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Abstract  Acute toxicities of formulated glyphosate (Roundup®) in binary mixtures with 2,4-dichlorophenol, 
4-chlorophenol and phenol were determined based on inhibition of 2-(p-Iodophenyl)-3-(p-nitrophenyl)-5-phenyl tetrazolium 
chloride (INT)-dehydrogenase activity in Rhizobium species. The phenolic compound: glyphosate mixture ratios (%) were 
100:0, 20:80, 50:50, 60:40, 20:80 and 0:100 for the respective mixtures in the concentration range of 0 – 5000 mg/l. The 
effective doses (ICps) were estimated using hormetic dose-response model. The median inhibitory concentrations (IC50) of 
the formulated glyphosate, phenol, 4-chlorophenol and 2,4-dichlorophenol were 661.614 ± 33.234 mg/l, 1064.190 ± 87.286 
mg/l, 158.884 ± 8.185 mg/l and 46.378 ± 2.504 mg/l respectively. The joint action toxicity of the mixtures on test organism 
was evaluated with isobolographic representations and toxicity index (TI) model. The isobole analysis indicated additive 
interaction between glyphosate and phenol. With the exception of 20:80 of 2,4-dichlorophenol:glyphosate mixture ratio that 
was synergistic, other ratios of the mixture were additive. A synergistic (especially 20:80 4-CP:glyphosate mixture) and 
additive interaction was observed for some ratios of glyphosate and 4-chlorophenol mixtures. However, the TI of most 
isoboles are within the range of 0.5 – 2.0 and are considered additive. Synergistic and additive interaction of formulated 
glyphosate with intermediates of 2,4-D was possible against the dehydrogenase activity of Rhizobium species, an important 
soil bacterium. The dynamics of the toxic effects thus would depend on the relative amounts of these compounds.  
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1. Introduction 
Increased application of herbicides for improved and 

sustained agriculture has resulted in the contamination of 
agricultural soils with organic and inorganic pollutants. One 
of most commonly used herbicide is glyphosate 
(N-phosphonomethylglycine), a post-emergence herbicide. 
Glyphosate is desirable due to its effective control of weeds, 
rapid inactivation in soil and low mammalian toxicity [1, 2]. 
However, environmental concern over glyphosate has grown 
due to its undesirable side effects on non-target organisms 
and persistence in soil and groundwater [3]. Glyphosate 
inhibits amino acid synthesis in bacteria and fungi via the 
enzyme, 5-enolpyruvyl-shikimate-3-phosphatase synthase in 
shikimic acid pathway [4, 5]. However, applications of 
glyphosate at high rate have been reported to stimulate 
microbial respiration [6, 7]. 

Glyphosate is often used in mixture with other herbicides 
such as 2,4-dichlorophenoxyacetic acid (2,4-D) amines and 
esters to widen spectrum, improve herbicide action and save  
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cost [8, 9]. In one of its commercial formulations, Roundup®, 
glyphosate is formulated as isopropylamine (IPA) salt of 
glyphosate (36% glyphosate a.i.) and a surfactant, 
polyoxyethyleneamine (POEA). The increased toxicity of 
this glyphosate formulation in comparison to glyphosate is 
attributed to the surfactant component [10]. Field application 
of glyphosate at recommended rates have been generally 
found to be non- toxic to soil microorganisms [11]. 

Both antagonistic and synergistic effect of 2,4-D on 
glyphosate activity have been reported. Glyphosate and 
2,4-D mixture has resulted in reduced herbicide activity 
against grass compared to glyphosate applied alone [12, 13] 
but 2,4-D enhanced the activity of glyphosate against Rape 
[12]. Glyphosate applied with 2,4-D increased leafy Spurge 
control by 10-fold after 3 months of exposure compared  to 
glyphosate alone [8]. Combinations of glyphosate with 
2,4-D was generally more effective against cutleaf 
eveningprimrose than glyphosate applied alone [14]. 
Synergistiic effect of 2,4-D and glyphosate mixture against 
Brazil Pusley has also been reported by Sharma and Singh 
[15].  

The environmental fate of these herbicides includes 
degradation by plants and microorganisms, hydrolysis and 
photolysis. A wide range of microorganisms have been 
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reported to degrade glyphosate, 2,4-D and other herbicides in 
soil. Phenoxy herbicides are degraded to phenolic 
intermediates, some of which have toxicological significance. 
Microorganisms degrades 2,4-dichlorophenoxyacetic acid to 
2,4-dichlorophenol [16]. The 2,4-dichlorophenol can be 
degraded to 4-chlorophenol and then phenol [17–19].  

Herbicides may remain in soil for variable periods 
depending on application rates, soil and environmental 
conditions. Generally, glyphosate is moderately persistent in 
soil. The half-life of glyphosate in soil has been widely 
studied and values between 2 and 197 days have been 
reported in the literature [20–23]. The amine salts and esters 
of 2,4-D are not persistent under most environmental 
conditions.  Soil half-life values have been estimated at 10 
days for the acid, diethylamine salt, and ester forms [24]. 
Another study estimated a soil half-life for the ester form 
ranging from 1-14 days with a median half-life of 2.9 days. 
In aerobic mineral soils, a half-life of 6.2 days was estimated. 

Thus 2,4-dichlorophenol, 4-chlorophenol, phenol and 
other phenolic compounds could coexist with glyphosate 
where glyphosate is applied as mixture with 2,4-D and other 
phenoxy herbicides. It is therefore important to assess the 
toxicity interactions of glyphosate with these phenolic 
intermediates on non-target soil microorganisms. To the best 
of our knowledge, much work has not been done in this 
regard. In this study, we evaluated the toxicity of glyphosate 
as active ingredient in Roundup®, alone and in mixture with 
2,4-dichlorophenol, 4-chlorophenol and phenol based on 
inhibition of dehydrogenase activity in Rhizobium species, 
an important soil bacterium. 

2. Materials and Methods 
2.1. Test Organism 

The test organism, Rhizobium species was isolated from 
the root nodule of mature Vigna unguiculata. The nodules 
were washed thoroughly with sterile distilled water and 
surface disinfected in sterile culture tubes with 75 % ethanol 
for 5 minutes. After thoroughly rinsing with sterile distilled 
water, the nodules were crushed with sterile glass rod. The 
resultant suspension was streaked onto yeast extract 
mannitol (YEM) agar plates (HiMedia) and incubated for 48 
h at room temperature (28 ± 2℃). The culture was purified 
and characterized biochemically using standard 
microbiological methods. Pure cultures of the organism were 
stored on YEM agar slants at 4℃.  

2.2. Preparation of Inoculum for Toxicity Assay 

A 24-h culture of Rhizobium species grown in nutrient 
broth on a rotary shaker (150 rpm) at room temperature was 
harvested by centrifugation (3500 rpm, 10 min). Harvested 
cells were washed twice in sterile distilled water and 
suspended therein. The optical density (A540) of the cell 
suspension was adjusted to 0.2. 

2.3. Binary Mixture Ratios 

The binary mixtures consisted of phenolic compounds and 
glyphosate (as active ingredient in formulated glyphosate 
pesticide, Roundup). The phenolic compounds included 
2,4-dichlorophenol (2,4-DCP), 4-chlorohenol (4-CP) and 
phenol. The binary mixtures were studied as a function of the 
following weight to weight ratios: p (%) = 100, 80, 60, 50, 20, 
and 0 of 2,4-dichlorophenol, 4-chlorophenol or phenol, and 
100-p (%) of glyphosate corresponding to phenolic 
compound: glyphosate ratios of: 100:0 %, 80:20 %, 60:40 %, 
50:50 %, 20:80 % and 0:100 %. 

2.4. Dehydrogenase Activity Assay 

2-(p-Iodophenyl)-3-(p-nitrophenyl)-5-phenyl tetrazolium 
chloride (INT)-dehydrogenase activity assay was done in 
2-ml volumes of phosphate-buffered (pH 7) nutrient broth 
supplemented with varying concentrations of 
2,4-dichlorophenol, 4-chlorophenol, phenol and/or 
glyphosate (as active ingredient in formulated glyphosate 
pesticide, Roundup). A 0.5 ml portion of X4-strength 
nutrient broth and requisite volumes of distilled water and 
stock solutions (200 and 8000 mg/l) of respective phenolic 
compound and/or glyphosate were added to each tube to 
obtain the different binary mixtures of phenolic compound: 
glyphosate ratios. Thereafter, 0.1ml each of 0.2% aqueous 
solution of INT and bacterial suspension were added into 
each tube. The final concentrations of the toxicants ranged 
from 0 to 5000 mg/l. The controls consisted of the medium 
without phenols or glyphosate. The cultures were incubated 
at room temperature (28 ± 2℃) for 24 h. After incubation, 
the INT formazan (INTF) produced was extracted in 8 ml of 
amyl alcohol. Absorbance of the extract was determined 
spectrophotometrically at 500 nm (Turner, model 390). 

2.5. Estimation of Relative Response 

The dehydrogenase activities at varying concentrations of 
the individual component and binary mixtures of glyphosate 
with 2,4-dichlorophenol, 4-chlorophenol or phenol were 
calculated relative to the control as shown in equation 1. The 
relative responses were generated as mean and their standard 
deviations from triplicate determinations. 

[ ]E Y (% ) 100A

A

T

C
= ×              (1) 

Where, E[Y] = relative response, CA = the absorbance of 
INTF produced in the control (without toxicants); TA is 
absorbance of INTF produced in the test with different 
concentrations of toxicants as individual or their mixtures. 

2.6. Data Analysis 

2.6.1. Determination of Toxicity Thresholds 

The dose-relative response data were tested with 
4-parameter logistic model (eq. 2). 
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            (2) 

Where x is the concentration of the chemical, xo is IC50, .yo 
is the response at infinite x, a is the maximum response (of 
untreated control), b is parameter determining the relative 
slope at IC50. 

Given that stimulation of dehydrogenase activity 
(hormesis) occured at low doses of glyphosate or its mixtures 
with 2,4-DCP, 4-CP or phenol, the dose-response data were 
fitted into hormetic model (equation 3) suggested by Brain 
and Cousens [25]. The hormetic model is a modification of 
logistic model (eq. 2) to allow for hormesis. 

           (3) 

Where f is the parameter describing the degree of hormetic 
response. 

In equation 3, the parameters yo and a retained their 
interpretation as in equation 2, while the parameters xo and b 
lost their interpretations as the IC50 and relative slope at IC50 
respectively [26].  

The effective doses (ICp) were estimated using the Brain 
and Cousens model as reparameterized by Schabenberger et 
al. [27] (eq. 4). 
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(4) 

Where p is the percentage decrease in the response, a - yo, 
ICp is the concentration of the toxicant at a given p. 

The measurement precision for the IC50s obtained was 
estimated from precision indicator as described by Boillot 
and Perrodin [28]. The precision indicator (iprecision) is 
defined as the range of the 95% confidence interval (∆IC50) 
divided by twice the IC50 as follows: 

               (5) 

Measurement precision was adjudged good if iprecision <  
15% (i.e the half range of the confidence interval was less 
than 15% of the estimated mean). 

Curve fittings were done using TableCurve 2D v5.01. The 
ANOVA and Duncan post-hoc tests were done using IBM 
SPSS Statistics 21. 

2.6.2. Determination of Toxic Unit (TU)  

The toxicities of the mixture components expressed in TU 
for a given ICp were calculated from equations 6 and 7. 

                   (6) 

                   (7) 

Where TUA and TUB are the Toxicity Unit of Component 
A and B respectively, ICpA and ICpB are the toxicities (ICp) of 
component A and B respectively determined individually, 
and CmixA and CmixB are the concentrations of component A 
and B at ICp of the mixture. 

CmixA and CmixB can be calculated by multiplying the ratio 
of individual components in the mixture by the ICp of the 
mixture [ICpmix(A,B)] as follows (equations 8 and 9 
respectively): 

         (8) 

          (9) 

Where A % and B % are the relative amount of 
components A and B respectively in the mixture (A % and  
B %≠ 0).  

When A = 0 %, CmixA = 0 and CmixB = ICpB 
When B = 0 %, CmixA = ICpA  and CmixB = 0 

2.6.3. Isobolographic Analysis of the Mixture Toxicities  

The estimated IC50 and TU values were used in subsequent 
determination of isoboles and isobolographic analysis of the 
mixture toxicity. The TU values of the binary mixtures are 
plotted in an isobologram as described by Boillot and 
Perrodin [28]. The straight line joining the TU of component 
A on one axis and TU of component B on the other axis is 
called an additivity line representing the additive effect of 
the mixture. When the TUs data point (TU of component A 
versus TU of component B) plotted in the isobologram is 
below or above the additivity line, the interactions are taken 
to be synergistic or antagonistic respectively. Similarly, 
CmixA versus CmixB isoboles were plotted and the straight line 
joining IC50A on one axis and IC50B on the other axis is the 
line of additivity. Isoboles below and above this line are due 
to synergistic and antagonistic interactions respectively. 

2.6.4. Analysis of Combined Effects Using Toxic Index 
Model 

Toxic index (TI) model was also used to analyze the 
combined effect of the binary mixtures. The TI values were 
calculated as follows (equation 10): 
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              (10) 

Where CmixA and CmixB are the concentrations of 
component A and B respectively at the IC50 of the mixture; 
IC50A and IC50B are the IC50 of component A and B 
respectively, measured individually. TI=1 describes additive 
interaction, TI > 1 describes antagonistic interaction and   
TI < 1 describes synergistic interaction [28]. 

3. Results  
3.1. Ecotoxicity of the Substances 

The responses of the dehydrogenase activities (DHA) of 
Rhizobium species to the stress of glyphosate, 
2,4-dichlorophenol, 4-chlorophenol and phenol as individual 
substances and the mixtures showed that the substances had 
biphasic effect on the enzyme activity (Fig. 1). DHA were 
stimulated at low doses (hormesis) and inhibited at high 
doses. As individual substances, glyphosate, phenol, 
4-chlorophenol and 2,4-dichlorophenol stimulated the 
enzyme activity at concentrations up to 400 mg/l, 600 mg/l, 
60 mg/l and 20 mg/l respectively. At concentrations above 
the hormetic range, glyphosate and phenols progressively 
inhibited dehydrogenase activity of the Rhizobium species, 
reaching saturations at 1200 mg/l for glyphosate and 4-CP, 
400 mg/l for 2,4-DCP and 3000 mg/l for phenol. 

As mixtures, the substances stimulated DHA at 
concentrations ranging from 20 mg/l to 80 mg/l for 
2,4-DCP/glyphosate mixtures, 20 mg/l to 60 mg/l for 
4-CP/glyphosate mixtures and 20 mg/l to 600 mg/l for 
phenol/glyphosate mixtures (Fig. 1). At concentrations 
above the hormetic range, the mixtures also progressively 
inhibited DHA, reaching saturations at concentrations 
between 80 mg/l and 400 mg/l for 2,4-DCP/glyphosate 
mixtures, 1000 mg/l and 1200 mg/l for phenol/glyphosate 
mixtures and at 400 mg/l for 4-CP/glyphosate mixtures. The 
24-h toxicity thresholds (IC20, IC50 and IC80) of the 
substances are shown in Table 1. As single compounds, 
phenol with the highest IC50 of 1064.19 ± 87.29 mg/l was the 
least toxic while 2,4-DCP with the lowest IC50 of 46.38 ± 
2.50 mg/l was the most toxic. There were significant 
differences (P < 0.05) in the IC50 values of the individual 
compounds. The increasing order of toxicity was phenol > 
glyphosate > 4-CP > 2,4-DCP.  

The 24-h IC50 values of 2,4-DCP/glyphosate mixtures 
increased with increase in percentage of glyphosate (the least 
toxic component). In the case of phenol/glyphosate mixtures, 
with the exception of 20% phenol/80% glyphosate mixture 
with an IC50 of 787.026 ± 182.853 mg/l, the IC50 values 
increased with increase in percentage of phenol, the least 
toxic component. Apart from the 80% 4-CP/20% glyphosate 
mixture with an IC50 value of 153.977 ± 36.756 mg/l, all the 
mixtures of 4-CP/glyphosate had IC50 values that were 

higher than the value (158.884 ± 8.185 mg/l) observed for 
the 4-CP alone. 

However, only 60% 4-CP/40% glyphosate with an IC50 
value of 220.662 ± 36.080 mg/l was significantly different 
from the 4-CP as an individual (Table 1). The IC50 values for 
phenol/glyphosate mixtures were significantly lower than 
that of phenol alone (1064.190 ± 87.286 mg/l) but were not 
significantly different (P > 0.05) from that of glyphosate 
alone (661.614 ± 33.234 mg/l). 

 

 

Figure 1.  Experimental (data points) and model-predicted (lines) [eq. 3] 
toxicity of glyphosate (GLY), 2.4-dichlorophenol (DCP), 4-chlorophenol 
(CP) and phenol as individual substances and their mixtures to the 
dehydrogenase activity of Rhizobium species 
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Table 1.  Toxicity thresholds derived from the reparameterized Brain and Cousens model (Eq. 4) tested on dehydrogenase activity of Rhizobium species 
exposed  to toxic mixtures of glyphosate (GLY) with 2,4-dichlorophenol (2,4-DCP), 4-chlorophenol (4-CP) and phenol 

Mixture/Ratio 

(%) 

IC20 

(mg/l) 

IC50 

(mg/l) 

IC80 

(mg/l) 

2,4-DCP/GLY    

100:0 40.075 ± 2.677 a 46.378 ± 2.504 a 54.549 ± 3.765 a 

80:20 57.854 ± 1.496 b 62.271 ± 1.708 a,b 65.377 ± 19.622 a 

60:40 78.458 ± 0.303 c 83.708 ± 0.675 b 89.504 ± 1.776 a 

50:50 80.801 ± 0.958 c 85.423 ± 4.854 b 90.804 ± 9.769 a 

20:80 106.971 ± 14.339 d 131.032 ± 24.766 c 164.850 ± 50.318 a 

0:100 611.165 ± 5.889 e 661.614 ± 33.234 d 698.200 ± 218.227 b 

PHENOL/GLY    

100:0 801.204 ± 57.235 a 1064.190 ± 87.286 b 1540.013 ± 179.524 b 

80:20 669.940 ± 112.383 a 839.906 ± 151.899 a.b 936.330 ± 94.090 a 

60:40 712.268 ± 93.344 a 766.548 ± 114.117 a 839.906 ± 151.897 a 

50:50 688.649 ± 235.473 a 745.530 ± 225.089 a 826.140 ± 172.861 a 

20:80 736.844 ± 177.874 a 787.026 ± 182.853 a 855.922 ± 203.861 a 

0:100 611.165 ± 5.889 a 661.614 ± 33.234 a 698.200 ± 218.227 a 

4-CP/GLY    

100:0 102..689 ± 11.518 a 158.884 ± 8.185 a 228.506 ± 17.705 a 

80:20 112.671 ± 13.930 a 153.977 ± 36.756 a 214.728 ± 87.081 a 

60:40 154.700 ± 39.003 b 220.662 ± 36.080 b 384.744 ± 165.323 a 

50:50 166.894 ± 23.955 b 204.679 ± 18.004 a,b 323.970 ± 81.760 a 

20:80 136.317 ± 21.894 a,b 181.316 ± 35.560 a,b 232.968 ± 53.745 a 

0:100 611.165 ± 5.889 c 661.614 ± 33.234 c 698.200 ± 218.227 b 

Values are given as Mean ± SD of the 95% confidence limit. 

Within each ICp and chemical mixture, values with the same letter are not significantly different 

 

Generally the experimental data obtained in this work is of 

good quality since most of the iprecision calculated for the IC50 

values were less than 15%. 

3.2. Isobolographic Analysis of the Mixture Toxicities 

The isobolographic analysis of the mixtures based on IC50 

and TU values are shown in Figs. 2 and 3. Fig. 2 shows the 

isobologram based on the IC50 values of individual substance 

and the mixtures. The isobolograms showed similar patterns 

of additivity, synergism and in some cases antagonism 

especially for the 2,4-DCP/glyphosate mixtures. Based on 

the IC50 values, the isobologram showed synergistic effect of 

20% 2,4-DCP/80% glyphosate, 20% 4-CP/80% glyphosate 

and 50% 4-CP/50% glyphosate mixture concentration ratios. 

On the other hand, at concentrations of 80% 2,4-DCP/20% 

glyphosate and 60% 2,4-DCP/40% glyphosate, the effects of 

the compounds are antagonistic while at a mixture 

concentration of 50% 2,4-DCP/50% glyphosate, the effect 

was additive. The isobologram of phenol/glyphosate 

mixtures showed slight antagonistic and synergistic actions, 

with some values lying within the additivity line.  

 

Figure 2.  The IC50 isobole representations for glyphosate and phenols as individual and mixtures tested against dehydrogenase activity of Rhizobium 

species. The bars represent the standard deviations of the 95% confidence interval of the values. The solid and dotted lines represents additivity line and its 

95% confidence belt 
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Figure 3.  IC50 Toxic units (TU) isobole representations of binary combinations of glyphosate and phenolic compounds on Rhizobium species 
dehydrogenase activity 

The isobologram based on the TU values (Fig. 3) indicated 
synergistic actions at a mixture concentration of  20% 
2,4-DCP/80% glyphosate and additive action at 50% 
2,4-DCP/50% glyphosate. At other mixture concentrations 
(60% 2,4-DCP/40% glyphosate and 80% 2,4-DCP/20% 
glyphosate) the effects were antagonistic. In the case of 
4-CP/glyphosate mixtures, synergistic effects were observed 
at mixture concentration ratios of 20% 4-CP/80% glyphosate, 
50% 4-CP/50% glyphosate and 80% 4-CP/20% glyphosate. 
At a mixture concentration ratio of 60% 4-CP/40% 
glyphosate, the effects were slightly antagonistic. Similarly, 
mixtures of phenol and glyphosate mixtures indicated both 
synergistic and antagonistic effects at different concentration 
ratios. 

3.3. The Toxicity Index 

According to the TI model, both synergistic and 
antagonistic effects were observed in the mixtures (Fig. 4). 
The TI values ranged between 0.720 ± 0.099 to 1.136 ± 
0.052 for 2,4-DCP/glyphosate mixture, 0.881 ± 0.096 to 
1.093 ± 0.197 for phenol/glyphosate mixture and 0.445 ± 
0.065 to 0.963 ± 0.109 for 4-CP/glyphosate mixture. The 
effects of 20% 2,4-DCP/80% glyphosate, 50%     
2,4-DCP/50% glyphosate, 60% phenol/40% glyphosate and 
80% phenol/20% glyphosate mixtures were synergistic 
while the effects of 60% 2,4-DCP/40% glyphosate and 80% 
2,4-DCP/20% glyphosate mixtures were antagonistic. With 
exception of 60% 4-CP/40% glyphosate, synergistic effect 
was observed in the 4-CP/glyphosate mixtures.  

Correlations of the toxicity indices of the mixtures with 
the proportions of the substances in the mixture showed 
strong correlations for 4-DCP/glyphosate mixtures (R2 = 
0.826) and phenol/glyphosate mixtures (R2 = 0.829). Weaker 
correlation (R2 = 0.643) existed between the toxicity index of 
4-chlorophenol and glyphosate mixture and the proportions 
of the substances in the mixture. 

4. Discussion 
The DHA of Rhizobium species showed biphasic effects 

upon exposure to glyphosate and phenolic compounds 
applied singly and as mixtures. Biphasic response to 
chemicals is a phenomena widely occurring in 
microorganisms and higher forms of life [29]. Stimulation of 
DHA at low doses (hormesis) observed in this study is in line 
with reported hormetic effects of glyphosate and phenolic 
compounds on microorganisms. Hormetic effects of phenol 
and 3,5-dichlorophenol on immobilized bioluminescent 
Vibrio fischeri was reported by Christofi et al. [30]. A 
time-dependent hormetic effect of phenol on dehydrogenase 
activity was observed in Bacillus species, Pseudomonas 
species and microbial communities of petroleum refinery 
wastewater [31]. At 20 mg/l, 2-chlorophenol and 
4-chlorophenol was reported to stimulate dehydrogenase 
activity in Pseudomonas species [32]. At 50 mg/l, glyphosate 
stimulated mycelial growth of lignicolous freshwater fungi, 
Camposporium antennatum and Helicospouim griseum [33]. 
Application of glyphosate to soil led to a significant increase 
in dehydrogenase activity with respect to untreated control 
soil samples and at concentrations up to 50 mM, respiration 
rates increased with increasing glyphosate application [34]. 
The in vitro inhibition of dehydrogenase activity observed in 
this study at high concentrations of glyphosate and phenols is 
consistent with what has been reported elsewhere. 
Glyphosate is reportedly more toxic to microorganisms 
when grown in soil-free medium [7]. Phenols are notable 
membrane-damaging microbiocide [35-37], causing loss of 
cytoplasmic membrane integrity and thus disruption of 
membrane functions. Since dehydrogenase enzymes are 
membrane associated, loss of membrane integrity will 
ultimately affect their activity. The order of toxicity for 
phenols (2,4-dichlorophenol > 4-chlorophenol > phenol) is 
in line with reported higher toxicity of substituted phenols 
than phenol against microorganisms [38-40]. The range of 
IC50 values observed for the individual compounds (1064. 19 
mg/l for phenol and 46. 378 mg/l for 2,4-DCP) were within 
the range reported by other researchers. An IC50 of 608.1 
mg/l phenol, based on inhibition of oxygen uptake in 
activated sludge was reported by Chan et al. [41]. A 24-h 
IC50 ranging from 527.881 ± 56.462 mg/l to 1400.203 ± 
15.468 mg/l phenol was reported against dehydrogenase 
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activity in petroleum refinery wastewater bacteria [31].  
Most of the toxicity reports against bacteria dealt with 

glyphosate as a single agent. However, in the natural 
environment, microorganisms are exposed to mixtures of 
chemicals which have toxicities different from those of their 
individual components. These chemicals may also interact to 
modulate the toxicity of each other in a mixture. This has 
been established in this study with the formulated glyphosate 
and the three phenolic compounds tested. Glyphosate 
modulated the toxicity of 2,4-dichlorophenol, 
4-chlorophenol and phenol and vice versa producing 
synergistic and antagonistic effects. This modulation 
however, seem to be dependent on the relative proportions of 
the most toxic and least toxic components. 

The isobolographic analysis of the IC50 and TU values as 
well as the TI model used to analyse mixture toxicity 
indicated similar results with regards to the toxicity of 
phenols and glyphosate mixture against the dehydrogenase 
activity in Rhizobium species. Although there were 
seemingly synergistic and antagonistic responses to the joint 
action of the mixture, the TI values (between 0.720 ± 0.099 
to 1.136 ± 0.052 for 2,4-DCP/glyphosate mixture; 0.881 ± 
0.096 to 1.093 ± 0.197 for phenol/glyphosate mixture and 
0.445 ± 0.065 to 0.963 ± 0.109 for 4-CP/glyphosate mixture) 
are included within the interval 0.5 – 2.0 proposed by Deener 
[42] as additive. In the case of 4-CP and glyphosate, all the 
TI values except 0.445 ± 0.065 are entirely within the 0.5 – 
2.0 range. This indicates a seemingly marginal synergistic 
action of the 20% 4-CP/80% glyphosate mixture. 
Considering the 0.5 – 2.0 range of TI values, most isoboles 
obtained in this study against Rhizobium species 
dehydrogenase activity are not very far from additive line 
and thus the effects of combined substances are considered 
additive. Similar conclusion was made by Boillot and 
Perodin [28] on a seemingly antagonistic interaction between 
glutaraldehyde and surfactants against mobility of Daphnia 
magna. 

5. Conclusions 
The aim of this study was to assess the ecotoxicity of 

glyphosate as an active ingredient in Roundup®, three 
phenolic compounds (2,4-dichlorophenol, 4-chlorophenol 
and phenol) and binary mixtures of phenols and glyphosate 
on the dehydrogenase activity of Rhizobium species. The 
results showed that the toxicity of the toxicants over 24 h 
period can be ranked as 2,4-DCP > 4-CP > glyphosate > 
phenol. The analyses indicated possibility of synergistic, 
additive and antagonistic actions depending on the relative 
ratios of the individual components. However, TI model and 
isobolographic representations lead to the conclusion that the 
joint action of the mixtures on Rhizobium species 
dehydrogenase activity is additive.  

This information constitutes an essential contribution 
towards assessing the environmental risk of 2,4-DCP, 4-CP, 
phenol and glyphosate, especially as the possibility of 
co-contamination of natural media with these chemicals exist 
when glyphosate and 2,4-D are applied as pesticide mixtures. 
Natural processes that modulate the residual amounts of 
these herbicides in environmental media may play crucial 
role in the overall response of microorganisms to the toxicity 
of these chemicals. To enlarge the conclusion of this study, 
joint action of these toxicants on microbial community of 
soil and aquatic environment is needed.   

 

Figure 4.  IC50 Toxic Index (TI) of glyphosate (GLY) in binary mixture 
with 2, 4-dichlorophenol (DCP), 4-chlorophenol (CP) and phenol (PH) 
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