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        Abstract



        
          Background:


          Soil microorganisms are exposed to herbicides after treatment, which leads to their interaction. The result of this interaction may be the degradation of the herbicides by the microorganisms and by the way, they use the degradation products as an energy source for their own physiological processes, or herbicides have a toxic effect on these microorganisms. Herbicide toxicity becomes severe instantly after application when its concentration in soil is the highest. Paraquat is one of the most widely used herbicides in agriculture; inappropriate use of this herbicide represents an immense pollution problem for soil, therefore on microorganisms. However, the knowledge about the effect of paraquat on soil microorganisms has been limited.

        


        
          Objectives:


          The purpose of the current study was to determine the effect of paraquat application on four nitrogen-fixing bacteria: Pantoea agglomerans, Rhizobium nepotum, Rhizobium tibeticum and Rhizobium radiobacter.

        


        
          Methods:


          Paraquat was applied as the sole source of carbon at a rate (0 g/L, 0.5 g/L, 1 g/L, 3 g/L, 6 g/L and 12 g/L). The effect of paraquat treatments was determined by agar diffusion method and the rate of the growth of bacterial colonies in each treatment.

        


        
          Results:


          In the agar diffusion method, the bacterial strains were inhibited by paraquat, in which the inhibition zone was wider with the increase of paraquat concentration; also, analysis of the Colony Forming Units (CFUs) mostly showed a declining in bacterial growth. In comparison with the control, the growth of the four strains was decreased by increasing the paraquat concentration. Comparing strains with each other, Pantoea agglomerans is the most resistant strain to paraquat.

        


        
          Conclusion:


          Our study has shown the impact of the irrational use of pesticide upon the beneficial bacteria in question. For that, the results of this research have a positive impact on the natural environment, which will have tangible social and economic impacts.
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      1. INTRODUCTION


      The soil is one of the most vulnerable ecosystem components, it is easily contaminated by pesticides, however, its remediation may take long periods to restore its initial state. Herbicides are commonly used in agriculture, by the way, its application has many consequences essentially on changing the microbial populations leading to edit the microbial ecological balance and therefore affecting the soil fertility [1-3]. The fate of herbicides applied in agricultural ecosystems is governed by their interaction with soil microorganisms, their transfer and their degradation processes. The increasing reliance of agriculture on herbicides has led to a concern about their eco-toxicological effects on soil microorganisms, this toxicity of herbicides is intensified immediately after their application [4, 5]. Soil microbial communities play a crucial role in the ecosystem services thanks to the microorganisms engaged in a degradation process that provides them with their original economic value [6]. Moreover, microbial catabolism is a major pathway for the dissipation of herbicides in the environment, some rhizobacteria have beneficial effects on the plant growth and the tolerance to herbicides. For this reason, it is important to study the effect of pesticides on the microbial communities living in the agricultural soils.


      Paraquat, the bipyridylium compound, 1, 1’-dimethyl-4, 4’- bipyridylium, has been widely used as an herbicide for many decades [7-9]. Gramoxone is the commercial formulation name for paraquat. It has a persistent half-life of more than 100 days. This compound has a high groundwater contamination potential [10, 11]. The paraquat is ranked second in Meknes region (Morocco), this ranking also holds internationally after the glyphosate [12]. Nationally, paraquat is the second most imported herbicide with an increasing yearly-reported [13]. This herbicide affects the photosynthesis by diverting electrons at the exit of photosystem II acids [14]. It is used to treat more than 50 crop varieties in more than 120 countries and it has been marketed as an herbicide for over sixty years [12, 15]. Paraquat persists in soil due to its adsorption on organic matter and clay [16, 8]. Even there are microorganisms, which are able to resist paraquat [17, 18], several studies have shown that paraquat influenced the growth and activities of soil microorganisms [19-21]. It has been reported by Margino in 2000 [2] that 20 ppm of paraquat in soil changed the population dynamics of peat soil bacteria and fungi.


      Unfortunately, the data about the influence of paraquat on growth and activities of nitrogen-fixing bacteria are limited in Morocco. The lack of information is due to the fact that this type of bacteria have not been sufficiently studied; the amount of paraquat used in Morocco is not under control [13], and therefore, this practice would be causing serious damage to soil bacteria which puts the future of agriculture in that area of the world at risk, for this reason, we carried out this study. To assess the effects of herbicide on soil microorganisms, we investigated four nitrogen-fixing bacteria to explore the relationship between the concentration of paraquat herbicide and its growth response, using paraquat as a source of carbon, and evaluated the growth response of these strains by the method of enumeration in solid medium at the surface.

    


    
      

      2. MATERIALS AND METHODS


      
        

        2.1. Chemicals Used


        The paraquat used was a commercial Gramoxone® (containing 200 g active ingredient/L of paraquat, SYNGENTA), purchased from a local dealer’s store in Oujda, Morocco. All other chemicals were of the highest purity commercially available.


        To evaluate the tolerance or resistance of bacterial strains by the use of paraquat as a sole source of carbon, a mineral salt medium without a carbon source (MSMC) is used. The composition of the medium (pH 7.0-7.2) was as follows: KH2PO4 (1.5 g/L), Na2HPO4 12H2O (1.5 g/L), NH4SO4 (2 g/L), MgSO4 7H2O (0.2 g/L), CaCl2 (0.01 g/L) and FeSO4 7H2O (0.001 g/L). The media was supplemented with paraquat sterilized by filtration (0.2 µm filter) and were used to test the tolerance or resistance of the four strains to paraquat. Mineral Salt Medium (MSM) with glucose as carbon source was used as a control. The composition of the medium MSM (pH 7.0-7.2) is as follows: C6H12O6 (10 g/L), KH2PO4 (1.5 g/L), Na2HPO4 12H2O (1.5 g/L), NH4SO4 (2 g/L), MgSO4 7H2O (0.2 g/L), CaCl2 (0.01 g/L) and FeSO4 7H2O (0.001 g/L).

      


      
        

        2.2. Bacteria Strains


        Four bacterial strains were selected to test their tolerance to paraquat. These strains were originally isolated from root nodules of legume “Bituminaria bituminosa” cultivated in the experimental station of the faculty of sciences, Moulay Ismail University-Meknes, Morocco. The selection of strains was based on their ability to fix nitrogen. The selected strains are Pantoea agglomerans, Rhizobium nepotum, Rhizobium radiobacter and Rhizobium tibeticum.

      


      
        

        2.3. Preparation of Inoculum


        Inoculums were prepared for the four strains by culturing the strains in 50 ml of nutrient medium for three days at 30°C under stirring conditions (150 rpm) until the growth reached the exponential phase. Cells were harvested by centrifugation at 4, 600 g for 5 min, washed with 0.9% sterile saline and were re-suspended to a 0.5 McFarland nephelometer standard (Optical density of 0.108 at 625 nm), this suspension is used as inoculum.

      

    


    
      

      3. TEST OF PARAQUAT EFFECTS


      
        

        3.1. Agar Diffusion Method


        Paraquat effect on the bacterial strains was evaluated by agar diffusion test using filter paper discs (5 mm in diameter). Each strain was grown by surface plating method in Plate Count Agar (PCA) medium, and sterilized paper discs containing a series of paraquat concentrations (0, 0.5, 1, 3, 6 and 12 g/L) were put aseptically on the medium surface. Then they were incubated at 30°C for 72 hours. The assessment of the inhibition effect was based on measuring the diameter of the inhibition zone around the paper disc.

      


      
        

        3.2. Quantitative test


        Tolerance experiments were designed to examine the influence of five different concentrations on paraquat on bacterial growth. The experiments were performed in flasks (250 ml) containing 100 ml of sterile MSMC with, 0.5 g/L, 1 g/L, 3 g/L, 6 g/L and 12 g/L of paraquat separately. 2 ml of each inoculum was inoculated and triplicate cultures were incubated on a rotary shaker at 150 rpm for 7 days at 30°C.

      


      
        

        3.3. Enumeration of Bacterial Strains


        For each concentration of paraquat (0.5, 1, 3, 6, 12 g/L) including the control, we calculate the bacterial concentration after 7 days of incubation, for this, 1ml of samples, were used to provide a series of dilutions (10-1, 10-2, 10-3, 10-4 and 10-5). For bacterial count 0.1 mL of each dilution were added to the plates, which contained the Plate Count Agar (PCA) medium. The plates were incubated at 28 ± 2°C, for 72h.

      


      
        

        3.4. Statistical Analysis


        Differences between the mean of treatments were calculated by two-way analysis of variance (ANOVA), using Tukey’s multiple comparison test to carry out a post-hoc pairwise comparison of means. Differences between treatments were considered statistically significant at p < 0.05. IBM SPSS statistics 20 was used for all above statistical analysis.

      

    


    
      

      4. RESULTS AND DISCUSSION


      The effect of paraquat treatments on bacterial strains was determined by two test: agar diffusion method and the rate of the growth of bacterial colonies in each treatment. In the agar diffusion method, the bacterial strains were inhibited by paraquat, in which the inhibition zone was wider with the increase of paraquat concentration (Fig. 1; Table 1). Furthermore, analysis of the Colony Forming Units (CFUs) mostly showed a declining in bacterial growth, in comparison with the control, the growth of the four strains: Pantoea agglomerans, Rhizobium nepotum, Rhizobium radiobacter and Rhizobium tibeticum decreased with the increase of the paraquat concentration (Fig. 2). Statistically, the strains showed different degrees of sensitivity to the paraquat, a significant difference was observed between the four strains (p < 0.05). The Pantoea agglomerans strain showed a tolerance to paraquat, in both tests there was no significant difference between the control and 0.5 g/L treatment (p > 0.05). We observed a low decrease in bacterial growth in the 1 g/L treatment, this decrease intensified with the increase of the concentration (3, 6, and 12 g/L) (Fig. 3). While in the Rhizobium tibeticum strain, compared to the control, the treatment with 0.5 g/L and 1 g/L showed a slight decrease in the bacterial growth, whereas with high concentrations (3 and 6 g/L) the bacterial growth was minimal and there was no growth at 12 g/L concentration (Fig. 4). For the Rhizobium nepotum strain relative to the control, there was no significant difference in the treatment with 1 g/L, whereas a very slight decrease was observed in 0.5 g/L treatment, for the treatments 3 and 6 g/L the bacterial growth decreased, respectively Fig. (5). For Rhizobium radiobacter, which is the most sensitive strain to paraquat, a high rate of decrease in bacterial growth was observed for the treatments 0.5, 1, 3, and 6 g/L. Moreover, the treatment 12 g/L represented a lethal dose. In the agar diffusion test, higher concentrations induced a longer diameter of inhibition zone. Generally, the increase of paraquat concentration affected the growth of all the tested strains.
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Fig. (1)

      Comparison of paraquat effect on four strains.

      
        Table 1 Inhibition of paraquat on bacterial strains.


        
          
            
              	Diameter (cm) of the inhibition zone according to the concentration

              	ANOVA test
            


            
              	Control

              	0.5g/L

              	1g/L

              	3g/L

              	6g/L

              	12g/L
            

          

          
            
              	Pantoea agglomerans

              	0a

              	0a

              	0.85±0.10b

              	0.90±0.00b

              	1.50±0.20c

              	2.68±0.15d

              	df: 23

              F: 1586.25

              P: 0.000
            


            
              	Rhizobium

              nepotum

              	0a

              	1.05b

              	1.50±0.10b,c

              	1.53±0.20b,c

              	1.88±0.09c,d

              	2.30±0.10d

              	df: 23

              F: 95.83

              P: 0.000
            


            
              	Rhizobium radiobacter

              	0a

              	1.03±0.09b

              	1.55±0.10c

              	1.53±0.30c

              	1.78±0.15c,d

              	2.05±0.10d

              	df: 23

              F: 3.23

              P: 0.031
            


            
              	Rhizobium tibeticum

              	0a

              	0a

              	0.90±0.00b

              	1.25±0.10b,c

              	1.45±0.50c,d

              	1.85±0.10d

              	df: 23

              F: 1316

              P: 0.000
            

          
        


        
          Different letters among treatments and control group indicate statistically significant differences (Tukey’s test, P < 0.05).
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Fig. (2)

      Effect of increasing paraquat concentration on the growth of Pantoea agglomerans.
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Fig. (3)

      Effect of increasing paraquat concentration on the growth of Rhizobium tibeticum.
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Fig. (4)

      Effect of increasing paraquat concentration on the growth of Rhizobium nepotum.
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Fig. (5)

      Effect of increasing paraquat concentration on the growth of Rhizobium radiobacter.

      In our study, the four strains had different behaviours towards the paraquat. Pantoea agglomerans, Rhizobium nepotum and Rhizobium tibeticum have shown, successively, a resistance to paraquat at 1, 3 and 6 g/L. This resistance was characterized by a decrease in the bacterial density that disappeared at 12 g/L. Similar results were reported by Katayama in 1992 [21], which have shown that some rhizobacteria resist to paraquat up to 1g/L. This may be due to the adaptation of the strains to this herbicide via the synthesis of enzymes able to degrade the paraquat and by the way the detoxification of the soil [17, 18]. This adaptation towards the paraquat can be explained by the fact that the strains use the herbicides metabolites as a source of nutrients or energy [22, 23]. Deng in 2015 and Bera in 2013 [24, 25], reported that many soil microorganisms are able to decompose herbicides such as pasteureanum Clostridium, Achromobacter sp., Aerobacter aerogenes, Pseudomonas fluorescens and Agrobacterium tumefaciens, which degrade paraquat [18]. Other researchers have also shown that some strains of Rhizobium sp. can degrade pesticides [17].


      On the contrary, several microorganisms of soil are sensitive to herbicides, which may alter the quality, the density and the diversity of the microorganisms of soil. Several studies have reported the effect of herbicides on soil microbial life. According to Greaves in 1976 [26], the use of herbicides can reduce global microbial populations in soil. Zain in 2013 [27] confirmed that herbicide treatments significantly inhibit the development of soil microorganisms, and the degree of inhibition is closely related to the rates of their concentrations. These results are similar to our results obtained for Rhizobium radiobacter. This strain was sensitive to paraquat, even on applying low concentrations, this can be explained by the toxicity of paraquat, or the bacteria were unable to degrade paraquat. This result is in agreement with other research, which proved that paraquat inhibits the growth of rhizobacteria [17, 19, 27-29]. These results are similar to the observations made by Adhikary in 2014 [30], which suggest that the herbicide (pendimethalin, oxyfluorfen and propaquizafop) application to soil causes impacts on microorganisms growth.


      Scientific research indicates that there is no general pattern of herbicide effect on soil microorganisms [31-33]. The herbicide may be toxic to some microorganisms as it may be beneficial for others by using it as a source of carbon, phosphorus, or nitrogen after degradation, as observed by Amondham in 2006 [8], who showed that paraquat has no effect on soil microorganisms and their activities.Moreover, Adomako in 2016 [28] reported that the activity of bacteria increased with the application of paraquat. The herbicides toxicity intensifies when high herbicide concentrations are applied. Several farmers who overdose the use of herbicides consequently destroy the soil flora as a result in long-term.

    


    
      CONCLUSION


      In conclusion, we have obtained evidence that paraquat herbicide affects the viability of four nitrogen-fixing bacteria, especially at high concentrations. In addition, the results showed that microbial response to this herbicide depends on the bacterial species, whose effect is reflected by the different degrees of tolerance to the paraquat.

    

  


  
    
      ABBREVIATIONS


      
        
          	

          	
        


        
          	CFUs

          	= Colony Forming Units
        


        
          	MSM

          	= Mineral Salt Medium
        


        
          	MSMC

          	= Mineral Salt Medium without Carbon source
        


        
          	PCA

          	= Plate Count Agar
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