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Abstract 

Metribuzin (MB) is used for control of weeds in crops like potato, maize and sugarcane. Its 

extensive and unjudicial use has resulted in various environmental issues; hence it is very 

critical to remediate this herbicide at the respective point source. Plant associated, MB 

degrading bacterial strains, Rhodococcus rhodochrous sp. AQ1, Bacillus tequilensis sp. AQ2, 

Bacillus aryabhattai sp. AQ3 and Bacillus safensis sp. AQ4 were isolated, and a consortium 

MB3R was developed. For degradation of MB by the consortium MB3R, various parameters 

i.e., pH, temperature, inoculum density and pesticide concentration were optimized by using

Taguchi design of experiment (DOE). MB degradation was dependent upon all the four 

factors. The contribution of each factor on MB degradation was according to the order: 

temperature > inoculum density > pH > pesticide concentration. Fitness of Taguchi DOE in 

forecasting the optimum response, was confirmed experimentally by using optimized levels 

of the four factors i.e., pH 7.0, temperature 30 C, pesticide concentration 45 mg l-1 and an 

inoculum density of 5.0 × 10 5 CFU ml-1 whereby 98.63 % MB degradation was observed.

Appearance and subsequent degradation of three MB metabolites, desamino-metribuzin 

(DA), diketo-metribuzin (DK) and desamino-diketo-metribuzin (DADK) during 

biodegradation by the consortium was observed.

Keywords: Metribuzin, Taguchi DOE, diketo-metribuzin (DK), desamino-metribuzin (DA),

desamino-diketo metribuzin (DADK)
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1 Introduction 

Metribuzin (4-amino-6-tert-4, 5-dihydro-3-methylthio-1, 2, 4-triazin- 5-one, MB) is a 

selective triazinone herbicide, used for the pre- and post-emergence treatment of many 

grasses and broadleaf weeds in various crops such as potato, sugarcane, maize, and tomato. It 

kills the susceptible plant by pairing with one of the proteins of photosystem II complex and 

hence inhibits the process of photosynthesis [1].  

Metribuzin is highly soluble (1.05 g l-1) in water, an average Koc of 53.13 which varies 

with soil types and a Kow of 1.70. High water solubility and weak sorption of MB to soil 

increase threat of the surface as well as ground water contamination by the seepage of 

residual MB. Ground and surface water contamination by MB have been reported by many 

authors [2-5]. Spray and vapour drift, runoff and leaching from treated land, or from 

accidental spills can cause contamination of water with MB. MB is highly toxic to freshwater 

macrophytes and algae [6]. It can also cause physiological disorders in higher animals by 

disrupting the endocrine system [7] and is thus included in the list of regulated endocrine 

disruptors in many countries. In addition, MB residues can disturb the crop rotation systems 

by affecting the establishment of subsequent crops [8]. Soil microbial populations and their 

activities are also affected by the residues of MB [9].  

The environmental and health problems associated with herbicide contamination arouse 

attention towards its remediation in eco-friendly and cost-effective way, at point source i.e. 

before they enter the water bodies and environment. Different bioremediation strategies are 

used as an effective, safe, and cheap way to clean up contaminated environments [10] 

whereby activities of living organism (plants and/or microorganisms and their enzymes) are 

used for the decomposition and transformation of specific contaminants into less toxic or 

inactive elements [11]. Soil microbiota have the ability to take part actively in the 

transformation of herbicides [12, 13]. Several bacteria able to degrade triazine herbicides 

have been isolated [14, 15]. Major focus of the studies was degradation of atrazine, the most 

widely used triazine herbicide. Only few microbes capable of MB degradation have been 

reported so far [16,17]. Zhang et al., (2014) reported Bacillus sp. N1, that can degrade 73.5 % 

of 20 mg l-1 MB within 5 days at pH 7.0 and 30 C and Gopal et al., (2011) reported 

Burkholderia cepacia CH9 that could degrade 86.0 % of 50 mg l-1 MB (within 20 days) [18, 

19].  

For successful bioremediation, the presence of specific inocula and conditions such as 

incubation temperature, pH, pesticide concentrations, inoculum size for their growth and 



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

contaminant degradation are important factors [20]. Thus, it is valuable to explore and 

optimize various parameters (media components and environmental factors) that have an 

impact on biodegradation of MB [21, 22]. The optimization of one factor at a time while 

keeping all others constant is time consuming, laborious and also does not provide any 

information about the interactive effects of the tested factors [23]. Hence, it is imperative to 

use statistically designed experimental approaches e.g., Taguchi design of experiment (DOE) 

that provide information on direct as well as interactive effects of all variable factors at the 

same time. Taguchi DOE uses signal-to-noise (S/N) ratio for the analysis of all the 

experiments and is helpful for the easy estimation of optimal combination of factors [24]. 

The present study was designed to isolate and characterize novel, MB degrading 

bacteria for the development of a bacterial consortium to be used for bioremediation of this 

herbicide and to optimize degradation condition by using Taguchi DOE. In addition, the 

kinetic parameters of MB biodegradation by the isolated bacterial strains and their 

consortium MB3R were also studied. Metabolites produced during MB biodegradation were 

identified by GC/MS. This is a pioneer report for use of Taguchi design of experiment for the 

optimization of MB degradation by a bacterial consortium.

2 Material and Methods 

2.1 Chemicals 

Analytical grade MB (99.4 %) purchased from Sigma-Aldrich (USA) was used as a 

standard. Technical grade MB (97 %) used in this study was obtained from Four Brothers 

Chemicals, Lahore, Pakistan. The analytical grade standards of metribuzin-desamino (DA), 

metribuzin-diketo (DK) and metribuzin- desamino- diketo (DADK) were procured from Dr. 

Ehrenstorfer GmbH (Germany). Dichloromethane, acetonitrile and methanol (HPLC and LC-

MS/GC-MS grade) were purchased from Merck. All other chemicals used were purchased 

from Sigma-Aldrich, Merck or BDH. 

2.2 Enrichment, isolation and screening of MB degrading bacteria 

For the enrichment of MB degrading bacteria, soil samples were collected from potato 

vegetated field at Arifwala, Pakistan, where this herbicide had been sprayed repeatedly. The 

soil was further spiked with MB and sludge. Potato seeds were sown in this herbicide-

amended soil in pots in triplicate. Twelve weeks after sowing, potato plants were harvested 

and rhizospheric as well as endophytic bacteria were isolated by the following procedures. 

For the isolation of rhizospheric bacteria, wet rhizosphere soil having 20-30 % 

moisture was sampled from each pot separately. The rhizospheric MB degrading bacteria 
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were isolated by following the procedure reported by Anwar et al., [25]. Briefly about 20 g 

soil was added into 250 ml Erlenmeyer flasks having 100 ml minimal salt medium (MSM)

and 50 mg l−1 MB, incubated at 100 rpm and 30 °C for one week, 5 ml culture from each 

flask was recovered and transferred into fresh MSM having same concentration of MB 

successively up to four weeks. Ten-fold dilutions of cultures were prepared and 100 µL of 

each dilution was spread on LB agar plates containing 50 mg l-1 MB. After 2-3 days of 

incubation, morphologically different single bacterial colonies were picked and streaked 

repeatedly onto LB agar plates until purified colonies were obtained. 

For the isolation of endophytic MB degrading bacteria, root samples (about 0.5 g) 

from each plant were taken separately. The roots were washed thoroughly for 10 minutes 

with tap water to remove attached soil and then surface-sterilized to eliminate epiphytic 

bacteria by adopting the procedure described by Rashid et al., [26]. Briefly, roots were 

dipped in ethanol (75 %) for 3 min, rinsed 3 times with autoclaved water, soaked for 5 min in 

sodium hypochlorite solution (2.5 %, w/v) and rinsed 5 times with sterile water. The 

efficiency of surface sterilization was checked by placing 100 µl aliquots of the final rinsing 

water on Lysogeny-Broth (LB) solid medium and incubated at 30 °C for 2 days. After surface 

sterilization, the roots were crushed aseptically with sterile pestle and mortar into a paste by 

adding 1-3 ml autoclaved distilled water. Serial dilutions (10-1 to 10-5) from each root paste 

were prepared and spread onto separate LB agar plates containing 50 mg l−1 MB and 

incubated at 30 C in an incubator. After 24 hrs, bacterial growth was checked with the naked 

eye as well as under a stereoscope. Morphologically distinct single colonies were streaked 

repeatedly onto LB agar plates containing MB until isolated purified colonies were obtained.

 MB utilization capability of these isolates was monitored by streaking them on MSM 

agar plates at (25, 50 and 100 mg l−1) as sole source of carbon. The proficient isolates were 

further screened by culturing in minimal salt medium (MSM) containing MB at varying 

concentrations. 

2.3 Identification of the bacterial isolates  

The universal primers 27f (5 AGAGTTTGATCMTGGCTCAG-3) and 1492r (5

GGTTACCTTGTTACGACTT-3) were used for the amplification of the 16S rRNA gene

[25]. The sequences of the amplicons obtained were used to identify the strains using NCBI 

BLAST, ClustalX 1.8.1 and MEGA 6.06. 
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2.4 Preparation of the bacterial consortium MB3R 

For the preparation of the bacterial consortium, strains Rhodococcus rhodochrous sp. 

AQ1, Bacillus tequilensis sp. AQ2, Bacillus aryabhattai sp. AQ3 and Bacillus safensis sp. 

AQ4 were grown individually in liquid LB medium for 24 hrs and centrifuged at 5000 × g for 

10 minutes to prepare cell pellets. The pellets were washed and suspended in sterile saline 

(0.85 % NaCl) to set an optical density (OD) of 1.0 at 590 nm. The strains were mixed in a 

1:1:1:1 proportion to form bacterial consortium MB3R [27]. 

2.5 MB degradation capability of individual strains and the consortium MB3R 

A laboratory-scale shake flask experiment using strains Rhodococcus rhodochrous sp. 

AQ1, Bacillus tequilensis sp. AQ2, Bacillus aryabhattai sp. AQ3, Bacillus safensis sp. AQ4 

as well as the consortium MB3R was conducted to record MB degradation. The cultures were 

grown in individual 250 ml Erlenmeyer flasks containing 100 ml MSM with 25 mg l−1 MB as 

sole carbon source and incubated on a rotary shaker at 100 rpm and 30 C. The experiment 

was replicated thrice and uninoculated flasks were used as control. Representative samples 

were taken at 0 (just after inoculation), 4, 8, 12 and 15 days after incubation (DAI). The OD 

and residual MB concentration of each sample was measured by spectrophotometer at 590 

nm and HPLC, respectively. The viability of all the bacterial strains in the culture media was 

confirmed by streaking on LB agar plates. 

Kinetics parameters for MB biodegradation were determined by plotting ln [Ct/C0] 

versus time (days). Equation 1 and 2 were used for the determination of the degradation rate 

constant (k, d-1) and half-life (T1/2, d) correspondingly. 

Ct = C0 × e-kt      Eq. (1) 

T1/2= ln (2)/k       Eq. (2) 

Where Ct represents concentration of MB (mg l−1) at time “t” and C0 represents 

concentration of MB (mg l−1) at time “zero”. 

2.6 Optimization of MB biodegradation conditions by Taguchi DOE 

 The Taguchi DOE was employed to optimize various physical and chemical culture 

conditions by orthogonal arrays. The robust design aids to improve the process of 

optimization by reducing influence of noise factors [28].  

 Initially, multiple experiments were conducted for selection and optimization of 

various factors that have substantial influence on the MB biodegradation. An experiment was 

arranged by L9 orthogonal array scheme from Taguchi optimization method using Minitab 

and Qualiteck-4 software for the optimization of MB biodegradation by the bacterial 
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consortium MB3R. The four-selected factors pH, temperature, initial pesticide concentration, 

and initial inoculum size (Table 1) were arranged in L9 orthogonal array (Table 2). After 15 

days of incubation, HPLC analysis was performed to quantify the residual MB. The data thus 

obtained was analyzed using Qualitek-4 software (Nutek Inc., MI, USA) to identify the 

individual as well interactive effect of factors and optimal conditions for MB removal on the 

basis of signal to noise ratio (S/N ratio) with the option “bigger is better.” The S/N ratio was 

calculated by the following formula:

S/N = 10*log (S (1/Y2)/n) Eq. (3)

Where “Y” represents the % biodegradation (response) from certain factor level combination 

while “n” denotes the number of responses in this combination.

2.7 HPLC analysis of MB  

For extraction of MB, samples (10 ml) recovered from culture flasks were centrifuged 

at 7200 × g for 10 min to obtain cell free medium. An equal volume of dichloromethane 

(DCM) was used twice to extract MB from the supernatant. Organic layers of DCM were 

aspirated, pooled and evaporated at room temperature under nitrogen. The residues were 

dissolved in HPLC grade acetonitrile (1 ml) and then filtered through fluorophoreTM filter 

membrane (0.45 m FH) to remove any particles [25]. These extracts were subjected to HPLC 

analysis (PerkinElmer HPLC) by using reverse-phase ODS2 C18 column and isocratic 

elution with acetonitrile: water (80:20) acidified with acetic acid (0.5 %) as mobile phase at a 

flow rate of 1 ml min-1. The retention time of the MB was 2.39 min at 280 nm wavelength.

2.8 Identification of degradation metabolites by GC-MS  

The metabolites produced during the biodegradation of MB were identified by Gas 

Chromatography-Mass Spectrometry (GC-MS). For this purpose, the bacterial consortium 

MB3R was inoculated in MSM supplemented with MB at 25 mg l−1 and incubated on a rotary 

shaker at 100 rpm and 30 C. After 0, 4, 8 and 12 days of incubation, representative samples 

were taken, extracted with dichloromethane (DCM), liquified in acetonitrile (LC-MS grade) 

and filtered through PTFE 0.45 µm membrane filter.  

These extracted samples were run on a GC-MS machine (6890 GC-5973N MSD, 

Agilent) for the identification of known MB metabolites. The conditions of the instrument 

were as follows: initial temperature was 60 °C (2 min); thereafter, it increased to 280 °C (5 

min) at 12 °C min−1. The injector temperature was 280 °C, and the helium flow was 1.0 ml 

min−1. The corresponding compounds were identified by the interpretation samples mass 

spectra NIST mass spectral search program (version 2.0). 
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3 Results 

3.1 Isolation and screening of MB degrading bacteria 

 Initially, 15 morphologically different isolates were isolated on LB agar plates 

containing 50 mg l−1 MB. To test the ability of these isolates to utilize MB as sole carbon and 

energy source, their growth was monitored on MSM agar plates containing 25, 50 and 100 

mg l−1 MB. Eight of the 15 isolates were able to grow well on MSM agar plates. In each case, 

highest number of colonies appeared on the plates containing 25 mg l-1 MB followed by 50 

mg l-1. In contrast, few colonies appeared on the plates containing 100 mg l-1 MB. For further 

selection of promising MB degrading bacteria, these isolates were cultured individually in 

liquid MSM containing 50 mg l−1 MB. After one week of incubation, residual MB was

quantified and % degradation was calculated. On the basis of degradation efficiency, four 

isolates AQ1, AQ2, AQ3 and AQ4, capable to utilize 78, 61, 67 and 58 % MB, respectively

were selected for further studies. When the concentration of the metribuzin exceeded 50 mg l-

1, bacterial growth as indicated by increase in OD and herbicide removal was slower upto 90 

mg l-1. At 100 mg l-1, there was no bacterial growth. Potentially, higher MB concentration 

showed inhibitory effect on the growth of these bacteria.

3.2 Identification of bacterial isolates 

The 16S rRNA gene sequences of bacterial isolates AQ1, AQ2, AQ3 and AQ4 showed 

99% identity with corresponding gene sequences of Rhodococcus rhodochrous strain 372, 

Bacillus tequilensis strain 10b, Bacillus aryabhattai strain B8W22 and Bacillus safensis

NBRC 100820, respectively (Fig. 1). The assigned GenBank accession numbers of the four 

strains are given in parenthesis: R. rhodochrous sp. AQ1 (MG966499), B. tequilensis sp. 

AQ2 (MG966500), B. aryabhattai sp. AQ3 (MG966501), and B. safensis sp. AQ4 

(MG966502).  

3.3 MB biodegradation by pure cultures and the consortium MB3R 

At 25 mg l-1 initial concentration, the consortium MB3R utilized 95.61 % of the added 

MB at 16 DAI compared to 89.23, 77.93, 82.71, 75.14 % MB utilized by the pure cultures of 

R. rhodochrous sp. AQ1, B. tequilensis sp. AQ2, B. aryabhattai sp. AQ3 and B. safensis sp. 

AQ4 respectively at 16 DAI (Table 3). The bacterial consortium MB3R degraded MB 

significantly faster than the individual strains as indicated by higher K(d-1) i.e. degradation 

rate constant (Table 4). All four constituent strains of MB3R were present in the culture 

media by the end of experiment (Table 1, supplementary material) indicating their stability, 

growth and involvement in the degradation of MB. 
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Plots of ln (Ct/C0) of residual MB versus incubation days revealed that MB degradation 

followed first order kinetics (Fig. 2). The MB3R culture also showed significantly lower T1/2

(half-lives) as compared to the axenic cultures. Thus, MB3R was selected for further MB 

degradation studies. 

3.4 Optimization of MB biodegradation based on Taguchi design of experiment  

3.4.1 Designed matrix experimentation 

The influence of four factors i.e., pH, temperature, pesticide concentrations, and 

inoculum density on the biodegradation of MB was optimized by using L9 orthogonal array, 

Taguchi DOE. The experiment No. 3 (pH, 6.0; temperature, 35 °C; pesticide concentrations, 

45 mg l-1 and inoculum density, 5 × 105 CFU ml-1) resulted in maximum MB degradation 

(93.83 %) as well as S/N ratio (39.48) while minimum MB degradation (31.36 %) and S/N 

ratio (29.86) were observed for experiment No. 1 (Table 2).  

3.4.2 Effect of independent factors on MB biodegradation 

The results showed that the MB degradation depends upon all the selected factors 

(Table 5). The difference between S/N ratio at two levels (L2-L1/L3-L1) of each factor 

indicates its comparative effect, the influence is stronger if the difference is higher. 

Temperature and pH showed maximum influence on MB degradation at level 2 as compared 

to pesticides concentration and inoculum size where maximum influence was observed at 

level 3. The relative contribution of each factor on performance of MB degradation was 

according to the order: temperature > inoculum density > pH > pesticide concentration (Fig. 

3).  

Individual effects of all the selected factors, at various levels on MB biodegradation by 

MB3R are depicted in Fig. 4. An increase in temperature from 25 °C (L1) to 30 °C (L2) 

increased the S/N ratio to maximum. Similar trend was observed for pH where maximum S/N 

ratio was observed at level 2 (pH 7). For inoculum density and pesticide concentration, 

highest S/N ratio was observed at level 3 followed by level 2 and level 1.  

3.4.3 Interactive influence of factors on MB biodegradation 

The severity index (SI) calculated from the interactions of factors at various levels is 

presented in Table 2 (supplementary materials). The results indicated that pH and pesticide 

concentration interact with each other at level 1 and 3 to give a maximum SI value (54.46 %) 

that is followed by the interaction of pH and inoculum density at level 1 and 3 (SI of 42.77 

%). The lowest SI was observed between temperature and inoculum density (14.3 %). 
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3.4.4 Analysis of variance (ANOVA)  

Due to the interactions of significant factors and their levels in varying combinations, 

maximum biodegradation is achieved. Analysis of variance (Table 6) depicted that all 

selected factors and their interactions in the experimental design were statistically significant 

at 95 % confidence level as based on the F ratio. ANOVA exhibited that temperature had 

maximum effect on the degradation of MB while the inoculum density and pH had minor 

contributions and the pesticide concentration was the least contributing factor. 

3.4.5 Optimization and validation of factors 

Optimum conditions for MB biodegradation and performance of optimized factors as 

determined by Taguchi DOE are presented in Table 7 and Fig. 5 respectively. Temperature 

was observed as the most important factor for MB degradation followed by inoculum density, 

pesticide concentration and media pH. As predicted by the Taguchi DOE, 97.56 % MB 

degradation can be attained by employing optimized levels of different factors i.e., media pH 

7.0 (level 2), temperature 30 C (level 2), pesticide concentration 45 mg l-1 (level 3) and an 

inoculum density of 5.0 × 10 5 CFU ml-1 (level 3). 

An experiment was conducted to confirm the fitness of Taguchi orthogonal array in 

forecasting the optimum response, using predicted optimum conditions. Observed MB 

degradation was 98.63 % which significantly similar to the predicted value (97.56 %) at 95 % 

level of confidence (data not shown). 

3.5 MB metabolites produced during biodegradation  

To identify metabolites produced during MB biodegradation, extracts of MB3R cultures 

were analyzed by GC-MS. A single peak at 16.991 min having m/z 214 was observed in the 

total ion chromatogram (TIC) of the samples collected at zero time. Fragmentation ions of 

this peak matched with the mass spectrum (MS) of the authentic MB standard. Peaks at 

retention times 16.693, 15.126 and 13.278 min with m/z 199,184 and 169, respectively, were 

found in the TIC of samples collected at 4, 8 and 12 DAI (Fig. 6). These peaks were 

identified desamino-metribuzin (DA), diketo-metribuzin (DK) and desamino-diketo-

metribuzin (DADK) by comparing their mass spectrum, retention times and fragmentation 

patterns with respective authentic standards.

There was a gradual decrease in MB concentration until 12 days DAI. At 4 DAI, all the 

three metabolites were detected. Concentration of DA further decreased at 8 and 12 DAI 

whereas concentration of DK and DADK increased at 8 and decreased at 12 DAI. Varying 

concentrations of metribuzin oxidation products, DA and DK during biodegradation as well 
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as gradual decrease in DADK concentration indicate the appearance and subsequent 

degradation of all the three metabolites of MB.  

4 Discussion 

In this study, four plant associated bacterial strains, R. rhodochrous sp. AQ1, B. 

tequilensis sp. AQ2, B. aryabhattai sp. AQ3 and B. safensis sp. AQ4 capable of utilizing MB 

as a source of carbon were obtained. MB degrading bacteria were enriched in the rhizo- and 

endosphere of plants growing under the stress of high MB concentration and isolated 

thereafter. Potentially, plants growing in MB contaminated soil positively affected the 

proliferation of MB degrading bacteria both in the rhizo-and endosphere and hindered growth 

of the bacteria sensitive to this herbicide. Three of the isolates were gram-positive, endospore 

forming Bacillus spp. and one was gram negative Rhodococcus sp. A consortium MB3R 

comprising of these bacterial strains was more effective for degradation of MB as compared 

to the individual strains. To date, only two bacterial strains Bacillus sp. N1 and Burkholderia 

cepacia CH9 capable to degrade MB in liquid cultures have been reported in independent 

studies [18, 19]. Degradation potential of the consortium reported in the current study is 

higher (95.6 % degradation) as compared to previous reports whereby Bacillus sp. N1 and 

Burkholderia cepacia CH9 degraded only 73.5 and 86 % of the added MB respectively.

Higher MB degradation potential of the consortium could be because of the interactions 

among bacterial strains belonging to different Bacillus spp. and Rhodococcus sp. for their 

survival and growth under the stress caused by the presence of herbicide. Moreover, it has 

been reported that bacterial consortia exhibit potential to co-metabolize noxious xenobiotics 

efficiently in contrast to single bacterial strains [29, 30]. Potentially, different types of 

bacteria in the consortium express a variety of enzymes to boost the degradation of pollutants 

[31]. Previously, researchers have characterized bacterial consortia for the effective and 

improved degradation of persistent organic pollutants belonging to diverse chemical classes 

including phenyl urea herbicide diuron [32], chlorpyrifos [33], atrazine [34], profenfos [22]

and bispyribac sodium [27].  

The bioremediation approach is employed to enhance the process of biodegradation 

taking place naturally either by inoculation of the contaminant degrading bacteria into the 

polluted environments (bioaugmentation) or by enhancing the biodegradation potential of 

indigenous bacteria through the optimization of environmental conditions (biostimulation) 

[35]. The environmental and culture conditions are very critical for the success of 

bioremediation process [36] as the composition, structure and metabolic capabilities of soil 
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microbial inhabitants mainly depend on them [37]. To address this issue, various 

environmental parameters (temperature, pH) and culture conditions (pesticide concentration 

and inoculum density) were optimized by employing Taguchi DOE to enhance the 

biodegradation of MB by the consortium MB3R. 

In Taguchi DOE, multiple factors are optimized simultaneously, which helps to 

reduce time and energy required to design and conduct the experiments and analyze the 

results thus obtained [24]. This approach is also supportive for investigation of significant 

interactions between different parameters by reducing influence of noise factors [38]. Many 

researchers [24, 39, 40] have employed Taguchi DOE for optimization of various 

physiochemical parameters to enhance the efficiency of contaminant biodegradation. To date, 

no report is available about the use of a statistical model to optimize biodegradation of MB

by bacteria. Among the combinations of different factors (L9 orthogonal array), maximum 

MB degradation was obtained at pH, 6.0; temperature, 35 °C; pesticide concentrations, 45 mg 

l-1 and inoculum density, 5 × 105 CFU ml-1. 

Based on experimental results, Qualitek-4 software calculates S/N ratio which 

determines the individual effect of various levels of each factor, higher S/N ratio being the 

better. As indicated by S/N ratio, optimum temperature for MB degradation by the 

consortium was 30 C (level 2) whereas at higher and lower temperatures (level 1 and level 

3), MB degradation was lower. This might be due to the inhibitory effect of low or higher 

temperature on bacterial growth and enzymatic / metabolic activities [18]. Higher S/N at pH

7.0 (level 2) as compared to pH 6.0 (level 1) and 8.0 (level 3) demonstrated that the 

consortium performed better at neutral pH. Role of media pH to affect enzymatic activities, 

bacterial growth and metabolism is well documented [41]. For inoculum size, highest S/N 

ratio was obtained at 5.0 × 10 5 CFU ml-1 (level 3) followed by levels 2 and 1 respectively. 

S/N ratio decreased gradually with decreasing inoculum size, potentially because a threshold 

level of bacteria in medium would be required for degradation to occur.

During degradation process, any of the controllable factor interacts with other factors. 

In Taguchi DOE, the severity index (SI) which represents interactions among factors helps to 

better understand and optimize such processes. In the present studies, most significant 

interactions were found between media pH (level 1) and pesticide concentration (level 3) 

followed by media pH (level 1) and inoculum density (level 3). 

 The analysis of variance (ANOVA) explains the significance of different factors on 

the basis of P-value and F-ratio. ANOVA indicated that temperature and inoculum size are 
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the most important factor affecting MB biodegradation by MB3R with relatively less 

influence of media pH and pesticide concentration.  

 As predicted by the Taguchi DOE, 97.56 % MB degradation can be attained by 

employing optimized levels of different factors i.e., media pH (level 2), temperature (level 2), 

pesticide concentration (level 3) and an inoculum density (level 3). In an experiment 

conducted, using predicted optimum conditions, 98.63 % MB degradation was observed 

which is significantly similar to the predicted value (97.56 %) at 95 % level of confidence 

(Data not shown). Hence, on the basis of results obtained, it can be concluded that Taguchi 

DOE would be a good approach for the optimization of different culture conditions.

The metribuzin degradation pathway is presented in the Fig.1 (supplementary material).

An analysis of GC-MS spectral data revealed that three metabolites DA, DK and DADK 

were produced during biodegradation of MB by the consortium MB3R. The appearance and 

subsequent degradation of metabolites DA, DK as well as DADK, were associated with the 

disappearance of metribuzin. Apparently, oxidation by MB3R first resulted in the 

deamination or oxidative desulfuration of metribuzin. During deamination, amino group from 

the MB ring is detached with the formation of DA [42, 43] while, DK is formed by oxidative 

desulfuration of methylthio group of metribuzin [44]. The continuous oxidation of DA and 

DK removes the remaining methylthio and amino groups respectively, with the formation of 

DADK [45]. In case of complete degradation of metribuzin, DADK is further transformed 

into water and CO2 [46]. The results obtained in this study depicted a higher concentration of 

DK in solution than DA, suggesting some preference for the oxidative desulfuration over 

deamination pathway [47]. Moreover, further degradation of DADK was also anticipated 

from the gradual decrease in the its peak intensity.  

5 Conclusions 

 A consortium MB3R comprising of MB degrading bacterial strains was found to be 

more effective for biodegradation of the herbicide as compared to axenic cultures. Using 

Taguchi DOE, optimized levels of various factors i.e., pH, temperature, pesticide 

concentration, and inoculation density were obtained which helped to achieve enhanced MB 

degradation by the consortium MB3R. Metribuzin biodegradation was found to be associated  

with its disappearance, transient accumulation of the metabolites desamino-metribuzin (DA), 

diketo-metribuzin (DK) and desamino-diketo-metribuzin (DADK) together with concomitant 

increase in bacterial biomass in culture media where MB was the only carbon source. 

Acknowledgements



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

The present research was financially supported by Higher Education Commission 

Islambad, Pakistan. Muhammad Rafique Asi (NIAB) and Dr. Anja Miltner, Helmholtz 

Center for Environmental Research-UFZ (Leipzig, Germany) are acknowledged for HPLC 

facility and guidance in GC-MS analysis respectively. 

Conflict of interest 

The authors declare that they have no conflict of interest. 

References 

[1] W.J. Arsenault, J.A. Ivany, Response of several potato cultivars to metribuzin and diquat, 
Crop. Prot. 20 (2001) 547-552. 

[2] E. Dores, S. Navickiene, M.L.F. Cunha, L. Carbo, M.L. Ribeiro, E.M. De-Lamonica- 
Freire, Multiresidue determination of herbicides in environmental waters from Primavera do 
Leste Region (Middle West of Brazil) by SPE-GC-NPD, J. Braz. Chem. Soc. 17 (2006) 866–
873. 

[3] J. Kjaer, P. Olsen, T. Henriksen, M. Ullum, Leaching of metribuzin metabolites and the 
associated contamination of a sandy Danish aquifer, Environ. Sci. Technol. 39 (2005) 8374–
8381. 

[4] G.H. Ludvigsen, O. Lode, Results from ‘‘JOVA’’the agricultural and environmental 
monitoring program of pesticides in Norway 1995–1999, Fresenius Environ. Bull. 10 (2001) 
470–474. 

[5] E. Maloschik, A. Ernst, G. Hegedus, B. Darvas, A. Szekacs, Monitoring waterpolluting 
pesticides in Hungary, Microchem. J. 85 (2007) 88–97. 

[6] J. Fairchild, L. Sappington, Fate and effects of the triazinone herbicide metribuzin in 
experimental pond mesocosms, Arch. Environ. Contam. Toxicol. 43 (2002) 198-202. 

[7] B.M. Maumbe, S.M. Swinton, Hidden health costs of pesticide use in Zimbabwe's 
smallholder cotton growers, Soc. Sci. Med. 57 (2003) 1559-1571. 

[8] X. Huang, H. Zhang, F. Chen, M. Song, Colonization of Paracoccus sp. QCT6 and 
enhancement of metribuzin degradation in maize rhizosphere soil, Curr. Microbio. 75 (2018) 
156-162. 

[9] A. Lone, K. Raverkar, N. Pareek, R. Chandra, Response of soil microbial communities to 
the selective herbicides: a microcosm approach, J. Pure. Appl. Microbiol. 8 (2014) 1559-
1567. 

[10] P.K. Arora, C. Sasikala, C.V. Ramana, Degradation of chlorinated nitroaromatic 
compounds, Appl. Microbiol. Biotechnol. 93 (2012) 2265-2277. 



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

[11] E. Abatenh, B. Gizaw, Z. Tsegaye, M. Wassie, Application of microorganisms in 
bioremediation-review, J. Environ. Microbiol. 1 (2017). 

[12] C.O. Martinez, C.M. Silva, E.F. Fay, R.B. Abakerli, A.H. Maia, L.R. Durrant, Microbial 
degradation of sulfentrazone in a Brazilian rhodic hapludox soil, Braz. J. Microbiol. 41 
(2010) 209-217. 

[13] T.M. Silva, M.I. Stets, A.M. Mazzetto, F.D. Andrade, S.A.V. Pileggi, P.R. Fávero, M.D. 
Cantú, E. Carrilho, P.I.B. Carneiro, M. Pileggi, Degradation of 2,4-D herbicide by 
microorganisms isolated from Brazilian contaminated soil, Braz. J. Microbiol. 38 (2007) 522-
525. 

[14] M. Rehan, M. Kluge, S. Fränzle, H. Kellner, R. Ullrich, M. Hofrichter, Degradation of 
atrazine by Frankia alni ACN14a: gene regulation, dealkylation, and dechlorination, Appl. 
Microbiol. Biotechnol. 98 (2014) 6125-6135. 

[15] K.B. Li, J.T. Cheng, X.F. Wang, Y. Zhou, W.-P. Liu, Degradation of herbicides atrazine 
and bentazone applied alone and in combination in soils, Pedosphere, 18 (2008) 265-272. 

[16] C. Tamilselvan, S.J. Joseph, G. Mugunthan, A. S. Kumar, S. S. M. Ahamed, Biological 
degradation of metribuzin and profenofos by some efficient bacterial isolates, ILNS. 9 
(2014). 

[17] C.K. Myresiotis, Z. Vryzas, E. Papadopoulou-Mourkidou, Biodegradation of soil-
applied pesticides by selected strains of plant growth-promoting rhizobacteria (PGPR) and 
their effects on bacterial growth, Biodegradation, 23 (2012) 297-310. 

[18] H. Zhang, Y. Zhang, Z. Hou, X. Wu, H. Gao, F. Sun, H. Pan, Biodegradation of triazine 
herbicide metribuzin by the strain Bacillus sp. N1, J. Environ. Sci. Health B, 49 (2014) 79-86. 

[19] M. Gopal, D. Dutta, S. Jha, S. Kalra, S. Bandyopadhyay, S. Das, Biodegradation of 
imidacloprid and metribuzin by Burkholderia cepacia strain CH9, Pestic. Res. 23 (2011) 36-
40. 

[20] S.J. Varjani, V.N. Upasani, A new look on factors affecting microbial degradation of 
petroleum hydrocarbon pollutants, Int. Biodeterior. Biodegrad. 120 (2017) 71-83. 

[21] G. Annadurai, L.Y. Ling, J.-F. Lee, Statistical optimization of medium components and 
growth conditions by response surface methodology to enhance phenol degradation by 
Pseudomonas putida, J. Hazard. Mater. 151 (2008) 171-178. 

[22] H. Jabeen, S. Iqbal, S. Anwar, R.E. Parales, Optimization of profenofos degradation by a 
novel bacterial consortium PBAC using response surface methodology, Int. Biodeterior. 
Biodegrad. 100 (2015) 89-97. 

[23] D. Hamsaveni, S. Prapulla, S. Divakar, Response surface methodological approach for 
the synthesis of isobutyl isobutyrate, Process Biochem. 36 (2001) 1103-1109. 



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

[24] A. Chenthamarakshan, N. Parambayil, N. Miziriya, P. Soumya, M.K. Lakshmi, A. 
Ramgopal, A. Dileep, P. Nambisan, Optimization of laccase production from Marasmiellus 
palmivorus LA1 by taguchi method of design of experiments, BMC biotechnol. 17 (2017) 12. 

[25] S. Anwar, F. Liaquat, Q.M. Khan, Z.M. Khalid, S. Iqbal, Biodegradation of chlorpyrifos 
and its hydrolysis product 3, 5, 6-trichloro-2-pyridinol by Bacillus pumilus strain C2A1, J. 
Hazard. Mater. 168 (2009) 400-405. 

[26] S. Rashid, T.C. Charles, B.R. Glick, Isolation and characterization of new plant growth-
promoting bacterial endophytes, Appl. Soil Ecol. 61 (2012) 217-224. 

[27] F. Ahmad, S. Anwar, S. Firdous, Y. Da-Chuan, S. Iqbal, Biodegradation of bispyribac 
sodium by a novel bacterial consortium BDAM: Optimization of degradation conditions 
using response surface methodology, J. Hazard. Mater. 349 (2018) 272-281. 

[28] B. Basak, B. Bhunia, S. Dutta, A. Dey, Enhanced biodegradation of 4-chlorophenol by 
Candida tropicalis PHB5 via optimization of physicochemical parameters using taguchi 
orthogonal array approach, Int. Biodeterior. Biodegrad. 78 (2013) 17-23. 

[29] C. Nestler, L. Hansen, D. Ringelberg, J. Talley, Remediation of soil PAH: comparison of 
biostimulation and bioaugmentation, in: sixth international in situ and on site bioremediation 
symposium, 2001, pp. 43-50. 

[30] N. Pino, G. Peñuela, Simultaneous degradation of the pesticides methyl parathion and 
chlorpyrifos by an isolated bacterial consortium from a contaminated site, Int. Biodeterior. 
Biodegrad. 65 (2011) 827-831. 

[31] N.J. Pino, M.C. Domínguez, G.A. Peñuela, Isolation of a selected microbial consortium 
capable of degrading methyl parathion and p-nitrophenol from a contaminated soil site, J. 
Environ. Sci. Health B. 46 (2011) 173-180. 

[32] S.R. Sørensen, C.N. Albers, J. Aamand, Rapid mineralization of the phenylurea 
herbicide diuron by Variovorax sp. strain SRS16 in pure culture and within a two-member 
consortium, Appl. Environ. Microbiol. 74 (2008) 2332-2340. 

[33] C.V. Lakshmi, M. Kumar, S. Khanna, Biodegradation of chlorpyrifos in soil by enriched 
cultures, Curr. Microbiol. 58 (2009) 35-38. 

[34] M. Dehghani, S. Nasseri, H. Hashemi, Study of the bioremediation of atrazine under 
variable carbon and nitrogen sources by mixed bacterial consortium isolated from corn field 
soil in Fars province of Iran, J. Environ. Public Health, 2013 (2013). 

[35] K.T. Semple, B.J. Reid, T. Fermor, Impact of composting strategies on the treatment of 
soils contaminated with organic pollutants, Environ. Pollut. 112 (2001) 269-283. 

[36] R. Singh, D. Paul, R.K. Jain, Biofilms: implications in bioremediation, Trends 
Microbiol. 14 (2006) 389-397. 



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

[37] S. Hussain, T. Shahzad, M. Imran, A. Khalid, M. Arshad, Bioremediation of isoproturon 
herbicide in agricultural soils, in: Microbe-Induced Degradation of Pesticides, Springer, 
2017, pp. 83-104. 

[38] J.A. Ghani, I. Choudhury, H. Hassan, Application of Taguchi method in the optimization 
of end milling parameters, J. Mater. Process. Technol. 145 (2004) 84-92. 

[39] A. Pant, J. Rai, Bioremediation of chlorpyrifos contaminated soil by two phase bioslurry 
reactor: processes evaluation and optimization by Taguchi's design of experimental (DOE) 
methodology, Ecotoxicol. Environ. Saf. 150 (2018) 305-311. 

[40] G. Khayati, M. Barati, Bioremediation of petroleum hydrocarbon contaminated soil: 
optimization strategy using Taguchi design of experimental (DOE) methodology, Environ. 
Process. 4 (2017) 451-461. 

[41] K. Brajesh, H.A.W. Sing, J. Alun, Role of soil pH in the development of enhanced 
biodegradation of fenamiphos. Appl. Environ. Microbiol. 11 (2003) 7035–7043. 

[42] U. Raschke, G. Werner, H. Wilde, U. Stottmeister, Photolysis of metribuzin in 
oxygenated aqueous solutions, Chemosphere, 36 (1998) 1745-1758. 

[43] R. Khoury, C.M. Coste, N.S. Kawar, Degradation of metribuzin in two soil types of 
Lebanon, J. Environ. Sci. Health B. 41 (2006) 795-806. 

[44] T. Henriksen, B. Svensmark, R.K. Juhler, Analysis of metribuzin and transformation 
products in soil by pressurized liquid extraction and liquid chromatographic–tandem mass 
spectrometry, J. Chromatogr. A. 957 (2002) 79-87. 

[45] G.K. Mutua, A.N. Ngigi, Z.M. Getenga, Degradation characteristics of metribuzin in 
soils within the Nzoia River Drainage Basin, Kenya, Toxicol. Environ. Chem. 98 (2016) 800-
813. 

[46] Quesada-Molina, Carolina, Ana M. García-Campaña, Laura del Olmo-Iruela, and 
Monsalud del Olmo. "Large volume sample stacking in capillary zone electrophoresis for the 
monitoring of the degradation products of metribuzin in environmental samples, J. 
Chromatogr. A. 1164 (2007) 320-328. 

[47] Bowman, B. T. Mobility and dissipation studies of metribuzin, atrazine and their 
metabolites in plainfield sand using field lysimeters. Environ. Toxicol. Chem. 10, no. 5 
(1991) 573-579. 



1 

Table 1: Selected factors (culture conditions) and their levels for the optimization of 
metribuzin degradation by Taguchi design of experiment 
Sr. 
No.

factors Level 1
(L1)

Level 2
(L2)

Level 3
(L3)

1 Media pH (pH) 6 7 8
2 Temperature (T) 25 C 30 C 35 C
3 Pesticide concentration (PC) 15 mgL-1 30 mg L-1 45 mg L-1 
4 Inoculum density (ID) 1.5×105 CFU ml-1 3.0×105 CFU ml-1 5.0×105 CFU ml-1 

Table 2: L9 Orthogonal array generated by Taguchi design of experiment presenting 
combinations of factors and experimental results as response (% biodegradation)  

Exp. 
No.

Factors Levels Response (% biodegradation) S/N
ratiopH T PC ID R1 R2 R3 average

1 L1 L1 L1 L1 28.9 30.7 34.5 31.36 29.859
2 L1 L2 L2 L2 77.4 76.3 74.9 76.20 37.636
3 L1 L3 L3 L3 91.8 92.5 97.2 93.83 39.438
4 L2 L1 L2 L3 58.1 58.5 52.8 55.80 34.911
5 L2 L2 L3 L1 76.3 82.1 79.9 79.43 37.988
6 L2 L3 L1 L2 72.1 76.8 78.3 75.73 37.569
7 L3 L1 L3 L2 40.8 38.9 43.6 41.20 32.248
8 L3 L2 L1 L3 68.1 66.9 71.3 68.76 36.738
9 L3 L3 L2 L1 56.3 53.1 50.2 53.20 34.489

S/N ratio = signal to noise ratio 

Table 3: Degradation of metribuzin (%) by individual strains and bacterial consortium 
MB3R over time 
Strains 0 DAI 4 DAI 8 DAI 12 DAI 16 DAI
Control 1.0 1.58 2.88 3.46 3.94
Rhodococcus rhodochrous sp. 
AQ1 0.6 49.11 71.50 82.03 89.23

Bacillus tequilensis sp. AQ2 1.2 36.80 59.51 69.27 77.93
Bacillus aryabhattai sp. AQ3 0.8 40.90 66.85 76.27 82.71
Bacillus safensis sp. AQ4 1.0 36.00 58.00 71.49 75.14
Bacterial consortium MB3R 0.6 59.75 75.86 87.43 95.61
DAI = days after incubation 

Table
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Table 4: Kinetic Parameters of metribuzin degradation by individual bacterial strains and 
the consortium MB3R 

Strains
Regression 
Equation K(d-1) T1/2(days) R2

Control Ct = 49.5e-0.02 0.02 30.10 0.891
Rhodococcus rhodochrous sp. AQ1 Ct = 49.7e-1.28 1.28 0.54 0.998
Bacillus tequilensis sp. AQ2 Ct = 49.4e-0.87 0.87 0.80 0.997
Bacillus aryabhattai sp. AQ3 Ct = 49.6e-1.01 1.01 0.69 0.985
Bacillus safensis sp. AQ4 Ct = 49.5e-0.80 0.80 0.86 0.985
Bacterial consortium MB3R Ct = 49.7e-1.80 1.80 0.39 0.988
Ct= concentration of metribuzin (mg/L) at time “t”
K (d-1) = degradation rate constant per day
T1/2= half-life of metribuzin in days 
R2= regression coefficient 

Table 5: Effects of individual factors on MB degradation based on S/N ratio 
Sr 
no.

Factors Level 1 Level 2 Level 3 L2-L1 L3-L1

1 Media pH 35.645 36.823 34.492 1.177 -1.115
2 Temperature 32.339 37.454 37.166 5.115 4.826
3 Pesticide 

concentration
34.722 35.679 36.558 0.957 1.835

4 Inoculum 
density

34.112 35.818 37.029 1.705 2.917

Table 6:  Analysis of variance (ANOVA)
Sr.
No.

Factors DOF
(f)

Sum of 
sqres. (S)

Variance
(V)

F-ratio
(F)

Pure Sum
(S’)

Percent
P (%)

1 Media pH 2 1279.38 639.69 87.68 1264.79 12.97
2 Temperature 2 6045.47 3022.74 414.34 6030.38 61.86
3 Pesticide 

concentration
2 811.20 405.60 55.60 796.61 8.17

4 Inoculum density 2 1482.17 741.08 101.58 1467.58 15.05
5 Other errors 18 131.32 7.30 1.98

Total 26 75.63 100.00
DOF= degree of freedom 
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Table 7: Optimum conditions for biodegradation of metribuzin and performance of 
selected factors as determined by Taguchi DOE 
Sr. No. Factors Level description Level Contribution
1 Media pH 7 2 6.374  
2 Temperature 30 C 2 10.851  
3 Pesticide concentration 45 mg L-1 3 7.540  
4 Inoculum density 5.0 × 10 5 CFU ml-1 3 8.851  
Total contribution from all factors = 33.615 
Current grand average of performance = 63.948 
Expected Results at optimum conditions = 97.564 
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Figure captions

Fig 1: Phylogenetic tree constructed using 16S rRNA gene sequences of strains AQ1, AQ2, AQ3, AQ4 and the closely related 
reference strains. Tree was constructed using MEGA6 software with 1000 bootstrap. Bootstrap values are given at each 
branch node. Accession numbers of the reference type strain are presented.

Fig. 2: Semi logarithmic plot of Ct/C0 presenting biodegradation of metribuzin by Rhodococcus rhodochrous sp. AQ1 (●), 
Bacillus tequilensis sp. AQ2 (▲), Bacillus aryabhattai sp. AQ3 (♦), Bacillus safensis sp. AQ4 (■) and the consortium MB3R 
in MSM at 50 mg L-1 initial concentration. Dotted lines show the experimental data whereas solid line depicts the first order 
fit.

Fig. 3: Comparative influence of significant factors and their interactions on biodegradation of metribuzin by MB3R. Factor 
T (temperature) contributes maximum, covering a large area in the figure while PC (pesticide concentration) imparts little 
contribution in the biodegradation process.

Fig. 4: Individual effect of all the selected factors pH, temperature (T), pesticide concentration (PC) and inoculum density 
(ID) at various levels on the biodegradation of metribuzin by MB3R.

Fig. 5: Showing variation reduction plot based on assumed normal performance distribution of current vs improved 
condition.

Fig. 6: Mass spectrum of metribuzin and its metabolites i.e., desamino-metribuzin (DA), diketo-metribuzin (DK) and 
desamino-diketo-metribuzin(DADK) in samples (upward) extracted at 0 day (a), 4th day (b), 8th day (c) and 12th  day (d) after 
incubation compared with analytical standards (downward).
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