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Abstract 
The emergence of antibiotic-resistant bacteria has increased due to selective pressure not just from 

antibiotics but also heavy metals, xenobiotic compounds and agrochemicals. Exposure to such 
compounds can induce genetic changes in bacteria which affect antibiotic susceptibility.  In this 
study, we examined the effect of exposure to two herbicides, glyphosate and paraquat, on growth 
inhibition and antibiotic susceptibility of the soil bacterium Burkholderia pseudomallei.   
B. pseudomallei is the cause of a frequently fatal infectious disease, melioidosis, and antibiotic 
resistant strains of this species can cause severe clinical and public health problems. Our results show 
that glyphosate and paraquat inhibit B. pseudomallei growth, with median minimum inhibitory 
concentrations (MICs) of 3.00 ± 0.00% (w v–1) for glyphosate and median MICs of 0.01 ± 0.00% (w v–1) 
to 0.04 ± 0.00% (w v–1) for paraquat. The MICs of ceftazidime (CAZ), doxycycline (DOX), trimethoprim 
(TMP), and sulfamethoxazole (SMX) against herbicide-treated and untreated B. pseudomallei were 
also determined. Glyphosate-treated and paraquat-treated B. pseudomallei were found to have 
decreased susceptibility to DOX and CAZ.  Conversely, paraquat-treated B. pseudomallei became 
more susceptible to TMP.  Taken together, these results show that exposure to glyphosate and 
paraquat inhibits B. pseudomallei growth and alters the bacterium’s antibiotic response. These 
observations demonstrate the impact of herbicides on an environmental microorganism of medical 
importance. 
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1. Introduction 

Antibiotic resistance is now recognized as one of the most serious threats to human health. 
Resistance to single and multiple antibiotics has been detected worldwide [1, 2]. Such resistant strains 
have caused severe clinical and public health problems. Initially, drug-resistant strains appeared in 
hospitals, where most antibiotics were being used [3]. However, antibiotic resistant bacteria are now 
emerging in the natural environment due to the use of antibiotics in humans, livestock and agriculture 
[1, 4, 5]. Moreover, the discharge of heavy metals, xenobiotic compounds, and organic solvents from 
industrial sites, mines and intensive farming is thought to be contributing to the environmental 
selection of antibiotic resistance in bacteria [6, 7]. 

The gram-negative bacillus Burkholderia pseudomallei is a species of bacteria found in both 
terrestrial and aquatic environments [8 – 10]. B. pseudomallei is the cause of a frequently fatal 
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infectious disease, melioidosis, which occurs in Southeast Asia and Australia [11 – 13]. Melioidosis is 
the third most common cause of infectious disease deaths in northeast Thailand. It is responsible for 
20% of community acquired septicemias and has a 40% mortality rate [14]. Like other environmental 
bacteria, B. pseudomallei is inherently resistant to several antibiotics including all macrolides, all 
narrow-spectrum cephalosporins, most penicillins, all polymyxins and the aminoglycosides, leading 
to treatment difficulties [15 – 18]. Resistance can also be induced by environmental conditions. For 
example flooding and physical and chemical agricultural processes can induce genetic modifications 
in B. pseudomallei [13]. 

Nowadays, herbicides are intensively used in agriculture including rice cultivation where farmers 
are exposed to B. pseudomallei present in wet paddy field soil [10, 18, 19]. It has previously been 
reported that exposure to the herbicides dicamba, 2, 4-dichlorophenoxyacetic acid, and glyphosate can 
induce altered antibiotic susceptibility in Escherichia coli and Salmonella Typhimurium [20]. 
However, it has not yet been established whether herbicides affect antibiotic response in B. 
pseudomallei, an environmental pathogen commonly found in agricultural fields in northeast 
Thailand.  The present study therefore examined the effects of sublethal concentrations of two widely 
used herbicides, glyphosate and paraquat, on antibiotic susceptibility in B. pseudomallei. The results 
may provide greater understanding of how antibiotic resistance is selected for in the natural 
environment.  
 
2. Materials and Methods 
Bacterial strains, herbicides, and antibiotics 

B. pseudomallei strains K96243, 1026B, 38452 and 38457 were kindly provided by the 
Melioidosis Research Center at Khon Kaen University Faculty of Medicine.  Herbicides were the 
commercial formulations gylphosate-48 (VIV Interchem Ltd., Thailand) containing 48% (w v–1) 
glyphosate isopropylammonium, and paraquat (VIV Interchem Ltd., Thailand) containing 27.60% (w v–1) 
1, 1’-dimethyl-4, 4’bipyridinium dichloride. We tested the susceptibility of the B. pseudomallei 
strains above to four antibiotics, ceftazidime (CAZ, Sigma), doxycycline (DOX, Sigma), 
trimethoprim (TPM, Sigma), and sulfamethoxazone (SMX, Sigma). Test antibiotics were selected 
based on their clinical use to treat B. pseudomallei infection [15]. Stock solutions of antibiotics were 
stored at –20 °C. 
 
Bacterial inoculum preparation 

Each strain of B. pseudomallei was sub-cultured at 37 oC for 48 h on Ashdown’s agar. A single 
bacterial colony was selected, subsequently suspended in Trypticase soy broth (TSB), and incubated 
at 37 oC for 3 h. After that, bacterial cultures were harvested and re-suspended in Mueller-Hinton 
broth (MHB) and adjusted to 0.50 McFarland standards (approximately 108 CFU ml–1) [21]. 
 
Bacteria cultured under stress conditions 

To induce stress conditions, herbicides at sub-lethal concentration were added into culture media. 
In brief, 108 CFU ml–1 of B. pseudomallei were cultured in TSB with 0.30% (w v–1) glyphosate or 
0.001% (w v–1) paraquat at 37 °C for 7 days in a rotary shaker [20, 22]. Control bacteria were grown 
under the same conditions but without these herbicides.  All cultured bacteria were subsequently 
harvested, re-suspended in MHB and adjusted to 106 CFU ml–1 [21] . 
 
Minimum inhibitory concentrations (MICs) and minimum bactericidal concentrations (MBCs) of 
herbicides and antibiotics 

MICs of the herbicides and antibiotics were determined using the broth microdilution method [23]. 
Two-fold serial dilutions of the herbicides or antibiotics were prepared. The final concentrations 
ranged from 24 to 0.01% (w v–1) for glyphosate, 2.76 to 0.001% (w v–1) for paraquat, 4000 to 19.50 µg ml–1 
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for SMX, and 1000 to 0.48 µg ml–1 for CAZ, DOX and TMP. Ninety-six-well plates were prepared 
containing 50 µl of 2-fold dilution concentrations of the herbicides or antibiotics in MHB. Each well 
was then inoculated with 50 µl of 106 CFU ml–1 bacterial suspension and incubated at 37 °C for 16 – 18 h. 
Tetracycline (Tet) at a concentration of 512 µg ml–1 and MHB were used as positive and negative 
controls, respectively. The MICs of the antibiotics was determined using resazurin indicator solution.  
The lowest concentration to cause the resazurin to change from purple to pink or colorless was taken 
as the MIC value. Because herbicides interfere with the color of resazurin, the MICs of glyphosate 
and paraquat was determined by identifying the lowest concentration at which the suspension 
remained as clear as the positive control. All experiments were performed in triplicate. 

To determine the MBC, a loopful of suspension from all of the wells that remained free from 
visible growth or color change was inoculated onto nutrient agar (NA) and incubated at 37 °C for 24 
h. After incubation, the minimum concentration at which no visible colonies were detected was 
recorded as the MBC [21].  
 

Statistical analysis 
MICs and MBCs were expressed as median and interquartile ranges (IQR) as the data is non-

normally distributed. The Kruskal-Wallis test was used to compare results for the same bacterial 
strain cultured under the three different conditions: control, sublethal concentration of glyphosate and 
sublethal concentration of paraquat.  If the Kruskal-Wallis test detected a significant difference 
between control and treatments (p-value<0.05), we further compared each pair with the Mann-
Whitney U-test.  As in the Kruskal-Wallis test, a p-value below 0.05 was considered significant in the 
Mann-Whitney U-test. 
 
3. Results and Discussion 
MICs and MBCs of glyphosate and paraquat against B. pseudomallei  

Glyphosate was found to have an MIC of 3.00% (w v–1) and an MBC of 12.00% (w v–1) against  
B. pseudomallei (Table 1). Glyphosate is known to kill bacteria by inhibiting 5-enolpyruvylshikimate-
3-phosphate synthase (EPSPS) in the Shikimate pathway. This enzyme is crucial for the biosynthesis 
of aromatic amino acids, and its inhibition disrupts tyrosine, phenylalanine and tryptophan synthesis 
[24 – 28]. This enzyme is present in B. pseudomallei [28]. 

For paraquat, the MIC values ranged from 0.01 to 0.04% (w v–1) and the MBC values ranged from 
0.02 to 2.76% (w v-1) for B. pseudomallei (Table 1). This finding shows that the four test strains of  
B. pseudomallei vary in their susceptibility to paraquat (Table 1). Paraquat is an oxidant that 
interferes with electron transfer. It accepts electrons from an electron donor such as NADPH and 
transfers them to oxygen. Therefore, destructive reactive oxygen species (ROS) such as superoxide, 
hydrogen peroxide and hydroxyl radicals are produced. These ROS molecules damage several 
bacterial components including membranes, proteins and nucleic acids [29, 30]. Some bacteria can 
avoid ROS-mediated killing by producing enzymes called superoxide dismutases (SodA, SodB and 
SodC) [30 – 34] and this may explain the variation in B. pseudomallei susceptibility to paraquat. 
Variation in paraquat susceptibility might also be due to differences in the abilities of the  
B. pseudomallei strains to generate biofilms, since biofilm formation enables bacteria to survive in the 
presence of antimicrobial agents and ROS [35, 36].  
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Table 1 MICs and MBCs of glyphosate and paraquat against B. pseudomallei (Bp) 
Strain of  

Bp 
Glyphosate Paraquat 

MIC [% (w v–1)]  MBC [% (w v–1)]  MIC [% (w v–1)]  MBC [% (w v–1)]  
K96243 
1026B 
38452 
38457 

3.00 ± 0.00 
3.00 ± 0.00 
3.00 ± 0.00 
3.00 ± 0.00 

12.00 ± 6.00 
12.00 ± 6.00 

12.00 ± 13.50 
12.00 ± 9.00 

0.01 ± 0.00 
0.02 ± 0.01 
0.04 ± 0.08 
0.01 ± 0.00 

0.69 ± 0.67 
0.69 ± 0.65 
2.76 ± 2.75 
0.02 ± 0.04 

Data are expressed as Median ± IQR 
Herbicide-induced antibiotic response alteration 

Changes in antibiotic susceptibility (MICs and/or MBCs) of the bacteria following exposure to a 
sublethal dose of two herbicides (stress conditions) were evaluated.  No difference was detected in the 
MICs or MBCs of CAZ between control and treatment groups in any of the test strains of B. 
pseudomallei except B. pseudomallei strain K96243. In B. pseudomallei strain K96243, paraquat 
significantly increased the MBC of CAZ (Kruskal-Wallis rank sum test, chi-squared = 7.0351, df = 2, 
p-value = 0.030) (Table 2).  Moreover, a significant increase in the MIC of DOX was observed when 
B. pseudomallei strain 38457 was cultured in the presence of glyphosate or paraquat (Kruskal-Wallis 
rank sum test, chi-squared = 8, df = 2, p-value = 0.018) (Table 2).  We also observed a decrease in the 
MIC of TMP when strain 38457 was cultured in the presence of paraquat (Kruskal-Wallis rank sum 
test, chi-squared = 7.624, df = 2, p-value = 0.022) (Table 2).  No statistically significant difference 
was detected in the MICs or MBCs of SMX following herbicide exposure in any of the test strains of 
B. pseudomallei (Table 2). 
 
Table 2 MICs and MBCs of antibiotics against B. pseudomallei (Bp) cultured in the absence (control) 
or presence of herbicides (stress conditions) 

Strain of 
Bp 

Antibiotics  Control 0.3%(w v-1) Glyphosate 0.001% (w v-1) Paraquat 
MIC  

(µg ml–1) 
MBC  

 (µg ml–1) 
MIC  

 (µg ml–1) 
MBC  

 (µg ml–1) 
MIC  

 (µg ml–1) 
MBC  

 (µg ml–1) 
K96243 CAZ 1.95 ± 0.00 7.81 ± 0.00 1.95 ± 0.00 7.81 ± 0.00 1.95 ± 0.00 93.75 ±3 9.06* 

 DOX 1.95 ± 0.00 250 ± 0.00 1.95 ± 0.00 500 ± 0.00 1.95 ± 0.00 500 ± 0.00 
 TMP 

SMX 
7.81 ± 1.95 
125 ± 0.00 

125 ± 0.00 
> 2,000 

7.81 ± 0.00 
125 ± 0.00 

125 ± 0.00 
2,000 ± 0.00 

7.81 ± 0.00 
125 ± 0.00 

> 500 
> 2,000 

1026B CAZ 1.95 ± 0.00 15.63 ± 3.91 2.93 ± 0.98 62.5 ± 23.44 3.91 ± 0.49 250 ± 62.50 
 DOX 0.24 ± 0.00 125 ± 31.25 0.24 ± 0.00 125 ± 0.00 0.24 ± 0.00 125.00 ± 0.00 
 TMP 

SMX 
0.49 ± 0.00 

31.25 ± 0.00 
62.50 ± 15.63 
1,000 ± 0.00 

0.49 ± 0.00 
31.25 ± 7.81 

31.25 ± 0.00 
> 1,000 

0.49 ± 0.00 
31.25 ± 7.81 

31.25 ± 0.00 
1,000 ± 250.00 

38452 CAZ 2.93 ± 0.98 7.81 ± 0.00 3.91 ± 0.49 11.72 ± 3.91 2.93 ± 0.98 11.72 ± 3.91 
 DOX 0.49 ± 0.00 31.25 ± 11.72 0.49 ± 0.00 15.63 ± 0.00 0.49 ± 0.00 3.91 ± 0.00 
 TMP 

SMX 
1.95 ± 0.00 

15.63 ± 0.00 
125 ± 0.00 

1,000 ± 0.00 
1.95 ± 0.00 

15.63 ± 3.91 
125 ± 0.00 

1,000 ± 0.00 
1.95 ± 0.00 

15.63 ± 0.00 
> 500 

1,000 ± 0.00 
38457 CAZ 3.91 ± 0.49 5.86 ± 1.95 2.93 ± 0.98 15.63 ± 5.86 3.91 ± 0.98 11.72 ± 4.88 

 DOX 0.49 ± 0.00 187.50 ± 31.25 0.98 ± 0.00* 250 ± 0.00 0.98 ± 0.00* 93.75 ± 15.63 
 TMP 

SMX 
15.63 ± 0.00 
31.25 ± 0.00 

125 ± 0.00 
250 ± 0.00 

15.63 ± 0.00 
31.25 ± 7.81 

125 ± 0.00 
250 ± 0.00 

1.95 ± 0.49* 
15.63 ± 3.91 

62.50 ± 0.00 
250.00 ± 0.00 

Data were expressed as Median ± IQR, Asterisk (*) indicates P < 0.05 (Kruskal-Wallis test – Mann-
Whitney U-test. 
 

Antibiotic susceptibility following exposure to sublethal concentrations of herbicide varied 
between the bacterial strains. Exposure to glyphosate or paraquat significantly decreased the 
susceptibility of B. pseudomallei strains K96243 and 38457 to CAZ and DOX, whilst simultaneously 
increasing the susceptibility of strain 38457 to TMP.  Our findings agree with previous reports that 
there are significant differences in the biocide susceptibility of different strains of the same bacterial 
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species [20, 37, 38].  Herbicide-induced changes in antibiotic susceptibility may be due to increases 
or decreases in the expression of efflux pumps [39]. Previous studies have shown, for example, that 
the AcrAB-TolC efflux pump is upregulated when E. coli and S. Typhimurium are exposed to toxic 
chemicals. This results in reduced susceptibility to several drugs including those in the tetracycline 
class [20, 40, 41]. In our study, we expected that glyphosate and / or paraquat would also increase the 
number of efflux pumps present at the bacterial cell membrane, thereby decreasing bacterial 
susceptibility to the test antibiotics. However, in many cases the herbicide-treated bacteria were more 
antibiotic-sensitive than the untreated control bacteria. This might be due to the herbicide glyphosate 
hindering amino acid synthesis or due to paraquat producing reactive oxygen species, with these 
events weakening the bacterial cells and leaving them more antibiotic-sensitive. 
 
4. Conclusion 

Herbicides are applied to agricultural crops to improve pre-harvest desiccation [42], but residual 
herbicide then remains in the environment and may affect microbial communities [20, 43, 44]. In this 
study, we demonstrated the inhibitory effects of the herbicides, glyphosate and paraquat, on  
B. pseudomallei and how exposure to sublethal concentrations of these herbicides can affect bacterial 
susceptibility to antibiotics.  In the natural environment, for example in soil and in water, antibiotics 
may not be present in sufficient quantities to give bacteria with low-level resistance a competitive 
advantage [45]. However, herbicide-induced changes in antibiotic MIC could be problematic if this 
alteration in MIC is sufficient to make low levels of endogenous antibiotics and pollutants a relevant 
selective force [20, 46]. Although we did not see a dramatic change in antibiotic susceptibility 
following bacterial exposure to the two herbicides in this study, the changes in MIC we did detect are 
still of concern.  Slight increases in antibiotic MIC resulting in low-level resistance can compromise 
therapy [47]. Not all treatment failures result from bacteria with full resistance genotypes; transient, 
induced, higher MICs may also contribute to these failures [48, 49]. Moreover, in healthcare settings, 
transient increases in MIC significantly increase the probability of spontaneous mutations, leading to 
transmission of low-level resistance and perhaps additional changes conferring high level resistance 
[20, 50, 51]. It is thus important that we understand the effects of these herbicides on pathogenic 
bacteria, especially herbicide-induced changes in antibiotic resistance.  
 
5. Suggestions 

In this study, we found that glyphosate and paraquat could inhibit B. pseudomallei.  However, the 
effects of these two herbicides on B. pseudomallei in the natural environment might differ from our  
in vitro study because these herbicides possibly affect other bacterial species. Herbicide-induced 
changes to bacterial communities in the soil could favor pathogens such as B. pseudomallei, 
increasing the risk of infection for agricultural workers. At the present time, little knowledge is 
available regarding the effect of glyphosate and paraquat residues on bacterial communities. Further 
studies are therefore warranted to determine if herbicides exert a selective pressure on bacterial 
communities. 
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