects Of Mixtures Of 

Chemical Preservatives Against Food Spoilage Bacteria. Eur. J. Biomed.& Pharm. Sci. 6( 11), 264-274. 

[27]. Okolo, J. C., Nweke, C. O., Nwabueze, R. N., Dike, C. U. and Nwanyanwu, C. E. (2007). Toxicity of phenolic compounds to 

oxidoreductases of Acinetobacter species isolated from a tropical soil. Scientific Research Essay,2, 244–250. 

[28]. Rani, M. R., Sreekanth, D. and Himabindu, V. (2009). Degradation of mixture of phenolic compounds by activated sludge 

processes using mixed consortia. International Journal of Energy and Environment, 2, 151-160. 

[29]. Ren, S. and Frymier, P. D. (2002). Estimating the toxicities of organic chemicals to bioluminescent bacteria and activated sludge. 

Water Research,36, 406 – 4414. 

[30]. Rhodes, M. E. (1959).  The Characterization of Pseudomonas fluorescens.J. Gen. Microbiol., 21, 221-263. 

[31]. Scientific Committee on Health and Environmental Risks (SCHER), Emerging and Newly Identified Health Risks (SCENIHR) and 

Scientific Committee on Consumer Safety (SCCS) (2012).  Opinion on the Toxicity and Assessment of Chemical Mixtures, 

European Union, doi:10.2772/21444, ISB N 978- 92-79-3 0700-3.  

[32]. Vogrinc, D., Vodovnik, M. Marinšek-Logar, R.  (2015). Microbial Biosensors For environmental Monitoring. Actaargiculturae 

Slovenica, 106 (2), 37–45. 

[33]. Whiteley, A.S.; Bailey, M. J. (2000).Bacterial community structure and physiological state within an industrial phenol 

bioremediation system.Appl. Environ. Microbiol., 66, 2400–2407.  



Interactive Effect of Quinary Mixtures of Phenols on Pseudomonas fluorescens 

DOI: 10.9790/2402-1503032736                             www.iosrjournals.org                                                36 | Page 

[34]. Zhou, T., Han, H., Liu, P., Xiong, J., Tian, F. and Li, X. (2017). Microbial Fuels Cell-Based Biosensor for Toxicity Detection: A 

Review. Sensors,17, 2230;  

[35]. Zhu, B. and Chevion, M. (2001).Synergistic cytotoxicity between pentachlorophenol and copper in a bacterial model. Chemosphere, 

45 (4-5), 463-70. 

 

 

 

 

Arua, C. N, et. al. “Interactive Effect of Quinary Mixtures of Phenols on Pseudomonas 

fluorescens.” IOSR Journal of Environmental Science, Toxicology and Food Technology (IOSR-

JESTFT), 15(3), (2021): pp 27-36 


