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1. Introduction

The awareness about pollution of the environment by antimicrobials/antibiotics is increasing
globally. So is the literature, which is predominantly on antibiotic resistant bacteria, antibiotic resistance
genes and antibiotic residues in the environment. The main concern about this, is the fear that resistance
in the environment will get transferred to the clinical pathogens (for example, through horizontal gene
transfer) leading to untreatable infectious diseases. It is estimated that antibiotic resistance may result
in deaths of several million per year, if suitable measures are not taken up to mitigate the resistance
problem [1]. The World Health Organization and the United Nations General Assembly have therefore
called antimicrobial resistance a global threat that needs to be resolved with top priority [2,3].

The resistance generating sources in the environment are mainly human waste, animal waste and
manufacturing waste. Both humans and animals (agriculture, poultry, aquaculture etc.), release large
amounts of antimicrobials/antibiotics, which are consumed by them for therapeutic and prophylactic
use, in the environment through excretions and improper disposal, and also the resistant bacteria in
their systems, and make the environment prone to multiplication of resistant bacteria and abundance
of resistance genes. An additional issue in this is the inappropriate use of antibiotics by humans for
themselves and for their animals, because of lack of awareness regarding appropriate use of antibiotics.
Interventions in the form of increasing public awareness and knowledge are the most commonly
used strategies for effecting appropriate antimicrobial use and reducing antimicrobial resistance [4].
For example, in a survey in China it was found that the pig farmers’ knowledge regarding antibiotic
use for their pigs was very poor and it was accompanied with improper behaviour. The survey
results further showed that the probability of improper antibiotic use decreased with the increase in
farmers’ knowledge about appropriate antibiotic use, and about the hazards of antibiotic residues in the
environment [5]. The drug manufacturing units also, through their effluents, pollute the environment
by antimicrobials. The available treatments/treatment plants for treating wastewater/effluents not
being efficient to neutralize these pollutants, there is an abundance of antimicrobials/antibiotics,
resistant microbes/bacteria and resistance genes in the environment. The share of literature is higher
for antibiotic resistant bacteria compared to antibiotic residues and resistance genes as the detection of
the latter two is relatively more expensive and also requires a little higher level of technology. In this
article, we will mainly deal with antibiotic resistant bacteria, resistance genes and antibiotic residues in
the environment.
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2. Non-Aquatic Environment

Studies from several parts of the world have reported the presence of antibiotic residues, antibiotic
resistant bacteria, as well as resistance genes in various non-aquatic environmental compartments
such as soil, manure, animal meat, plants etc. [6–10]. In the context of resistance, the literature
is more abundant for poultry, it being known as an extensive user of antimicrobials for growth
promotion/prophylaxis besides the therapeutic use, and there are several reports of antibiotic residues,
resistant bacteria and resistance genes being detected in poultry environment [11–13].

3. Aquatic Environment

Most of the antimicrobials/antibiotics used for various purposes and that from manufacturing
plant effluents end up in the aquatic systems of the world environment, as well as the resistant
bacteria and resistance genes generated by them. Thus, there are reports of their occurrence
in hospital wastewater [14–18], rivers [19–21], rainwater-harvesting tanks [22], canal waters [23],
recreational waters [24], municipal/community wastewater [25], and pharmaceutical plant effluent [26].
These wastewater discharges further have impact on various water bodies and contaminate them [27].

4. Non-Aquatic and Aquatic Environment Combined

While there are studies which look into only one of the many non-aquatic or aquatic compartments
of the environment, there are many studies that cover both these types encompassing a composite
environment. For example, water and plants [28], water and sand [24], wastewaters, natural and
drinking waters and solid matrices such as sludge, sediment, and soil [8,29].

5. Resistance Built up in Bacteria after Exposure to Antibiotics in Environment

While in vitro studies show a link between antibiotic exposure and antibiotic resistance,
experiments are also needed to be done in actual environmental niches to see whether resistance
gets built up in the presence of antibiotics in an environmental compartment and whether antibiotic
exposure causes any adverse effects on the environmental system. Two such experiments are cited
here. In one experiment, in a turkey farm, it was found that resistance to enrofloxacin was detected
at a very high frequency after treatments with enrofloxacin via drinking water, a representation of
poultry drinking water from natural sources contaminated with antibiotic residues [30]. In another
hydroponic experiment, representing plants growing in antibiotic contaminated waters, exposing
pakchoi (Brassica chinensis L.) to antibiotic contaminated waters, resulted in detection of target antibiotics
at concentrations ranging from 6.9 to 48.1 µg·kg−1 in the vegetable grown in contaminated water,
and the rates of antibiotic-resistant endophytic bacteria as well as the resistance genes significantly
increased in the plants [31].

6. Environmental Contamination by Antibiotics and One Health

We define here ‘One Health’ in the context of environment and antimicrobial resistance as,
One Health is a study and interpretation of an integrated paradigm of antimicrobials and antimicrobial
resistance dynamics and epidemiology, that encompasses human health, biodiversity health and
ecosystem health including socio-behavioural aspects, that informs on the processes leading to the
occurrence and recurrence of infectious agents and resistance and their dissemination and extinction
in organic and inorganic habitats/environments, for the purpose of development of antimicrobial
resistance management strategies. Few studies, projects or literature reviews encompassing all these
dimensions for an organism or an antimicrobial in a particular niche/geographical area/ecosystem
are evident in literature (e.g., [27,29]). Studies mostly occur in separate events and not as a conscious
integrated event. In our project in India entitled ‘APRIAM-Studies on Antibiotic Use, Antibiotic
Resistance and Antibiotic Residues in the Environment of India with a Context of Antibiotic Resistance
Management in a One Health Approach’, we kept in focus a One Health approach while using varying
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study dimensions and while creating certain protocols [32,33]. Although the project is still ongoing,
a mention of some of its results is worthwhile here to create a context between environmental antibiotic
residues, antibiotic resistance, resistance genes and One Health. We found that, in people’s and
healthcare worker’s perception, environment was intimately connected to occurrence of infectious
diseases, antibiotic use and resistance development [34,35]; a time-series analysis study also showed
that climatic factors influenced occurrence of Methicillin-Resistant Staphylococcus aureus (MRSA)
skin and soft-tissue infections [36], and further we found that, resistance patterns were shared for
Escherichia coli from humans, animal (cow) and their associated water when from an inland area,
whereas, when located in the proximity of sea, resistance of E. coli from humans, animals and water
had a shared pattern but it was different from the inland one [37]. We also found that in a niche area in
a village, there was not only commonality of a resistance pattern of E. coli in humans, animals and
the water in their environment but the commonality also extended to resistance genes [38]. In further
exploration, we found that antibiotic residues, antibiotic resistance and resistance genes in water and
sediments of a nearby river share some commonality [21]. As socio-behavioural and anthropogenic
aspects also have an impact on the generation of resistance in the environment [39]. We also conducted
studies on the same river about the impact of a special anthropogenic activity particular to India,
holy dip and congregative holy dip of millions of persons in a holy river (Kumbh Mela) on antibiotic
residues, antibiotic resistance and resistance genes (to be published). When our studies are complete,
all these will be mapped from a One Health perspective.

7. Current Wastewater Treatment Failure

Wastewater is produced daily from various sectors and segments of society. Worldwide,
113 countries have data available on wastewater production, 103 countries on wastewater treatment,
and62 countries on wastewater use [40] E ven after treatment, antibiotic residues, antibiotic resistant
bacteria and resistance genes are still present in the wastewater, and the wastewater treatment
plants (WWTP) are considered ‘hot spots’ of resistance multiplication [41] The wastewater from
households, animal rearing facilities and WWTP effluents mostly get released into nearby waterways,
wherefrom it might be used for irrigation purposes and studies have shown that some antibiotics
have very long half-lives in agricultural soils: 55 to 578 days for tetracycline and 120 to 2310 days
for ciprofloxacin [42–44]. Conventional wastewater treatment facilities typically have biological
degradation, for example using the activated sludge process, whereas advanced facilities have tertiary
treatment processes, such as reverse osmosis, ozonation, sonolysis and advanced oxidation technologies
like fenton oxidation, heterogenous-photocatalysis with TiO2 etc. These treatments do not necessarily
fully remove antibiotic residues, antibiotic resistant bacteria and resistance genes from the wastewater.
For example, there are reports that antibiotic residues, antibiotic resistant bacteria and resistance
genes still remain even after the conventional treatment [16,45]. Additionally, even after the advanced
treatment processes currently in use, the problem is not fully resolved, for example, a study showed
that even after ozonation treatment about 20% of sulfonamides, trimethoprim and macrolides still
remained in the effluent [46].

8. Complete Remediation of Environmental Antibiotic Residues, Resistant Bacteria
and Resistance Genes

Considering these issues and also that the normal photocatalysts used for disinfection are
expensive materials like silver (Ag), titanium (Ti) etc., there was a need to develop photocatalysis based
on inexpensive resources. Our research group has developed a technique using cheap resources like
iron (Fe) or kaolinite nanoparticles and sunlight or visible light, that results in complete disinfection of
multi-drug resistant pathogenic enteric bacteria and Salmonella from natural waters such as from ponds,
rivers, lakes, tap water etc. [47–49].The same technique using the cheap resource of Fe and sunlight is
also successful in 100% decontamination of environmentally highly stable antibiotics like ciprofloxacin
from natural waters [50].This technique using sunlight is also useful with the conventional expensive
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photocatalysts [51]. Further, for this technique, we have been able to show that the genetic resistance
material gets completely degraded by this technique and in the process, we have also developed an
insight into how the resistance gets broken down [49,52].

9. Conclusions

There is a need for regulations to be established and implemented in many areas related to
antimicrobials in the environment. The areas to focus are the pharmaceutical industry, hospitals,
wastewater treatment plants, aquaculture farms, poultry farms, pig farms, and households. Other key
areas to focus are strengthening and persevering awareness and education, antimicrobial stewardship
strategies inclusive of environmental risk sensitization and management, pharmaceutical take-back
programs, designing greener antimicrobials with better degradability in the environment, implementing
environmental risk assessment prior to the launch of new drugs, monitoring release of antimicrobials
into the environment, and eco-pharmacovigilance. The risk of using sewage/wastewater for irrigation
needs to be carefully evaluated. Toxicological effects of antimicrobial use on non-target organisms
and the environment should be addressed and informed to practitioners. There is a need to use less
costly methods for antimicrobial residue measurements. Additionally, there should be methods of
monitoring progress of correctives.

The whole gamut of antimicrobial/antibiotic use, antimicrobial/antibiotic residues,
antimicrobial/antibiotic resistance, resistance genes, and horizontal gene transfer is interconnected,
one leading to another and finally resulting in increased antimicrobial/antibiotic use, which further
leads to the same consequences. Therefore, there is a need to develop and implement instruments to
carefully monitor antimicrobial/antibiotic use in community, animals, and hospitals, as well as residues,
resistant microbes/bacteria and resistance genes in all compartments of the environment, and to update
this information on a continuous basis. The crisis of antimicrobial/antibiotic resistance is reaching
unmanageable proportions and if immediate measures are not taken to resolve the problem, simple
infections may become life threatening.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. O’Neill, J. Antimicrobial Resistance: Tackling A Crisis for the Health and Wealth of Nations.
Available online: https://amr-review.org/sites/default/files/AMR%20Review%20Paper%20-%20Tackling%
20a%20crisis%20for%20the%20health%20and%20wealth%20of%20nations_1.pdf (accessed on 9 November
2019).

2. Global Action Plan on Antimicrobial Resistance. I. World Health Organization. ISBN 978 92 4 150976 3.
Available online: http://www.wpro.who.int/entity/drug_resistance/resources/global_action_plan_eng.pdf
(accessed on 25 October 2019).

3. Draft Political Declaration of the High-Level Meeting of the General Assembly on Antimicrobial
Resistance. Available online: https://www.un.org/pga/71/wp-content/uploads/sites/40/2016/09/DGACM_
GAEAD_ESCAB-AMR-Draft-Political-Declaration-1616108E.pdf (accessed on 25 October 2019).

4. Van Katwyk, S.R.; Grimshaw, J.M.; Nkangu, M.; Nagi, R.; Mendelson, M.; Taljaard, M.; Hoffman, S.J.
Government policy interventions to reduce human antimicrobial use: A systematic review and evidence
map. PLoS Med. 2019, 16, e1002819. [CrossRef] [PubMed]

5. Chen, X.; Wu, L.; Xie, X. Assessing the Linkages between Knowledge and Use of Veterinary Antibiotics by
Pig Farmers in Rural China. Int. J. Environ. Res. Public Health 2018, 15, 1126. [CrossRef] [PubMed]

6. Pikkemaat, M.G.; Yassin, H.; van der Fels-Klerx, H.J.; Berendsen, B.J.A. Antibiotic Residues and Resistance
in the Environment; RIKILT Report; RIKILT Wageningen UR (University & Research centre): Wageningen,
The Netherlands, 2016; Volume 9, p. 32.

https://amr-review.org/sites/default/files/AMR%20Review%20Paper%20-%20Tackling%20a%20crisis%20for%20the%20health%20and%20wealth%20of%20nations_1.pdf
https://amr-review.org/sites/default/files/AMR%20Review%20Paper%20-%20Tackling%20a%20crisis%20for%20the%20health%20and%20wealth%20of%20nations_1.pdf
http://www.wpro.who.int/entity/drug_resistance/resources/global_action_plan_eng.pdf
https://www.un.org/pga/71/wp-content/uploads/sites/40/2016/09/DGACM_GAEAD_ESCAB-AMR-Draft-Political-Declaration-1616108E.pdf
https://www.un.org/pga/71/wp-content/uploads/sites/40/2016/09/DGACM_GAEAD_ESCAB-AMR-Draft-Political-Declaration-1616108E.pdf
http://dx.doi.org/10.1371/journal.pmed.1002819
http://www.ncbi.nlm.nih.gov/pubmed/31185011
http://dx.doi.org/10.3390/ijerph15061126
http://www.ncbi.nlm.nih.gov/pubmed/29857480


Int. J. Environ. Res. Public Health 2019, 16, 4614 5 of 7

7. Oloso, N.O.; Fagbo, S.; Garbati, M.; Olonitol, S.O.; Awosany, E.J.; Aworh, M.K.; Adamu, H.; Odetokun, A.I.;
Fasina, F.O. Antimicrobial Resistance in Food Animals and the Environment in Nigeria: A Review. Int. J.
Environ. Res. Public Health 2018, 15, 1284. [CrossRef] [PubMed]

8. Hanna, N.; Pan, S.; Sun, Q.; Li, X.W.; Yang, X.; Xiang, J.; Zou, H.; Ottoson, J.; Nilsson, L.E.; Berglund, B.;
et al. Presence of antibiotic residues in various environmental compartments of Shandong province in
eastern China: Its potential for resistance development and ecological and human risk. Environ. Int. 2018,
114, 131–142. [CrossRef]

9. Pérez-Etayo, L.; Berzosa, M.; González, D.; Vitas, A.I. Prevalence of Integrons and Insertion Sequences in
ESBL-Producing E. coli Isolated from Different Sources in Navarra, Spain. Int. J. Environ. Res. Public Health
2018, 15, 2308. [CrossRef]

10. Berendonk, T.U.; Manaia, C.M.; Merlin, C.; Fatta-Kassinos, D.; Cytryn, E.; Walsh, F.; Bürgmann, H.; Sørum, H.;
Norström, M.; Pons, M.N.; et al. Tackling antibiotic resistance: The environmental framework. Nat. Rev.
Microbiol. 2015, 13, 310–317. [CrossRef]

11. Muaz, K.; Riaz, M.; Akhtar, S.; Park, S.; Ismail, A. Antibiotic Residues in Chicken Meat: Global Prevalence,
Threats, and Decontamination Strategies: A Review. J. Food Prot. 2018, 81, 619–627. [CrossRef]

12. Lee, J.; Jeong, J.; Lee, H.; Ha, J.; Kim, J.; Choi, Y.; Oh, H.; Seo, K.; Yoon, Y.; Lee, S. Antibiotic Susceptibility,
Genetic Diversity, and the Presence of Toxin Producing Genes in Campylobacter Isolates from Poultry. Int. J.
Environ. Res. Public Health 2017, 14, 1400. [CrossRef]

13. Odoch, T.; Sekse, C.; L’abee-Lund, T.; Hansen, H.C.H.; Kankya, C.; Wasteson, Y. Diversity and Antimicrobial
Resistance Genotypes in Non-Typhoidal Salmonella Isolates from Poultry Farms in Uganda. Int. J. Environ.
Res. Public Health 2018, 15, 324. [CrossRef]

14. Diwan, V.; Tamhankar, A.J.; Khandal, R.K.; Sen, S.; Aggarwal, M.; Marothi, Y.; Iyer, R.V.;
Sundblad-Tonderski, K.; Stålsby-Lundborg, C. Antibiotics and antibiotic-resistant bacteria in waters associated
with a hospital in Ujjain, India. BMC Public Health 2010, 3, 414. [CrossRef]

15. Diwan, V.; Stålsby Lundborg, C.; Tamhankar, A.J. Seasonal and Temporal Variation in Release of Antibiotics
in Hospital Wastewater: Estimation Using Continuous and Grab Sampling. PLoS ONE 2013, 8, e68715.
[CrossRef] [PubMed]

16. Lien, T.Q.; Hoa, N.Q.; Chuc, N.T.; Thoa, N.T.; Phuc, H.D.; Diwan, V.; Dat, N.T.; Tamhankar, A.J.; Stålsby
Lundborg, C. Antibiotics in Wastewater of a Rural and an Urban Hospital before and after Wastewater
Treatment, and the Relationship with Antibiotic Use-A One Year Study from Vietnam. Int. J. Environ. Res.
Public Health. 2016, 13, 588. [CrossRef] [PubMed]

17. Lien, L.T.Q.; Lan, P.T.; Chuc, N.T.K.; Hoa, N.Q.; Nhung, P.H.; Thoa, N.T.M.; Diwan, V.; Tamhankar, A.J.;
Stålsby Lundborg, C. Antibiotic resistance and antibiotic resistance genes in Escherichia coli isolates from
hospital wastewater in Vietnam. Int. J. Environ. Res. Public Health 2017, 14, 699. [CrossRef] [PubMed]

18. Martins, A.F.; Vasconcelos, T.G.; Henriques, D.M.; da S. Frank, C.; König, A.; Kümmerer, K. Concentration of
Ciprofloxacin in Brazilian Hospital Effluent and Preliminary Risk Assessment: A Case Study. Clean Soil Air
Water 2008, 36, 264–269. [CrossRef]

19. Hladicz, A.; Kittinger, C.; Zarfel, G. Tigecycline Resistant Klebsiella pneumoniae Isolated from Austrian
River Water. Int. J. Environ. Res. Public Health 2017, 14, 1169. [CrossRef] [PubMed]

20. Kittinger, C.; Kirschner, A.; Lipp, M.; Baumert, R.; Mascher, M.; Farnleitner, A.H.; Zarfel, G. Antibiotic
Resistance of Acinetobacter spp. Isolates from the River Danube: Susceptibility Stays High. Int. J. Environ.
Res. Public Health 2018, 15, 52. [CrossRef] [PubMed]

21. Diwan, V.; Hanna, N.; Purohit, M.; Chandran, S.; Riggi, E.; Parashar, V.; Tamhankar, A.J.; Stålsby Lundborg, C.
Seasonal Variations in Water-Quality, Antibiotic Residues, Resistant Bacteria and Antibiotic Resistance Genes
of Escherichia coli Isolates from Water and Sediments of the Kshipra River in Central India. Int.J. Environ.
Res. Public Health 2018, 15, 1281. [CrossRef]

22. Malema, M.S.; Abia, A.L.K.; Tandlich, R.; Zuma, B.; Kahinda, J.M.M. Ubomba-Jaswa E Antibiotic-Resistant
Pathogenic Escherichia Coli Isolated from Rooftop Rainwater-Harvesting Tanks in the Eastern Cape, South
Africa. Int. J. Environ. Res. Public Health 2018, 15, 892. [CrossRef]

23. Ebomah, K.E.; Adefisoye, M.A.; Okoh, A.I. Pathogenic Escherichia coli Strains Recovered from Selected
Aquatic Resources in the Eastern Cape, South Africa, and Its Significance to Public Health. Int. J. Environ.
Res. Public Health 2018, 15, 1506. [CrossRef]

http://dx.doi.org/10.3390/ijerph15061284
http://www.ncbi.nlm.nih.gov/pubmed/29914203
http://dx.doi.org/10.1016/j.envint.2018.02.003
http://dx.doi.org/10.3390/ijerph15102308
http://dx.doi.org/10.1038/nrmicro3439
http://dx.doi.org/10.4315/0362-028X.JFP-17-086
http://dx.doi.org/10.3390/ijerph14111400
http://dx.doi.org/10.3390/ijerph15020324
http://dx.doi.org/10.1186/1471-2458-10-414
http://dx.doi.org/10.1371/journal.pone.0068715
http://www.ncbi.nlm.nih.gov/pubmed/23861936
http://dx.doi.org/10.3390/ijerph13060588
http://www.ncbi.nlm.nih.gov/pubmed/27314366
http://dx.doi.org/10.3390/ijerph14070699
http://www.ncbi.nlm.nih.gov/pubmed/28661465
http://dx.doi.org/10.1002/clen.200700171
http://dx.doi.org/10.3390/ijerph14101169
http://www.ncbi.nlm.nih.gov/pubmed/28972552
http://dx.doi.org/10.3390/ijerph15010052
http://www.ncbi.nlm.nih.gov/pubmed/29301193
http://dx.doi.org/10.3390/ijerph15061281
http://dx.doi.org/10.3390/ijerph15050892
http://dx.doi.org/10.3390/ijerph15071506


Int. J. Environ. Res. Public Health 2019, 16, 4614 6 of 7

24. Akanbi, O.E.; Njom, H.A.; Fri, J.; Otigbu, A.C.; Clarke, A.M. Antimicrobial Susceptibility of Staphylococcus
aureus Isolated from Recreational Waters and Beach Sand in Eastern Cape Province of South Africa. Int. J.
Environ. Res. Public Health 2017, 14, 1001. [CrossRef]

25. Seifrtová, M.; Pena, A.; Lino, C.M.; Solich, P. Determination of fluoroquinolone antibiotics in hospital and
municipal or wastewaters in Coimbra by liquid chromatography with a monolithic column and fluorescence
detection. Anal. Bioanal. Chem. 2008, 391, 799–805. [CrossRef]

26. Larsson, D.G.J.; de Pedro, C.; Paxeus, N. Effluent from drug manufactures contains extremely high levels of
pharmaceuticals. J. Hazard. Mater. 2007, 148, 751–755. [CrossRef] [PubMed]

27. Stålsby Lundborg, C.; Tamhankar, A.J. Antibiotic residues in the environment of South East Asia. BMJ 2017,
358, 2440. [CrossRef] [PubMed]

28. Hashemi, M.M.; Mmuoegbulam, A.O.; Holden, B.S.; Coburn, J.; Wilson, J.; Taylor, M.F.; Reiley, J.; Baradaran, D.;
Stenquist, T.; Deng, S.; et al. Susceptibility of Multidrug-Resistant Bacteria, Isolated from Water and Plants in
Nigeria, to Ceragenins. Int. J. Environ. Res. Public Health 2018, 15, 2758. [CrossRef] [PubMed]

29. Wang, J.; He, B.; Hu, X. Human-use antibacterial residues in the natural environment of China: Implication
for ecopharmacovigilance. Environ. Monit. Assess. 2015, 187, 331. [CrossRef] [PubMed]

30. Chuppava, B.; Keller, B.; El-Wahab, A.A.; Meißner, J.; Kietzmann, M.; Visscher, C. Resistance of Escherichia coli
in Turkeys after Therapeutic or Environmental Exposition with Enrofloxacin Depending on Flooring. Int. J.
Environ. Res. Public Health 2018, 15, 1993. [CrossRef] [PubMed]

31. Zhang, H.; Li, X.; Yang, Q.; Sun, L.; Yang, X.; Zhou, M.; Deng, R.; Bi, L. Plant Growth, Antibiotic Uptake,
and Prevalence of Antibiotic Resistance in an Endophytic System of Pakchoi under Antibiotic Exposure.
Int. J. Environ. Res. Public Health 2017, 14, 1336. [CrossRef]

32. Stålsby Lundborg, C.; Diwan, V.; Pathak, A.; Purohit, M.R.; Shah, H.; Sharma, M.; Mahadik, V.K.;
Tamhankar, A.J. Protocol: A ‘One health’ two year follow-up, mixed methods study on antibiotic resistance,
focusing children under 5 and their environment in rural India. BMC Public Health. 2015, 15, 1321. [CrossRef]

33. Diwan, V.; Purohit, M.; Chandran, S.; Parashar, V.; Shah, H.; Mahadik, V.K.; Lundborg, C.S.; Tamhankar, A.J.
A three-year follow-up study of antibiotic and metal residues, antibiotic resistance and resistance genes,
focusing on Kshipra-a river associated with holy religious mass-bathing in India: Protocol paper. Int. J.
Environ. Res. Public Health 2017, 14, 574. [CrossRef]

34. Sahoo, K.C.; Tamhankar, A.J.; Johansson, E.; Stålsby Lundborg, C. Community perceptions of infectious
diseases, antibiotic use and antibiotic resistance in context of environmental changes: A study in Orissa,
India. Health Expect. 2014, 5, 651–663. [CrossRef]

35. Sahoo, K.C.; Tamhankar, A.J.; Johansson, E.; Stalsby Lundborg, C. Antibiotic use, resistance development
and environmental factors: A qualitative study among healthcare professionals in Orissa, India. BMC Public
Health 2010, 10, 629. [CrossRef] [PubMed]

36. Sahoo, K.C.; Sahoo, S.; Marrone, G.; Pathak, A.; StålsbyLundborg, C.; Tamhankar, A.J. Climatic Factors and
Community—Associated Methicillin-Resistant Staphylococcus aureus Skin and Soft-Tissue Infections—A
Time-Series Analysis Study. Int. J. Environ. Res. Public Health. 2014, 29, 8996–9007. [CrossRef] [PubMed]

37. Sahoo, K.C.; Tamhankar, A.J.; Sahoo, S.; Sahu, P.S.; Klintz, S.R.; Lundborg, C.S. Geographical Variation in
Antibiotic-Resistant Escherichia coli Isolates from Stool, Cow-Dung and Drinking Water. Int. J. Environ. Res.
Public Health 2012, 9, 746–759. [CrossRef] [PubMed]

38. Purohit, M.R.; Chandran, S.; Shah, H.; Diwan, V.; Tamhankar, A.J.; Stålsby Lundborg, C. Antibiotic resistance
in an Indian rural community: A ‘One-health’ observational study on commensal coliform from humans,
animals and water. Int. J. Environ. Res. Public Health 2017, 14, 386. [CrossRef] [PubMed]

39. Stålsby Lundborg, C.; Tamhankar, A.J. Understanding and changing human behavior—Antibiotic
mainstreaming as an approach to facilitate modification of provider and consumer behavior. Upps. J.
Med. Sci. 2014, 119, 125–133. [CrossRef]

40. Sato, T.; Qadir, M.; Yamamoto, S.; Endo, T.; Zahoor, A. Global, regional, and country level need for data on
wastewater generation, treatment, and use. Agric. Water Manag. 2013, 130, 1–13. [CrossRef]

41. Michael, I.; Rizzo, L.; McArdell, C.S.; Manaia, C.M.; Merlin, C.; Schwartz, T.; Dagot, C.; Fatta-Kassinos, D.
Urban wastewater treatment plants as hotspots for the release of antibiotics in the environment: A review.
Water Res. 2013, 47, 957–995. [CrossRef]

42. Bound, J.P.; Kitsou, K.; Voulvoulis, N. Household disposal of pharmaceuticals and perception of risk to the
environment. Environ. Toxicol. Pharmacol. 2006, 3, 301–307. [CrossRef]

http://dx.doi.org/10.3390/ijerph14091001
http://dx.doi.org/10.1007/s00216-008-2020-1
http://dx.doi.org/10.1016/j.jhazmat.2007.07.008
http://www.ncbi.nlm.nih.gov/pubmed/17706342
http://dx.doi.org/10.1136/bmj.j2440
http://www.ncbi.nlm.nih.gov/pubmed/28874355
http://dx.doi.org/10.3390/ijerph15122758
http://www.ncbi.nlm.nih.gov/pubmed/30563216
http://dx.doi.org/10.1007/s10661-015-4514-6
http://www.ncbi.nlm.nih.gov/pubmed/25947893
http://dx.doi.org/10.3390/ijerph15091993
http://www.ncbi.nlm.nih.gov/pubmed/30216998
http://dx.doi.org/10.3390/ijerph14111336
http://dx.doi.org/10.1186/s12889-015-2632-2
http://dx.doi.org/10.3390/ijerph14060574
http://dx.doi.org/10.1111/j.1369-7625.2012.00789.x
http://dx.doi.org/10.1186/1471-2458-10-629
http://www.ncbi.nlm.nih.gov/pubmed/20964815
http://dx.doi.org/10.3390/ijerph110908996
http://www.ncbi.nlm.nih.gov/pubmed/25177823
http://dx.doi.org/10.3390/ijerph9030746
http://www.ncbi.nlm.nih.gov/pubmed/22690160
http://dx.doi.org/10.3390/ijerph14040386
http://www.ncbi.nlm.nih.gov/pubmed/28383517
http://dx.doi.org/10.3109/03009734.2014.905664
http://dx.doi.org/10.1016/j.agwat.2013.08.007
http://dx.doi.org/10.1016/j.watres.2012.11.027
http://dx.doi.org/10.1016/j.etap.2005.09.006


Int. J. Environ. Res. Public Health 2019, 16, 4614 7 of 7

43. Campagnolo, E.R.; Johnson, K.R.; Karpati, A.; Rubin, C.S.; Kolpin, D.W.; Meyer, M.T.; Esteban, J.E.;
Currier, R.W.; Smith, K.; Thu, K.M.; et al. Antimicrobial residues in animal waste and water resources
proximal to large-scale swine and poultry feeding operations. Sci. Total Environ. 2002, 299, 89–95. [CrossRef]

44. Walters, E.; McClellan, K.; Halden, R.U. Occurrence and loss over three years of 72 pharmaceuticals and
personal care products from biosolids-soil mixtures in outdoor mesocosms. Water Res. 2010, 44, 6011–6020.
[CrossRef]

45. Galler, H.; Feierl, G.; Petternel, C.; Reinthaler, F.; Haas, D.; Habib, J.; Kittinger, C.; Luxner, J.; Zarfel, G.
Multiresistant Bacteria Isolated from Activated Sludge in Austria. Int. J. Environ. Res. Public Health 2018, 15,
479. [CrossRef] [PubMed]

46. Hollender, J.; Zimmermann, S.G.; Koepke, S.; Krauss, M.; McArdell, C.S.; Ort, C.; Singer, H.; von Gunten, U.;
Siegrist, H. Elimination of organic micropollutants in a municipal wastewater treatment plant upgraded with
a full-scale postozonation followed by sand filtration. Environ. Sci. Technol. 2009, 43, 7862–7869. [CrossRef]
[PubMed]

47. Das, S.; Sinha, S.; Das, B.; Jayabalan, R.; Suar, M.; Mishra, A.; Tamhankar, A.J.; Stålsby Lundborg, C.;
Tripathy, S.K. Disinfection of Multidrug Resistant Escherichia coli by Solar-Photocatalysis using Fe-doped
ZnO Nanoparticles. Sci. Rep. 2017, 7, 104. [CrossRef] [PubMed]

48. Misra, A.J.; Das, S.; Rahman, A.H.; Das, B.; Jayabalan, R.; Behera, S.K.; Suar, M.; Tamhankar, A.J.; Mishra, A.;
Lundborg, C.S.; et al. Doped ZnO nanoparticles impregnated on Kaolinite (Clay): A reusable nanocomposite
for photocatalytic disinfection of multidrug resistant Enterobacter sp. under visible light. J. Colloid Interface
Sci. 2018, 530, 610–623. [CrossRef] [PubMed]

49. Habeeb Rahman, A.P.; Misra, A.J.; Das, S.; Das, B.; Jayabalan, R.; Suar, M.; Mishra, A.; Tamhankar, A.J.;
Stålsby Lundborg, C.; Tripathy, S.K. Mechanistic insight into the disinfection of Salmonella spp. by sun-light
assisted sonophotocatalysis using doped ZnO nanoparticles. Chem. Eng. J. 2018, 336, 476–488. [CrossRef]

50. Das, S.; Ghosh, S.; Misra, A.J.; Mishra, A.; Tamhankar, A.J.; Stålsby Lundborg, C.; Tripathy, S.K. Sunlight
assisted Photocatalytic Degradation of Ciprofloxacin in Water using Fe doped ZnO Nanoparticles for
Potential Public Health Applications. Int. J. Environ. Res. Public Health 2018, 15, 2440. [CrossRef] [PubMed]

51. Das, S.; Ranjana, N.; Misra, A.J.; Suar, M.; Mishra, A.; Tamhankar, A.J.; Stålsby Lundborg, C.; Tripathy, S.K.
Dsinfection of the Water Borne Pathogens Escherichia coli and Staphylococcus aureus by Solar Photocatalysis
Using Sonochemically Synthesized Reusable Ag@ZnO Core-Shell Nanoparticles. Int. J. Environ. Res. Public
Health. 2017, 14, 747. [CrossRef]

52. Das, S.; Habeeb Rahman, A.P.; Misra, A.J.; Das, B.; Jayabalan, R.; Suar, M.; Tamhankar, A.J.; Mishra, A.;
Stålsby Lundborg, C.; Tripathy, S.K. Ag@SnO2@ZnO core-shell nanocomposites assisted solar-photocatalysis
downregulates multidrug resistance in Bacillus sp: A catalytic approach to impede antibiotic resistance.
Appl. Catal. B Environ. 2019, 259, 118065. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/S0048-9697(02)00233-4
http://dx.doi.org/10.1016/j.watres.2010.07.051
http://dx.doi.org/10.3390/ijerph15030479
http://www.ncbi.nlm.nih.gov/pubmed/29522474
http://dx.doi.org/10.1021/es9014629
http://www.ncbi.nlm.nih.gov/pubmed/19921906
http://dx.doi.org/10.1038/s41598-017-00173-0
http://www.ncbi.nlm.nih.gov/pubmed/28273898
http://dx.doi.org/10.1016/j.jcis.2018.07.020
http://www.ncbi.nlm.nih.gov/pubmed/30005238
http://dx.doi.org/10.1016/j.cej.2017.12.053
http://dx.doi.org/10.3390/ijerph15112440
http://www.ncbi.nlm.nih.gov/pubmed/30388857
http://dx.doi.org/10.3390/ijerph14070747
http://dx.doi.org/10.1016/j.apcatb.2019.118065
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Non-Aquatic Environment 
	Aquatic Environment 
	Non-Aquatic and Aquatic Environment Combined 
	Resistance Built up in Bacteria after Exposure to Antibiotics in Environment 
	Environmental Contamination by Antibiotics and One Health 
	Current Wastewater Treatment Failure 
	Complete Remediation of Environmental Antibiotic Residues, Resistant Bacteria and Resistance Genes 
	Conclusions 
	References

