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Agrochemicals and pesticides as indirect actuators of antimicrobial resistance.

Introduction
Agriculture is important for a country’s 
economy. With increasing industriali-
sation and growing populations, land 
resources for cultivation are decreasing 
(Figure 1). Large amounts of chemicals 
are used worldwide to control pests 
and weeds and to increase crop yield. 
Indiscriminate use of herbicides and 
pesticides influences microbial pro-
cesses. Soil microorganisms play an 
important role in biodegradation of 
chemicals. Constant exposure to these 
toxic compounds leads to the genetic 
modification of these microbes so that 
they develop specialised mechanisms 
to degrade the toxic substances. 

The genes that code the enzymes 
that metabolise toxic compounds are 
present on plasmids (Pérez-Valera et al. 
2019). Antimicrobial resistance (AMR) 
is a phenomenon in which microor-
ganisms resist the growth inhibitory 
action of antimicrobials. Microorgan-
isms acquire multiple mechanisms to 
evolve against antimicrobial action. 
AMR is viewed mostly in clinical set-
tings because it critically affects patient 
medical treatment. The environmental 
dimension leading to the genesis and 
spread of AMR is an important factor. 
Livestock, water, and soil are intercon-
nected with the food that we consume. 
The majority of agrochemicals are 

Herbicides
Chemicals are used in agriculture 
to protect crops from the deleteri-
ous effects of pests, insects, rats, and 
weeds. They are usually grouped into 
pesticides, insecticides, rodenticides, 
and herbicides. Herbicides are the most 
widely used chemicals in agriculture. 
They protect crops from weeds, which 
are generally other plants that affect 
crops (Holt 2013). The use of these 
compounds also exerts indirect dam-
age on microorganisms present in the 
soil, like bacteria and fungi, potentially 
changing the ecological properties of 
microbial communities by targeting 
evolutionarily-conserved pathways 

(Liao et al. 2021). The impact of herbi-
cides on AMR development is alarming. 
Repeated herbicide exposure during 
weed control may select for increased 
herbicide tolerance in microorganisms 
and may vary among and within the 
species (Raino et al. 2020, Tothova et 
al. 2010). Herbicide tolerance may be 
achieved via genetic changes in the 
herbicide-targeted gene (Wicke et al. 
2019) or non-target genes linked with 
generalised stress tolerance (Comont et 
al. 2020). There is a positive correlation 
between herbicide use and antibiotic 
resistance. Long-term herbicide expo-
sure could indirectly drive antibiotic 
resistance evolution via cross-resist-

easily dissolved in water or absorbed by 
soil and traces of these agrochemicals 
that remain on plants are sometimes 
consumed by animals or humans. 
The extensive use of agrochemicals at 
different levels in these environments 
leads to the accumulation of residues in 
the food chain. The vegetables, fruits, 
and farm products that we consume 
may have traces of chemicals that were 
used in their production process. 
The exposure of gut microbiota to 
these chemicals can trigger their genet-
ic modification and lead to AMR. In this 
review article, we focus mainly on the 
impact of herbicides on AMR. 

There is a positive 
correlation between 
herbicide use and 
antibiotic resistance. 
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ance evolution if the same mutations 
increase bacterial tolerance to both 
herbicides and antibiotics (Kurenbach 
et al. 2018, Comont et al. 2020). The 
magnitude of the induced response 
may undermine antibiotic therapy and 
substantially increase the probability of 
spontaneous mutation to higher levels 
of resistance. The combination of the 
intensive use of herbicides and antibi-
otics in proximity to farm animals and 
important insects, such as honeybees, 
might also compromise their thera-
peutic effects and drive greater use of 
antibiotics (Kurenbach et al. 2015). 
Addressing the crisis of antibiotic re-
sistance requires broadening our view 
of environmental contributors to the 
evolution of resistance. Antimicrobi-
al-resistant gene (ARG) transfer from 
environmental bacteria to pathogenic 
bacteria is a key determinant for anti-
biotic resistance (Malagón-Rojas 2020). 
The environmental dimension of AMR 
has been identified in recent years as 

an important factor in the development 
and spread of resistance. Resistant 
bacteria originating in an altered envi-
ronment and sharing their resistance 
with clinically relevant pathogens could 
become a major problem for public 
health (Ramakrishnan et al. 2019). 
Available evidence suggests that the 
multiple interactions between livestock 
and soil and water in a natural environ-
ment polluted by agricultural chemicals 
may be a key dissemination route for 
antibiotic-resistant genes (Van Bruggen 
et al. 2018). 

Major herbicides and their 
indirect effect on bacteria to 
promote AMR 

2,4-D (2,4-dichlorophenoxyacetic 
acid), dicamba (3,6-dichloro-2-meth-
oxybenzoic acid), and glyphosate 
(N-(phosphonomethyl)glycine) are the 
most extensively used herbicides in the 
world (Duke and Powles 2008, Ben-
brook 2016). Atrazine, simazine, carba-

mates, diquat, paraquat, fluazifop, and 
sethoxydim are other commonly used 
herbicides (Holt 2013). The continuous 
application of herbicides to soil results 
in selection pressure among soil micro-
biota. Herbicides such as glyphosate, 
glufosinate, and dicamba have been 
implicated as a cause of major altera-
tions in bacterial sensitivity to various 
antibiotics. Glyphosate, dicamba, and 
2,4-D induce a change in the suscep-
tibility of the potentially pathogenic 
bacteria E. coli and S. enterica to mul-
tiple antibiotics (Kurenbach et al. 2017). 
Herbicide toxicity tested at sub-lethal 
concentrations induces an adaptive 
multiple-antibiotic resistance pheno-
type characterised by an increase in the 
expression of efflux pumps, reduced 
synthesis of outer membrane porins, or 
both; these effects vary among species, 
herbicides, and antibiotics (Kurenbach 
et al. 2015). Common surfactants used 
in herbicide preparation such as car-
boxymethyl cellulose (CMC) and Tween 

80 also showed effects on the antibiotic 
susceptibility of bacteria though to a 
lesser extent than those of the active 
ingredients (Kurenbach et al. 2018).

Herbicides promote efflux 
pump activity in bacteria and 
horizontal gene transfer 

Adaptive resistance is characterised 
by the induction of resistance to one 
or more antibiotics in response to the 
presence of an environmental signal. 
When the inducing signal is removed, 
antibiotic resistance generally returns 
to the original level though in some 
cases it cannot be restored (Fernán-
dez et al. 2011). As an adaptive feature, 
long-term herbicide exposure may also 
promote antibiotic resistance indirectly 
via cross-resistance evolution if the 
same mutations increase bacterial tol-
erance to both herbicides and antibiot-
ics (Comont 2020). 
The over-expression of efflux pumps 
has been linked to induced tolerance 

to antibiotics in a variety of organisms, 
such as E. coli, Pseudomonas aerugino-
sa, Campylobacter jejuni, Streptococcus 
pneumoniae, and Salmonella enterica 
serovar Typhimurium (Webber and 
Piddock 2003). The activation of the 
AcrAB-TolC efflux pump in E. coli and S. 
enterica serovar Typhimurium has been 
shown to result in reduced suscepti-
bility to fluoroquinolone, β-lactams, 
tetracycline, and chloramphenicol 
(Fernández et al. 2011). Herbicides have 
also been shown to promote antibi-
otic resistance via horizontal transfer 
of ARGs within bacterial strains and 
between species. 
Herbicide exposure leads to chemical 
stress that causes oxidative damage 
to DNA, accumulation of intracellular 
reactive oxygen species (ROS) and SOS 
response, and increased cell membrane 
permeability in bacteria that further 
promotes conjugation frequency (Liao 
et al. 2021). 

Major soil microorganisms 
relevant to human health and 
disease
Soil microbiomes are extremely com-
plex and diverse; each gram of soil 
contains more than 10 000 varieties 
of microorganisms. It is estimated that 
25% of the life on Earth is in soil. 
Soil microbiome studies have revealed 
a wealth of information about soil 
biodiversity, soil-microbe interactions, 
and ecosystems. Soil microorganisms 
play multiple roles and the majority of 
these microorganisms do not pose a 
threat to human health. They partici-
pate in soil formation, nutrient cycling, 
soil fertility maintenance, and a multi-
tude of complex interactions between 
organisms within the soil and with the 
soil itself. However, some soil microbes 
are opportunistic pathogens that take 
advantage of susceptible individuals, 
such as those who are immuno-com-
promised, and some are obligate 
pathogens that must infect humans in 

Figure 1: 
Worldwide pesticide consumption 
by region from 1990 to 2017.
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Herbicides such as 
glyphosate, glufosinate, 
and dicamba have been 
implicated as a cause 
of major alterations in 
bacterial sensitivity to 
various antibiotics. 
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order to complete their life-cycles, such 
as parasites. These organisms may be 
capable of surviving in soil for extended 
periods of time before infecting hu-
mans who come into contact with con-
taminated soil. Factors that may affect 
the incidence of soil-borne diseases 
are interrelated or associated with land 
management practices, the purpose 
of land use, climate change, the use 
of antibiotics/antiseptics in livestock, 
environmental disinfectant use, and 
methods of water purification. 
Organisms in the soil that cause hu-
man infections are divided into two 
major groups: euedaphic pathogenic 
organisms (EPO) and soil-transmitted 
pathogens (STP). EPOs are potential 
pathogens among true soil organisms 
and STPs are not true soil organisms 
but obligate human pathogens that can 
survive in soil for extended periods of 
time until they enter a human body to 
complete their life cycle (see Table 1).

Herbicides and food contami-
nation 

Herbicides are used to protect crops 
against weeds and they play a signifi-
cant role in food production. Herbicides 
are toxic to humans and can have both 
acute and chronic health effects. The 
effects of herbicides depend on the 
quantity and route of exposure. 
Herbicide production, distribution, and 
use require strict regulation and con-
trol because herbicides are intrinsical-
ly toxic and deliberately spread in the 
environment. Regular monitoring for 
pesticide residues in food and in the 
environment is also required. There are 
many regulations in place today around 
the world to ensure food safety and to 
eliminate the adverse effects of herbi-
cides on food consumers. The United 
States Environmental Protection Agen-
cy (EPA), the European Food Safety Au-
thority (EFSA), and the Food Safety and 
Standards Authority of India (FSSAI) are 
some of the apex agencies that regu-

late the quality of food and ensure food 
safety. The World Health Organisation 
(WHO) reviews evidence and develops 
internationally-accepted maximum 
residue limits (MRLs) for herbicide res-
idues. None of the herbicides that are 
authorized for use on food crops in in-
ternational trade today are genotoxic. 
Adverse effects from these chemicals 
occur only above safe levels of expo-
sure. Agricultural workers who apply 
herbicides are directly exposed and are 
most at risk. The 2018 European Food 
safety Authority (EFSA) report on pes-
ticide residues in food products com-
monly consumed by European citizens 
found that of 11 679 samples analysed, 
58% of the samples were found to be 
without quantifiable levels of residues 
(residues < limit of quantification [LOQ]) 
(European Food Safety Authority 2020). 
Foods tested included aubergines (egg-
plant), bananas, broccoli, cultivated 
fungi, grapefruit, melons, sweet pep-
pers/bell peppers, table grapes, wheat 

grain, virgin olive oil, bovine fat, and 
chicken eggs. (ibid.). One or more pes-
ticide residues in concentrations above 
the LOQ were found in 40.6% of the 
samples. 1.4% of the samples contained 
residue concentrations exceeding the 
MRLs (ibid.). 26 countries submitted 
9 573 food samples (including processed 
products) for glyphosate residue testing 
(ibid.) Glyphosate was quantified at lev-
els above the LOQ but below the MRL in 
1.9% of the samples (179 samples) and 
exceeded the MRL in 12 samples (0.1%), 
a decrease from the exceedance rate 
in 2017 (0.2%) (ibid.). MRL exceedanc-
es were identified in samples grown in 
Argentina (one dry bean sample), Ger-
many (one apple sample), India (one 
dry lentil sample), Lithuania (four hon-
ey and other apicultural product sam-
ples), Poland (two buckwheat and other 
pseudo-cereal samples and one honey 
and other apicultural product sample), 
and Ukraine (two millet samples) (ibid). 
The FSSAI, India’s food regulatory au-

Table 1: 
Major euedaphic pathogenic orga-
nisms (EPO) and soil transmitted 
pathogens (STP) and the diseases 
they cause.
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on antimicrobial resistance 
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Euedaphic Pathogenic Organisms (EPO) Soil-Transmitted Pathogens (STP)

Name of organism Disease caused Name of organism Disease caused

Actinomyces sp. Actinomycetoma Coxiel/a burnetii Q Fever

Bacillus anthracis Anthrax Borrelia sp. Lyme disease

Clostridium botulinum Botulism Ascaris lumbricoides Ascariasis

Campylobacter jejuni Campylobacteriosis Salmonella enterica Salmonellosis

Leptospira interrogans Leptospirosis Pseudomonas aeruginosa Multiple lnfections

Listeria monocytogenes Listeriosis Escherichia coli Multiple Infections

Clostridium tetani Tetanus Entamoeba histolytica Amoebiasis

Francisella tularensis Tularemia Trichuris trichiura Trichuriasis

Clostridium perferingens Gas Gangrene Echinococcus multicularis Echinococcosis

Yersinia enterocolitica Yersiniosis Strongyloides Stercoralis Strongyloidiasis

Aspergillus sp. Aspergillosis Trichinella spiralis Trichinellosis

Blastomyces dermatitidis Blastomycosis Cryptosporidium parvum Cryptosporidiosis

Coccidiodes immitis Coccidioidomycosis Balantidium coli Balantidiasis

Histoplasma capsulatum Histoplasmosis Cyclospora cayetanensis Cyclosporiasis

Sporothrix sclzenckii Sporotrichosis Isospora belli Isosporiasis

Rhizopus sp. Mucormycosis Giardia lambila Giardiasis

Nocardia sp. Mycetoma Toxoplasma gondii Toxoplasmosis

Strongyloides Stercoralis Strongyloidiasis Shigella dyseneriae Shigellosis

thority, reported that in 2017-18 a total 
of 23 660 samples that included vege-
tables, fruits, spices, rice, and tea were 
analysed for pesticide residues (Food 
Safety and Standards Authority of India 
2019). Pesticide residues were detected 
in 19.1% of the samples, of which 2.2% 
were found to exceed FSSAI’s MRL, in-
cluding 1.9% of vegetable samples, 1.1% 
of fruits samples, 12.1% of spice samples, 
7.2% of rice samples, 1% of wheat sam-
ples, and 1% of pulses samples (ibid.). 
None of the tea, packaged milk, or fish/
meat samples were found to exceed 
FSSAI’s MRL (ibid.). Understanding the 
interrelationship between water, soil, 
pesticides, and livestock is necessary 
for environmental monitoring programs 
and for raising awareness to overcome 
the current AMR crisis. The Food and 
Agriculture Organization of the United 
Nations (FAO) is home to a vast reservoir 
of knowledge, with experts that include 
food safety specialists, agronomists, and 
veterinarians. The FAO plays a unique 
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role in supporting producers and oth-
er actors in food systems in addressing 
antimicrobial resistance (AMR) risk. The 
FAO has engaged in significant, sus-
tained efforts to raise awareness of AMR 
risks and advocate for improved behav-
iours and policies among cross-sectoral 
fields (Food and Agricultural Organiza-
tion 2020). The FAO has set up an action 
plan for AMR with main focus areas that 
include: 

1. Promoting good practices in food and 
agriculture systems with prudent use of 
antimicrobials,

2. Strengthening governance related to 
antimicrobial use (AMU) and AMR in 
food and agriculture, and 

3. Developing capacity for surveillance 
and monitoring of AMR and AMU in 
food and agriculture. 

These guidelines and regulations exist 
in part to keep food in compliance with 
maximum residue limits to significant-
ly reduce the exposure of the general 

population to all sorts of chemicals 
used in agriculture. People can further 
limit their exposure to these residues 
by following these household practices: 

1. Ensure safe, purified drinking water.

2. Scrub and rinse firm fruits and 
vegetables like melons, potatoes, and 
carrots before consuming. 

3. Use drinking water to rinse vegetable 
surfaces (this will remove about 80% of 
chemical residues). 

4. Use 2% salt water to rinse vegetable 
surfaces (this will remove nearly 100% 
of chemical residues). 

5. Peel the outer layer of fruits and veg-
etables like mangoes and citrus.

6. Blanch vegetables or soak them in 
vinegar. 

These practices reduce the presence 
of chemical residues and also prevent 
other foodborne hazards, such as con-
sumption of harmful bacteria. 
While food safety agencies regulate 

pesticide and agrochemical use on 
food, there is still a need for guidelines 
to monitor the effects of agrochemicals 
on soil microorganisms. Only a few in 
vitro studies have been published that 
investigate the effects of commonly 
used pesticides and herbicides on soil 
microorganisms. Genotoxicity stud-
ies conducted to receive regulatory 
approval for herbicides and pesticides 
should consider studying the effects 
of those chemicals on the genome 
plasticity of microorganisms that are 
relevant to human health and present 
in agriculture and livestock environ-
ments. In spite of all the action plans 
and measures taken by governments 
and scientific agencies, every individual 
should be aware of the concept of AMR 
and its implications. Every one of us 
should be vigilant in how our actions 
relate to our health and our environ-
ment. On behalf of AMR Insights, we 
engage in activities promoting knowl-
edge about the AMR crisis and we 

initiate steps to save the world from 
the threat of AMR for the betterment of 
society.

The AMR Insights Ambassador Net-
work consists of an integrated global 
and cross-professional community 
discussing, devising, and driving 
actions to combat AMR. The Network 
aims to inspire, connect, and empower 
our Ambassadors to take individual 
and collective actions to curb AMR. 
Here are the authors’ affiliations: 

1Department of Biotechnology, Indian 
Institute of Technology, Roorkee, 
India; 2Barcelona Institute of Global 
Health, Barcelona, Spain; 3Infectious 
Diseases Institute, Makerere Univer-
sity, Kampala, Uganda; 4Department 
of Microbiology, University of Ibadan, 
Nigeria; 5Department of Veterinary 
Extension, Banaras Hindu University, 
India; 6Department of Microbiology, 
Lanka Hospital Diagnostics, Sri Lanka; 
7AMR Insights, Amsterdam, 
The Netherlands.

References 

Benbrook CM. 2016. Trends in glyphosate 
herbicide use in the United States and globally. 
Environ Sci Eur. 28: 3.

Comont D, Lowe C, Hull R, Crook L, Hicks HL, 
Onkokesung N, Beffa R, Childs DZ, Edwards R, 
Freckleton RP. 2020. Evolution of generalist 
resistance to herbicide mixtures reveals a trade-
off in resistance management. Nat Commun. 
11: 1-9.

Duke SO, Powles SB. 2008. Glyphosate: a once-
in-a-century herbicide. Pest Manag Sci. 64: 
319-25.

European Food Safety Authority. 2020. The 

2018 European Union report on pesticide resi-
dues in food. EFSA Journal. 18(4): 6057.

Fernández L, Breidenstein EB, Hancock RE. 2011. 
Creeping baselines and adaptive resistance to 
antibiotics. Drug Resist Updat. 14: 1-21.

Food and Agriculture Organization. 2016. The 
State of Food and Agriculture: Climate Change, 
Agriculture and Food Security. [accessed 13 
April 2021]. www.fao.org/3/a-155996E.pdf

Food and Agriculture Organization. 2020. 
Progress report on the implementation of FAO 
Action Plan on Antimicrobial Resistance (AMR) 
2016-2020, and the proposal for a new FAO 
Action Plan on AMR 2021-2025. [accessed 5 
April 2021]. http://www.fao.org/3/nd393en/
nd393en.pdf

Food Safety and Standards Authority of India 
(FSSAI). 2019. Survey Report on the status of 
pesticide residues in India. [accessed 13 April 
2021]. https://www.fssai.gov.in/upload/adviso-
ries/2019/10/5da705b31ca78Letter_Report_Pes-
ticides_MRL_16_10_2019.pdf

Holt JS. 2013. Herbicides. Levin, SA (ed.). 
Encyclopedia of Biodiversity (Second Edition). 
Waltham: Academic Press.

Kurenbach B, Marjoshi D, Amábile-Cuevas CF, 
Ferguson GC, Godsoe W, Gibson P, Heinemann 
JA. 2015. 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. MBio: 6(2):e00009-15. 

Kurenbach B, Gibson PS, Hill AM, Bitzer AS, Silby 
MW, Godsoe W, Heinemann JA. 2017. Herbicide 
ingredients change Salmonella enterica sv. 
Typhimurium and Escherichia coli antibiotic re-
sponses. Microbiology (Reading). 163: 1791-1801.

Kurenbach B, Hill AM, Godsoe W, van 
Hamelsveld S, Heinemann JA. 2018. Agrichem-
icals and antibiotics in combination increase 
antibiotic resistance evolution. PeerJ. 6: e5801.

Liao H, Li X, Yang Q, Bai Y, Cui P, Wen C, Liu C, 
Chen Z, Tang J, Che J. 2021. Herbicide selection 
promotes antibiotic resistance in soil microbi-
omes. Mol Biol Evol. Available from: https://doi.
org/10.1093/molbev/msab029

Malagón-Rojas JN, Parra Barrera EL, Lagos L. 
2020. From environment to clinic: the role 
of pesticides in antimicrobial resistance. Rev 
Panam de Salud Publica. 44: e44. doi: 10.26633/
RPSP.2020.44

Pérez-Valera E, Kyselková M, Ahmed E, Slade-
cek FXJ, Goberna M, Elhottová D. 2019. Native 
soil microorganisms hinder the soil enrichment 
with antibiotic resistance genes following ma-
nure applications. Scientific Reports. 9: 6760.

Rainio MJ, Ruuskanen S, Helander M, Saikkonen 
K, Saloniemi I, Puigbo P. 2020. Adaptation of 
bacteria to glyphosate: a microevolutionary per-
spective of the enzyme 5-enolpyruvylshikimate 
3-phosphate (EPSP) synthase. bioRxiv. Available 
from: https://doi.org/10.1101/2020.06.16.154005

Ramakrishnan B, Venkateswarlu K, Sethuna-
than N, Megharaj M. 2019. Local applications 
but global implications: Can pesticides drive 
microorganisms to develop antimicrobial resist-
ance? Sci Total Environ. 654: 177-189.

Tothova T, Sobekova A, Holovska K, Legath J, 
Pristas P, Javorsky P. 2010. Natural glufosinate 
resistance of soil microorganisms and GMO 
safety. Cent Eur J Biol. 5: 656-663.

Van Bruggen A, He M, Shin K, Mai V, Jeong K, 
Finckh M, Morris Jr J. 2018. Environmental and 
health effects of the herbicide glyphosate. Sci 
Total Environ. 616: 255-268.

Webber MA, Piddock LJV. 2003. The importance 
of efflux pumps in bacterial antibiotic resist-
ance. J Antimicrob Chemother. 51: 9-11.

Wicke D, Schulz LM, Lentes S, Scholz P, Poehlein 
A, Gibhardt J, Daniel R, Ischebeck T, Commichau 
FM. 2019. Identification of the first glyphosate 
transporter by genomic adaptation. Environ 
Microbiol. 21: 1287-1305.

Herbicides and their impact 
on antimicrobial resistance 
in the context of food and food safety

… there is still a need 
for guidelines to 
monitor the effects of 
agrochemicals on soil 
microorganisms. 

Nagarjuna
Daram et al.

66 67  AFFIDIA - THE JOURNAL OF FOOD DIAGNOSTICS / 01 / 2021


