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Role of glyphosate in the emergence of antimicrobial resistance in bacteria?

There is a discrepancy between antibiotic use in medicine and agriculture in the intertropical zone and frequency of antibiotic resistance in clinical bacteria in these countries. We provide evidence that glyphosate (a herbicide but also an antibiotic drug) could be a possible driver of antibiotic resistance in countries where this herbicide is widely used because of modification of the microbial environment. Emergence of resistance in bacteria and fungi is correlated with glyphosate use in the world over the last 40 years.

For several years, we have been witnessing the emergence of MDR bacteria from the intertropical zone, although antibiotic use in humans remains quite low in this part of the world. This discrepancy between use of antibiotics in humans and frequency of antibiotic resistance is the subject of debate and several hypotheses are currently discussed in the scientific community. In India, China and Africa, resistance has increased considerably while clinical use of certain antibiotics has remained relatively low. 1 The first hypothesis to explain this discrepancy highlighted that, while antibiotic use was low, their use was not controlled by antibiotic stewardship. The second hypothesis was the huge use of drugs in the farm industry; 2 this can probably be accepted as an explanation for resistance to colistin 3 and tetracyclines, but probably not for carbapenem antibiotics, which do not seem to have a disproportionate veterinary use. [START_REF] Rolain | Food and human gut as reservoirs of transferable antibiotic resistance encoding genes[END_REF] Conversely, imipenem resistance mediated by production of New Delhi metallo-b-lactamase (NDM) emerged in India, [START_REF] Kumarasamy | Emergence of a new antibiotic resistance mechanism in India, Pakistan, and the UK: a molecular, biological, and epidemiological study[END_REF] while recent work in Africa has shown that wild animals living in the city of Nairobi were carriers of MDR Escherichia coli, which cannot be explained by artificially increased consumption for agricultural reasons. [START_REF] Hassell | Clinically relevant antimicrobial resistance at the wildlife-livestock-human interface in Nairobi: an epidemiological study[END_REF] In addition, recent work has shown that remote tribes living in Tanzania had MDR bacteria in the absence of significant exposure to antibiotics. [START_REF] Subbiah | Antimicrobial resistant enteric bacteria are widely distributed amongst people, animals and the environment in Tanzania[END_REF] In addition, we had the opportunity to identify an imipenem-resistant gene in lice collected in an extremely remote rural area of Sine Saloum in Senegal. [START_REF] Kempf | Carbapenem resistance and Acinetobacter baumannii in senegal: the paradigm of a common phenomenon in natural reservoirs[END_REF] All these data show that there is a discrepancy in the intertropical zone between a low level of antibiotic usage in humans and a high level of antibiotic resistance in bacteria isolated from different ecosystems. Antibiotic resistance is an ancient and natural phenomenon that has evolved because antibiotics are natural secondary metabolites secreted by microbes to survive and to fight in complex ecosystems before the use of antibiotics by humans. [START_REF] Costa | Antibiotic resistance is ancient[END_REF] Hence, there are clearly other sources that may exert a selective pressure in the environment to explain the emergence of contemporary antimicrobial resistance in bacteria. [START_REF] Rolain | Food and human gut as reservoirs of transferable antibiotic resistance encoding genes[END_REF] In this respect, several new hypotheses have been proposed. The first is that there are bacteria in the intertropical zone that naturally secrete broad-spectrum b-lactam antibiotics, such as carbapenem antibiotics, because we know that several bacteria secrete such kinds of antibiotics including Streptomyces, Serratia or Erwinia, [START_REF] Coulthurst | Regulation and biosynthesis of carbapenem antibiotics in bacteria[END_REF] and selection may come from an ecosystem not linked to humans' usage of antibiotics. The second hypothesis is the role of glyphosate as a possible driver of antibiotic resistance in microorganisms because this compound has been widely used by humans in agriculture over the last 40 years. [START_REF] Van Bruggen | Environmental and health effects of the herbicide glyphosate[END_REF] Glyphosate is a phosphonic acid widely used as a herbicide worldwide (and is also an antibiotic drug) and used in particular countries of the intertropical zone at doses that exceed all those possibly used in normal agriculture, but also in the cultivation of Genetically Modified Organisms (GMOs). [START_REF] Van Bruggen | Environmental and health effects of the herbicide glyphosate[END_REF] The mode of action of glyphosate is the inhibition of the shikimate pathway, especially the enzyme 5-enolpyruvylshikimate-3-phosphate synthase (EPSPS); this enzyme is commonly found in certain bacteria and fungi, but is absent in mammals. [START_REF] Duke | The history and current status of glyphosate[END_REF] In fact, GMOs have been modified to carry this EPSPS gene of bacterial origin for resistance to glyphosate and thus glyphosate plays a role in the selection of plants carrying this resistance by only allowing GMOs to grow. Under these conditions, one can imagine quantities of glyphosate dumped in rice fields, for example, or in corn crops, which are probably the most widespread GMOs in the world, cultivated massively in the intertropical zone, particularly in Asia. In fact, glyphosate has a direct antibiotic effect on bacterial EPSPS like fosfomycin (another phosphonic acid used in humans as an antibiotic), which is well known since a patent has been taken by Monsanto on the antimicrobial activity of glyphosate against a wide range of bacteria, fungi and parasites that contain the EPSPS enzyme. [START_REF] Wildwood | Glyphosate formulations and their use for the inhibition of 5-enolpyruvylshikimate-3-phospate synthase[END_REF] It has been recently shown that there was a correlation between emergence of resistance in bacteria and fungi and glyphosate use in the world during the last 40 years. [START_REF] Van Bruggen | Environmental and health effects of the herbicide glyphosate[END_REF] This is correlated with a huge amount of residue of glyphosate in the environment (soil, water), but also in plants. [START_REF] Van Bruggen | Environmental and health effects of the herbicide glyphosate[END_REF] There is also an inducing or repressing effect of antibiotic resistance, which has been demonstrated in E. coli and Salmonella enterica. [START_REF] Kurenbach | Sublethal exposure to commercial formulations of the herbicides dicamba, 2,4-dichlorophenoxyacetic acid, and glyphosate cause changes in antibiotic susceptibility in Escherichia coli and Salmonella enterica serovar Typhimurium[END_REF] In E. coli, for example, the presence of glyphosate increases the level of quinolone resistance when bacteria are brought into contact with glyphosate at sublethal doses because of the overexpression of the AcrAB efflux pump. [START_REF] Kurenbach | Sublethal exposure to commercial formulations of the herbicides dicamba, 2,4-dichlorophenoxyacetic acid, and glyphosate cause changes in antibiotic susceptibility in Escherichia coli and Salmonella enterica serovar Typhimurium[END_REF] Interestingly, there is also evidence that fosfomycin resistance in Gram-positive and Gram-negative bacteria from humans and animals has increased over the last 40 years and is higher in countries that widely used glyphosate, especially in China. [START_REF] Aghamali | Fosfomycin: mechanisms and the increasing prevalence of resistance[END_REF] In these conditions it is clear that we have the proof of concept that glyphosate, which is both a herbicide and an antibiotic, substantially modifies the microbial ecosystem, and that this modification may lead to changes in the susceptibility of the resident bacteria and selection of resistant bacteria in the environment that may further spread into clinical strains. [START_REF] Van Bruggen | Environmental and health effects of the herbicide glyphosate[END_REF] For example, Ochrobactrum anthropi [START_REF] Tian | Isolation from Ochrobactrum anthropi of a novel class II 5-enopyruvylshikimate-3-phosphate synthase with high tolerance to glyphosate[END_REF] and Burkholderia pseudomallei 17 are naturally resistant to glyphosate whose incidence has increased in the intertropical zone, particularly in Asia. [START_REF] Gassiep | Human Melioidosis[END_REF] In fact, many microorganisms could be selected by glyphosate because they can resist high concentrations of this compound, as depicted in Figure 1. We believe that it is essential to begin to rigorously evaluate the role of modification of the microbial environment by the use of glyphosate and in particular its role in the observed increase in antibiotic resistance of bacteria in countries that use few antibiotics in humans and in those that use glyphosate massively for agriculture. Further works are warranted to confirm this hypothesis.
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