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Antimicrobial resistance is a growing public health concern, increasingly

recognized as a silent pandemic across the globe. Therefore, it is important to

monitor all factors that could contribute to the emergence, maintenance and

spread of antimicrobial resistance. Environmental antibiotic pollution is thought

to be one of the contributing factors. India is one of the world’s largest

consumers and producers of antibiotics. Hence, antibiotics have been

detected in different environments across India, sometimes at very high

concentrations due to their extensive use in humans and agriculture or due to

manufacturing. We summarize the current state of knowledge on the

occurrence and transport pathways of antibiotics in Indian water

environments, including sewage or wastewater and treatment plants, surface

waters such as rivers, lakes, and reservoirs as well as groundwater and drinking

water. The factors influencing the distribution of antibiotics in the water

environment, such as rainfall, population density and variations in sewage

treatment are discussed, followed by existing regulations and policies aimed at

the mitigation of environmental antimicrobial resistance in India, which will have

global benefits. Then, we recommend directions for future research,

development of standardized methods for monitoring antibiotics in water,

ecological risk assessment, and exploration of strategies to prevent antibiotics

from entering the environment. Finally, we provide an evaluation of how scarce

the data is, and how a systematic understanding of the occurrence and

concentrations of antibiotics in the water environment in India could be

achieved. Overall, we highlight the urgent need for sustainable solutions to

monitor and mitigate the impact of antibiotics on environmental, animal, and

public health.
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1 Introduction

Antimicrobial resistance (AMR) poses a significant risk to

global public health by complicating the treatment of various

infections, raising mortality rates and inflating treatment expenses

(World Health Organization, 2014). AMR has been described as a

silent pandemic because it is not as noticeable and abrupt as natural

disasters or outbreaks of disease yet it has spread and grown globally

and caused an estimated 1.27 million (95% UI 0.911–1.71) deaths in

2019 (Antimicrobial Resistance Collaborators et al., 2022). The

contributing factors to the rise of AMR include (but are not limited

to) the use of antibiotics in human and veterinary medicine

(whether appropriate or not), as well as their release into

environmental compartments such as water and soil (Baquero

et al., 2008; Finley et al., 2013; Serwecińska, 2020). Consequently,

antibiotics present in the environment may under some conditions

impart selective pressure on microorganisms, fostering the

development and propagation of antibiotic-resistant bacteria

(ARB) and antibiotic-resistance genes (ARGs) (Andersson and

Hughes, 2011; Berendonk et al., 2015). At which concentrations

antibiotics select for resistance in the environment is quite

uncertain. Results from the growth of pure cultures in rich media

have led to the concept of the minimal selective concentration

(MSC) above which the resistant strain grows better than the

otherwise identical sensitive strain and below which the resistant

strain grows worse due to the fitness cost of resistance (Gullberg

et al., 2011). However, fitness costs range from high to negligible or

even negative and lower costs are selected for while trade-offs limit

this reduction (Andersson and Levin, 1999; Harrison et al., 2015;

Vogwill and Maclean, 2015; Loftie-Eaton et al., 2017; Cisneros-

Mayoral et al., 2022; Delafuente et al., 2022). Slower growth, typical

for most environments, can increase or decrease the efficacy of

antibiotics (Greulich et al., 2015). Competition with other bacteria,

almost universal in the environment, can reduce selection for

resistance (Fang et al., 2023). Studies where an environmental

sample with a diverse microbial community is added to a rich

medium at various concentrations of an antibiotic (Stanton et al.,

2020), are difficult to interpret as changes in resistance can be

confounded by shifts in the community composition due to the shift

from oligotrophic to copiotrophic conditions. Environmental

observations of increases in resistance (Kurasam et al., 2022) can

likewise be confounded. Nevertheless, it is fairly certain that the

higher concentrations of (mixtures of) antibiotics found in hospital

sewage select for resistance (Kraupner et al., 2021) while

community wastewater may not be selective (Quintela-Baluja

et al., 2021).

India holds a key position as one of the largest global producers

and consumers of antibiotics, making it particularly susceptible to

the detrimental effects of antibiotic pollution on environmental and

public health (Chandy et al., 2013; Van Boeckel et al., 2014; Taneja

and Sharma, 2019). The country has experienced a considerable rise

in AMR cases, with numerous bacterial pathogens displaying

resistance to multiple antibiotic classes (Laxminarayan and

Chaudhury, 2016; Gandra et al., 2017). Environmental

contamination by antibiotics in India can be traced back to their

widespread use in human medicine, animal husbandry, and
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agriculture, as well as the release of effluents from pharmaceutical

manufacturing facilities and sewage treatment plants (Larsson et al.,

2007; Fick et al., 2009; Gothwal and Shashidhar, 2017a; Gothwal

and Shashidhar, 2017b; Lübbert et al., 2017; Pérez-Rodrıǵuez and

Mercanoglu Taban, 2019).

Water environments are critical in the context of AMR, as they

serve as reservoirs and transmission pathways for antibiotics, ARBs

and ARGs. Antimicrobials, metals, and other biocides can cause

stress that elicits stress responses, resulting in alterations in

microbial communities, disrupting ecosystems and increasing

rates of mutation or horizontal gene transfer. ARBs potentially

expose both animals and humans to antibiotic-resistant infections,

thus subsequently impacting ecosystems, animal populations, and

human health (Rodriguez-Mozaz et al., 2015; Manaia et al., 2018).

Various studies have reported the presence of antibiotics in several

types of water bodies across India, including sewage systems,

sewage treatment plants (STPs), surface waters, groundwater, and

drinking water sources (Subedi et al., 2017; Taneja and Sharma,

2019). To assess the potential risks and develop mitigation

strategies, it is crucial to understand the distribution and

occurrence of antibiotics in these water bodies.

This review systematically analyses the existing knowledge on

the presence, concentrations, and pathways of antibiotics in diverse

water environments throughout India and an estimate of how

scarce the data available to date are. It will explore factors that

influence the distribution of antibiotics, such as population density,

sewage or other point sources and variations in sewage treatment

practices as well as precipitation and climate. An examination of the

current regulations and policies aimed at mitigating environmental

AMR in India will be provided, highlighting the challenges and gaps

in their implementation. The review will also suggest directions for

future research, including ways in which monitoring antibiotics in

water can be scaled up, ecological risk assessment, and investigating

strategies to prevent antibiotics from entering the environment. By

synthesizing the current understanding of the occurrence and

concentrations of antibiotics in India’s water environments, this

review underscores the immediate need for sustainable solutions to

tackle the environmental and public health challenges associated

with antibiotics and AMR.
2 Methodology

Research papers were reviewed to gain an understanding of the

levels and distribution of antibiotics in various water sources across

India, including sewage systems, treatment plants, surface, and

groundwater, as well as drinking water. Our research

methodology was guided by the PRISMA (Preferred Reporting

Items for Systematic Reviews and Meta-Analyses) guidelines to

ensure a thorough and transparent approach (Page et al., 2021).

This adherence involved following the prescribed steps and criteria

set forth by PRISMA for systematic reviews and meta-analyses,

ensuring consistency and rigour in our research process. We

conducted our search using PubMed, Scopus, and Web of

Science. The search string comprised of terms related to

antibiotics, water environments and India: (“antibiotic*” OR
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“antimicrobial resistance”) AND (“water” OR “wastewater”

OR “sewage” OR “sewage water” OR “surface water” OR

“groundwater” OR “drinking water”) AND “India”.

The initial search yielded approximately 1600 articles in total.

These articles were initially screened based on their titles and

abstracts by two independent reviewers, in line with PRISMA’s

selection process guidelines. The reviewers evaluated each article for

its relevance to the current study’s objectives, as defined in the

PRISMA guidelines. Domain knowledge was evaluated by

considering the depth and breadth of information presented in

each article, ensuring it aligns with the current study’s focus. This

process ensured that the studies selected were relevant to our study’s

objectives, as outlined in the PRISMA guidelines. After this

preliminary screening, the full texts of potentially relevant articles

were closely examined to establish their suitability for inclusion in

our review. The search was confined to articles published in English

between January 2000 and October 2023 to ensure recent and

relevant data. Moreover, non-peer-reviewed reports or studies that

did not pertain specifically to India were excluded.

The review methodology followed in this study is presented in

Figure 1. The extracted data from the included studies were

analysed according to the PRISMA data collection process and

synthesis methods, which included study location and year, types of

water matrices examined, antibiotics investigated, analytical

methods used to quantify antibiotics, occurrence and

concentration of antibiotics, and environmental factors (e.g.,

temperature, rainfall, population density) that could affect the

distribution of antibiotics. Concentrations of antibiotics in water

samples are given in µg L-1 and for sludge in µg g-1. For mapping the

distribution and occurrence of antibiotics across different water

environments in India, ArcMap software was employed. The

quality of the included studies was assessed by evaluating

the methodology. This assessment evaluated factors such as the

sample collection procedure, analytical methods employed,
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statistical analyses performed, and whether potential confounding

factors were considered.
3 Antibiotic classes and
their properties

To effectively analyse the distribution and impact of antibiotics

in water environments across India, it is useful to understand the

specific characteristics of the antibiotics frequently detected. These

characteristics include the class to which an antibiotic belongs, its

molecular weight and chemical structure, here only given by its

formula (Table 1). These properties play a role in determining how

an antibiotic interacts with the environment. They can thus

contribute to the promotion and maintenance of antibiotic

resistance. Other factors, such as polarity, octanol-water partition

coefficient, sorption, and degradation rates under prevailing

environmental conditions, are also important in understanding

the behaviour and fate of antibiotics in aquatic ecosystems

(Harrower et al., 2021).

The class of an antibiotic can affect the spectrum of bacteria it

targets, its mode of action and its mode of resistance. For instance,

antibiotics belonging to the penicillin class are more effective against

Gram-positive than Gram-negative bacteria and work by inhibiting

bacterial cell wall synthesis (Calderón and Sabundayo, 2007; Kapoor

et al., 2017). In contrast, aminoglycosides like gentamicin target Gram-

negative bacteria and inhibit protein synthesis. A lower molecular mass

and thus smaller size increases the diffusivity of an antibiotic, more

rapidly dispersing it over the short range of less than a millimetre at

which diffusion is effective (Jackson et al., 2018).

Beyond the chemical formula, which provides insights into the

elemental composition of an antibiotic, its specific chemical structure

plays a vital role. Different compounds with the same elemental

composition can possess unique structures, leading to diverse
FIGURE 1

Schematic of the review methodology detailing the step-by-step process from database search to quality assessment.
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behaviours in the environment. These structures offer clues into the

antibiotic’s stability, reactivity, and potential transformation pathways

in various environmental settings (Kümmerer, 2009). Degradation and

sorption rates of antibiotics are critical in understanding the persistence

and mobility of these compounds in the environment. A higher

degradation rate implies quicker breakdown, while the sorption rate

indicates the tendency of the antibiotic to bind to environmental

matrices such as sediments or organic matter (Kümmerer, 2009).

Knowing these rates aids in predicting the potential accumulation

and distribution of antibiotics in water systems.

The commonly detected antibiotics in Table 1 represent a wide

range of classes and have different characteristics that influence their

persistence, distribution, and effects in the environment. For example,

tetracyclines and sulfonamides are known for their persistence in the

environment due to their chemical stability, while penicillins and

other b-lactam antibiotics are relatively unstable as they can be

hydrolysed and thus degrade faster. On the other hand, the

quinolones and macrolides show intermediate stability (Kümmerer,

2009; Carvalho and Santos, 2016). Further sections of this review will

delve into the occurrence of these antibiotics in various water

environments across India, the analytical methods used for their

detection, and the implications of their presence for antibiotic

resistance development and public health.
4 Sources and factors contributing to
the distribution of antibiotics in
the environment

The major sources of antibiotics in Indian environmental

matrices are the waste generated from human and animal

consumption and the pharmaceutical companies producing or
Frontiers in Antibiotics 04
formulating antibiotics. Figure 2 represents the environmental

compartments receiving antibiotics directly from production

facilities or indirectly through veterinary use and human

consumption. Arrows show the main pathways through which

they are transported between these segments and the aquatic

ecosystems. The consumption of antibiotics by humans and

animals is the major contributor to antibiotic pollution in most

locations, apart from sites of industrial production.

The environmental impact of waste dumps, landfills, manure,

wastewater, and sewage systems, and rainfall is multifaceted and

interconnected. Waste dumps, which are unregulated areas where

waste is simply discarded, pose a significant environmental threat.

They are different from official landfill sites, which are managed

areas designated for waste disposal. Both can leach contaminants

into the surrounding soil and groundwater, particularly during

rainfall. Similarly, manure from livestock treated with antibiotics

contributes considerably to soil and water contamination. When

this manure is used as fertilizer, antibiotics can seep into the ground

and nearby water bodies, a process further exacerbated by rainfall

which facilitates the runoff of these contaminants. Wastewater and

sewage systems refer to the infrastructure used for the collection,

transport, treatment, and disposal of sewage and other wastewater.

This includes both domestic and industrial wastewater, which often

contains pharmaceuticals. These systems play a crucial role in the

dissemination of antibiotics and other pollutants into aquatic

environments. Inadequate treatment of these wastewater can

result in the release of active pharmaceutical ingredients into

rivers, lakes, and oceans. Rainfall again acts as a facilitator,

increasing the flow of untreated or partially treated sewage into

natural water bodies, thereby spreading these contaminants over a

wider area and posing a substantial risk to environmental health

and biodiversity, although the increased dilution through rainfall

may lower the risk.
TABLE 1 Some of the antibiotics most commonly detected in India’s water bodies, including the class of each antibiotic, its molecular mass and
chemical formula (PubChem Compound Summary, 2023).

Antibiotic Class Molecular Mass
(g/mol)

Chemical Formula Reference

Amoxicillin Penicillin 365.41 C16H19N3O5S (PubChem Amoxicillin, 2023)

Ciprofloxacin Quinolone 331.34 C17H18FN3O3 (PubChem Ciprofloxacin, 2023)

Azithromycin Macrolide 749 C38H72N2O12 (PubChem Azithromycin, 2023)

Doxycycline Tetracycline 444.43 C22H24N2O8 (PubChem Doxycycline, 2023)

Erythromycin Macrolide 733.94 C37H67NO13 (PubChem Erythromycin, 2023)

Metronidazole Nitroimidazole 171.15 C6H9N3O3 (PubChem Metronidazole, 2023)

Vancomycin Glycopeptide 1449.22 C66H75Cl2N9O24 (PubChem Vancomycin, 2023)

Gentamicin Aminoglycoside 477.58 C21H43N5O7 (PubChem Gentamicin, 2023)

Tetracycline Tetracycline 444.43 C22H24N2O8 (PubChem Tetracycline, 2023)

Trimethoprim Dihydrofolate
reductase inhibitor

218.24 C14H18N4O3 (PubChem Trimethoprim, 2023)

Sulfamethoxazole Sulfonamide 253.28 C10H11N3O3S (PubChem Sulfamethoxazole, 2023)
These antibiotics were selected based on their frequent usage in human medicine and animal husbandry in India, as well as their documented occurrence in various types of water bodies. For this
reason, this list may be biased towards compounds that are often analysed.
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In India, antibiotics are listed under schedule H prescription

drugs, which cannot be sold without a prescription from a qualified

medical practitioner. Unrestricted over-the-counter sales in retail

pharmacies combined with self-prescription for acute illness is a

common practice (Blanchard et al., 2021; Kotwani et al., 2021). Self-

prescription of antibiotics is mostly for viral-associated fever,

cough, cold and acute diarrhoea, which are self-limiting. About

64% of patients in India self-prescribe antibiotics, which can be

attributed to a lack of stringent rules and monitoring and a lack of

awareness as well as commercial interests and economic growth
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enabling easy access to antibiotics (Subedi et al., 2017; Kotwani

et al., 2021). A rise of 67% in antibiotic consumption in BRICS

countries (Brazil, Russia, India, China, and South Africa) is

expected by 2030. High population density and easy access to

healthcare inadvertently increase the antibiotic consumption rate.

A cross-sectional analysis based on the private sector drugs sales

data set of PharmaTrac (Koya et al., 2022) reported a total defined

daily dose of 5071 million in India of which 47.1% are unapproved

formulations. Further, depending on the class of antibiotics

consumed, 40-90% are excreted as active forms by humans,
FIGURE 2

Illustration of the environmental pathways through which antibiotics are transported, directly from pharmaceutical production or indirectly via
consumption by humans and veterinary applications. Waste from pharmaceutical factories manufacturing antibiotics is typically discharged into
wastewater treatment plants. Produced antibiotics are then consumed by humans in households and hospitals and by animals, including pets,
livestock, and aquaculture settings. Interestingly, in areas like India with limited sewage infrastructure, antibiotics from households and hospitals
predominantly bypass STPs and directly enter the aquatic ecosystem and infiltrate soil. Only a minor portion (indicated by dotted lines) of human
usage reaches STPs via sewage systems. The pathways are colour-coded: black signifies the direct discharge from production; green denotes the
route leading to landfills; brown highlights the path via manure and sludge; blue represents aquatic dispersal; yellow captures both direct and
indirect human-induced effects via STPs; and red pinpoints the direct incorporation into food.
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which end up in the sewage. Table 2 presents the antibiotics with

their concentration reported in sewage across India.
4.1 Antibiotics in wastewaters and
treatment plants

Urban wastewater is an important source of antibiotics in

aquatic environments. Treating wastewater reduces antibiotic

concentrations somewhat but does not eliminate them (see

below). It is widely observed that hospital wastewaters carrying

antibiotics drain into domestic sewer networks. Prior to discharge,

hospital wastewater is rarely treated. Mixed wastewater (domestic

mixed with hospital wastewater) is treated at STPs in metropolitan

cities. However, the majority of small cities and towns lack a

wastewater treatment facility resulting in direct discharge of the

mixed sewage into environmental matrices. Diwan et al. (2010)

studied the antibiotic concentrations in hospital wastewater at the

point of discharge and downstream in a sewage network in Madhya

Pradesh (Northern region of India) (Table 3). They found a positive

correlation between antibiotic prescription and concentration in the

wastewater. Surprisingly, the concentrations of ofloxacin,

ciprofloxacin, norfloxacin and levofloxacin were higher

downstream than in the hospital effluent (Diwan et al., 2010).
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This could be due to temporal fluctuations in concentrations or

volume flows, also mixing in the sewer network may have been

incomplete. Since upstream concentrations and flows were not

measured, a mass balance cannot be calculated, which highlights

the importance of effective study design and reporting (Hassoun-

Kheir et al., 2020; Hassoun-Kheir et al., 2021).

Seasons play an important role in determining the antibiotic

consumption rate and therefore, the detection frequency and

concentration in the wastewater, there may also be changes in the

volume of wastewater produced per person. A study by Diwan et al.

(2013) on temporal and seasonal variations of eight antibiotics of four

different classes in two hospital effluents suggests that typically,

antibiotic concentrations were highest in the winter followed by

rainy and summer seasons, although this pattern is not followed by all

antibiotics and sample types (Figure 3; Supplementary Table S1). This

could be attributed to a high consumption rate due to the high

number of infections in winter and rainy seasons and therefore high

concentration of hospital effluents. Low concentration in summer

was attributed to high microbial activity and environmental factors

enabling photodegradation (due to intense sunlight) and degradation

(due to high temperature). In addition, the concentrations can also be

influenced by sewage flow rate. It was also estimated that 89 × 10-3, 1

× 10-3 and 25 × 10-3 µg L-1 day-1 of fluoroquinolones, metronidazole

and sulfamethoxazole antibiotics are released by a 100-bed hospital

into the sewer network (Diwan et al., 2013). Further, concentrations

in grab samples were higher than in the composite samples (Figure 3;

Supplementary Table S1). Corresponding samples from two hospital

effluents were pooled so the reported values should be regarded as

averages (Supplementary Table S1). The data confirms that the time

and method of sampling influence the frequency and concentrations

of antibiotics detected in the samples. In another study, Diwan et al.

(2010) observed relatively high concentrations and a greater number

of antibiotics in the afternoon compared to the forenoon, which could

be attributed to consumption and excretion time patterns. While the

study dates back more than a decade, hospital wastewater treatment

has not improved despite a growing economy and infrastructure

development and the situation is still similar across Indian cities.
TABLE 2 Antibiotics of class sulfonamide and dihydrofolate reductase inhibitors reported in sewage across India.

Antibiotic Concentration (µg L-1) Region Location Reference

Sulfamethoxazole 1.19

Southern
Chennai

(Subedi et al., 2015)

0.254

0.07 Coimbatore

0.298 Central Patna

0.538 Eastern Kolkata (Shimizu et al., 2013)

Trimethoprim 0.0948

Southern
Chennai

0.0574

0.0143 Coimbatore

0.063 Central Patna

51.82
Northern

Ghaziabad (Singh et al., 2014)

5.11 Lucknow
TABLE 3 Fluoroquinolone antibiotics reported in Ujjain hospital
wastewater and the sewer it drains into (Madhya Pradesh, Northern
region of India) (Diwan et al., 2010).

Antibiotic
(µg L-1)

Point
of

Discharge

100 m downstream from
the discharge point

Ofloxacin 4.5 7.5

Ciprofloxacin 218.3 236.6

Norfloxacin 6.4 29.6

Levofloxacin 5 8.8
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Further, ineffective wastewater management and illegal discharge

of treated and untreated wastewater into sewer networks by

pharmaceutical industries remains a problem, despite the discharge

rules and regulations in India limiting BOD, COD, TSS NH3-N, P,

and others but not antibiotics (Supplementary File S1). Lübbert et al.

(2017) reported the following concentrations of antibiotics in the

sewer networks of Patancheru industrial area, a pharmaceutical hub

in Hyderabad (Southern India) in mg L-1: moxifloxacin (7.1–694.1),

levofloxacin (BDL–2.2), ciprofloxacin (BDL–9.4), ampicillin (BDL–

29.1), linezolid (13.6–37), clarithromycin (BDL–13.5) and

doxycycline (BDL–14.9) (Lübbert et al., 2017). Ultimately, sewage

carrying antibiotics from different sources either ends up in an STP or

is discharged into nearby surface waters from where it may enter

other environmental matrices. In Chennai, South India, Arun et al.

(2022) investigated the presence of 18 antibiotics in water sources and

STPs. The detection frequencies of fluoroquinolones (up to 100%)

were high in STPs. The Buckingham Canal showed higher antibiotic

concentrations than the Adyar and Cooum rivers, likely due to direct

sewer outfalls, solid waste dumping, low dilution, and low flow in the

narrow and stagnant Buckingham Canal. The research highlights the

potential risks due to antibiotic resistance in surface waters and

suggests that direct sewage outlets are significant contributors to

water contamination in Chennai.
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The drainage and sewerage systems and STPs in India are not

built as fast as the cities grow and are poorly regulated and

monitored, as a result a large fraction of wastewater is not treated

(Central Pollution Control Board, 2021). The sewage generated in

urban centres alone stands at 72,368 million litres per day (MLD).

This is much higher than the total wastewater treatment capacity of

36,668 MLD of which the operational capacity is 26,869 MLD and

the utilization capacity is even lower at 20,235 MLD. Out of 1,631

STPs, 1,093 are functional and only 578 (12,200 MLD) comply with

the discharge norms. It is estimated that 63 – 72% of the accounted

sewage is discharged without treatment (Central Pollution Control

Board, 2021). Clearly, the existing treatment capacity is not enough

to cater for the 1.4 billion population with a wastewater generation

capacity of 148 litres per capita per day (80% of 185 LPCD). The

most employed wastewater treatment technologies include

sequencing batch reactors (SBR), activated sludge process (ASP),

upflow anaerobic sludge blanket (UASB) reactors and moving-bed

biofilm reactors (MBBR) as well as a large variety of other

technologies such as extended aeration (EA), fluidized aerobic

bed (FAB) reactors, oxidation ponds (OP) and waste stabilization

ponds (WSP). Figure 4 presents the percentage distribution of

different wastewater treatment processes across India (Central

Pollution Control Board, 2021).
FIGURE 3

Antibiotics observed during winter, rainy, and summer seasons in two hospital effluents. CS, Composite sample; GS, Grab sample; CIP, Ciprofloxacin;
LEV, Levofloxacin; OFL, Ofloxacin; NOR, Norfloxacin; FQ, Fluoroquinolones; MET, Metronidazole; SUL, Sulfamethoxazole (Diwan et al., 2013). Data
can be found in Supplementary Table S1.
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The influent, effluent, and sludge concentrations of antibiotics

in STPs treating domestic sewage and employing ASP in Udupi,

Manipal, Coimbatore and Chennai in the Southern region as well as

Saidpur and Beur in the Northern region is presented in

Supplementary Table S1 (Subedi et al., 2015; Subedi et al., 2017;

Arun et al., 2022). The influent and effluent of two STPs in Western

India (locations not specified), employing a facultative aerated

lagoon and cyclic activated sludge process followed by

chlorination, carried antibiotics such as azithromycin,

ciprofloxacin, levofloxacin, and sulfamethoxazole. The differences

in inlet antibiotic concentration between the two STPs were

speculated to arise from spatial variation in antibiotic usage,

prescription patterns in the regions where the STPs were located

and zonal planning. STP-1 was located in an area with relaxed

regulations where illegal discharge of wastewater by industries and

hospitals could occur. STP-2 was located in a better planned zone

with strict regulations. The amoxicillin concentration was higher in
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the influent than the effluent of Vasantkunj STP (Delhi) in samples

collected between October and March (years of study not reported)

during 5 sampling campaigns, which again confirm the seasonal

influence on antibiotic consumption and detection in sewage

(Mutiyar and Mittal, 2013) (Table 4).

Seasonal changes also influence the influent antibiotic

concentrations with the highest concentrations in winter followed

by summer and monsoon, largely owing to seasonal infections in

winter and dilution during monsoon (Mohapatra et al., 2016). Some

examples: The amoxicillin concentration in the effluent of

Vasantkunj STP (Delhi, North India) employing extended

aeration was up to 0.0625 µg L-1 (Mutiyar and Mittal, 2013).

Ciprofloxacin in the effluent of an STP in Nagpur (West India)

employing MBBR was 438 µg L-1 (Saxena et al., 2021). An STP in

Mangalore (Karnataka, Southern India) employing UASB

discharges up to 0.029 µg L-1 of trimethoprim, sulfamethoxazole,

clindamycin and 0.31 µg L-1 of lincomycin (Subedi et al., 2017).

Clearly, the antibiotic concentrations reported in the effluents and

sludge across India further confirm the inefficiency of existing STPs

to remove the antibiotics (Figure 5). The sludge and treated effluent

from STPs are also used for fertilization or irrigation of agricultural

fields. For instance, effluent from three STPs in Karnataka (South

India) treating mixed wastewater (hospital and domestic) by the

extended aeration activated sludge process is reused for agriculture

post disinfection. However, the effluents during pre-monsoon,

monsoon and post monsoon months carried sulfamethoxazole,

trimethoprim, chloramphenicol, erythromycin, and ampicillin at

varying concentrations. The effluent from another STP, draining

into underground drainage post treatment, also carried these

antibiotics (Prabhasankar et al., 2016). Similarly, another STP that

employs ASP in Delhi (North India) also discharges secondary
TABLE 4 Amoxicillin reported in the influent and effluent of Vasankunj
STP (Delhi) during 5 sampling campaigns between October and March
(Mutiyar and Mittal, 2013).

Sampling
Campaign

Influent
(µg L-1)

Effluent
(µg L-1)

1 0.0614– 0.065 0.0531 – 0.058

2 0.0882 – 0.1408 BDL* – 0.0625

3 0.0539 – 0.0981 0.0229 – 0.0233

4 BDL* – 0.0367 BDL*

5 0.0644 – 0.1726 0.023 – 0.0521
*BDL, Below Detection Limit.
FIGURE 4

Distribution of different wastewater treatment processes across India (Reproduced from National Inventory of Sewage Treatment Plants) (Central
Pollution Control Board, 2021). ASP, Activated sludge process; EA, Extended aeration; FAB, Fluidized aerobic bed reactor; MBBR, Moving bed biofilm
reactor; OP, Oxidation Pond; SBR, Sequencing batch reactors; UASB, Upflow anaerobic sludge blanket; WSP, Waste stabilization pond. SBR is the
most commonly employed (490 STPs) with a treatment capacity of 10,638 MLD followed by ASP (321 STPs, 9486 MLD), MBBR (201 STPs, 2032 MLD)
and UASB (76 STPs, 3562 MLD).
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effluent with sulfamethoxazole (200 µg L-1) into an irrigation canal.

Moreover, during rainfall events, STPs may receive diluted

wastewater above the holding and treatment capacity, resulting in

discharge without treatment or partial treatment that introduces

antibiotics into the receiving waters.

Figure 5 shows the concentrations of various antibiotics in different

STPs in influent (input) and effluent (output). The difference between

the influent and effluent concentrations indicates the effectiveness of

the STP in reducing the antibiotic concentration. In some STPs, specific

antibiotics show significant reductions from influent to effluent,

suggesting effective treatment processes, for example ciprofloxacin. In

the STP in Manipal, the concentration of trimethoprim in the effluent

is higher than in the influent, which is difficult to understand.
4.2 Antibiotics in surface water bodies
and groundwater

Direct discharge of untreated or poorly treated sewage into nearby

water matrices due to poor wastewater management is common both
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in urban and rural regions across India. The majority of STPs are

constructed along riverbanks for easy discharge of wastewater after

treatment. Biological treatment technologies are only partially

removing antibiotics (Figure 5); thus, effluents ultimately pollute the

receiving water bodies. Figure 6 presents the location of water bodies

such as wastewaters, STPs, canals, rivers, irrigation channels, lakes,

ponds, tanks, and ground water contaminated with antibiotics across

India. Anthropogenic activities such as the discharge of untreated

domestic and industrial waste and sewage into river basins is also

recorded. In North India, four out of eight studies are on the Yamuna

River (tributary of River Ganga) while the other four are on the Ganga

and its other tributaries. Various concentration of metronidazole,

sulfamethoxazole, sulfanilamides, trimethoprim, chloramphenicol,

cephalexin, cefixime, cefuroxime, ampicillin, amoxicillin, penicillin,

kanamycin, tobramycin, tetramycin, streptomycin, amikacin,

netlimycin, neomycin, gentamycin, lincomycin, erythromycin,

azithromycin, ofloxacin, doxycycline, ciprofloxacin, levofloxacin,

moxifloxacin, getifloxacin, sparfloxacin, norfloxacin, and

enrofloxacin have been detected across different seasons (Mutiyar

and Mittal, 2014; Jha et al., 2017; Lapworth et al., 2018; Velpandian
FIGURE 5

Comparison of antibiotic concentrations in influent and effluent across various STPs. Each antibiotic is represented by a distinct colour, with the
plain bars denoting influent concentration and hatched bars indicating effluent concentration. Note the two different scales for the y-axis
representing the concentration in µg L-1, while the x-axis lists the STP locations.
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et al., 2018; Sharma et al., 2019; Biswas and Vellanki, 2021;

Singh and Suthar, 2021; Wilkinson et al., 2022). Antibiotics such as

getifloxacin (0.48 µg L-1), cefuroxime (1.7 µg L-1) and sparfloxacin

(2.09 µg L-1) were detected in the Yamuna only in winter, which again

confirms the seasonal influence on antibiotic use and detection in

environmental matrices (Mutiyar and Mittal, 2014). In South India,

theMusi River is the most studied, which was declared to be one of the

most polluted rivers by the CPCB of India (Central Pollution Control

Board, 2017). Hyderabad, the Musi receives effluents from four STPs

and untreated wastewater from ten canals, run-off from agricultural

areas and waste is dumped along the riverbank. Several

fluoroquinolones (ciprofloxacin, enrofloxacin, norfloxacin,

pefloxacin, difloxacin, lomefloxacin, ofloxacin, levofloxacin,

moxifloxacin) with ciprofloxacin as high as 5,528 µg L-1, macrolides

(clarithromycin), penicillins (ampicillin), tetracyclines (doxycycline),

sulfonamides (sulfamethoxazole), and others (linezolid,

trimethoprim) have been detected throughout the stretch (Fick

et al., 2009; Gothwal and Shashidhar, 2017a; Lübbert et al., 2017).

Several antibiotics at various concentrations have been reported in

rivers Krishna, Cauvery, Arkavathi, Swarna and Nethravathi (South

India), Kshipra, Nag, Pili (Central India) and Ahar (West India)

(Archana et al., 2016; Diwan et al., 2018; Williams et al., 2019; Gopal
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et al., 2020; Hanna et al., 2020; Joshua et al., 2020; Gopal et al., 2021;

Renganathan et al., 2021). Water from rivers across India is widely

used for both drinking and irrigation, vital for producing food.

Other water matrices such as lakes, ponds, tanks, canals, and

ground water are also contaminated with antibiotics (Figure 6) as a

result of direct discharge of effluents from STPs, industrial STPs,

untreated sewage, hospital wastewater and direct dumping of

unsegregated wastes. Effluent from a common effluent treatment

plant (CETP) (Patancheru, Hyderabad, South India) receiving

pharmaceutical wastewater from 90 bulk drug manufacturing

companies was reported to carry very high concentrations (all

following concentrations in µg L-1) of ciprofloxacin (14,000),

enrofloxacin (210), lomefloxacin (8.8), norfloxacin (25), ofloxacin

(55) and trimethoprim (4.4) (Fick et al., 2009). The effluent is

discharged into Isakuvagu and Nakkavagu rivers (Figure 6).

Analysing the water samples confirmed the presence of the same

antibiotics as in the effluents, namely ciprofloxacin (10–2,500),

enrofloxacin (BDL–30), lomefloxacin (BDL–1.1), norfloxacin

(BDL–4.7), ofloxacin (BDL–4), and trimethoprim (BDL–4).

Interestingly, enoxacin (BDL–66) was also detected despite its

absence in the effluent of the CETP, which could be attributed to

collecting samples on different days. Nageswara Rao et al. (2008) also
FIGURE 6

Geographic distribution of antibiotic monitoring studies in Indian water environments. Each mark on the map represents a location that has been
studied. The pushpin indicates studies where exact geographical coordinates were provided, while the cross represents studies where the location
had to be estimated based on available information in the text. Different water sources are represented with specific colour codes: blue for surface
waters (rivers, lakes, reservoirs), groundwater and tap water, and brown and orange for sewage and STPs. The density and spread of the dots
underscore the limited extent and coverage of antibiotic monitoring across the country. While some regions exhibit a relatively higher density of
studies, others are hardly or not at all explored, indicating areas for future investigations.
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found norfloxacin (0 0.024 ± 9.7), sulfamethoxazole (0.076 ± 6.8) and

trimethoprim (0.087 ± 5.6) in the Nakkavagu river. Moreover, water

samples from the lakes, tanks and ground water from the region were

also reported to have various concentrations of the antibiotics. The

antibiotics enoxacin (14–84), enrofloxacin (BDL–5), norfloxacin (60–

520), ofloxacin (0.18–10), and trimethoprim (BDL–4) were detected

in lake samples. Tanks contained ciprofloxacin (3–7), enoxacin (96–

160), enrofloxacin (10–25), norfloxacin (91–200), and ofloxacin (5–7)

and the ground water samples contained ciprofloxacin (0.18–14),

enoxacin (0.08–2), enrofloxacin (BDL–0.067), norfloxacin (BDL–

0.031), ofloxacin (BDL–0.48), and trimethoprim (BDL–0.055).

Nageswara Rao et al. (2008) reported norfloxacin (0.048 ± 4.8) and

sulfamethoxazole (0.047 ± 9.2) in Hussain Sagar Lake and

ciprofloxacin (0.072 ± 8.4) and sulfamethoxazole (0.096 ± 4.3) in

Kazipalli tank. However, antibiotic concentrations in the tap water

and drinking water from this region were below detection limits (Fick

et al., 2009). Nevertheless, antibiotics such as sulfamethoxazole

(0.0007–0.034) and sulfanilamides (0.0068–0.12) have been

reported in 26 ground water samples from urban regions (North

India) (Lapworth et al., 2018). Velpandian et al. (2018) also reported

several antibiotics of classes penicillins, fluoroquinolones, macrolides,

and aminoglycosides in ground water across Delhi National Capital

Region (North India) (Table 5). Glorian et al. (2018) studied

antibiotic concentrations in the surface waters and riverbank

filtration wells across selected sites in Uttarakhand, New Delhi and

Uttar Pradesh (North India) along the Rivers Ganga and Yamuna.

Five sampling campaigns conducted in September 2015, May and

September 2016, September 2017, and June 2018 reported
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azithromycin, clarithromycin, erythromycin, roxithromycin and

sulfamethoxazole at varying concentrations. The concentration of

these antibiotics was relatively higher in samples collected from sites

in New Delhi and Uttar Pradesh when compared to Uttarakhand.

This difference could be attributed to regional variation in antibiotic

consumption, ratio of population density to river water volume

(could be lower in Uttarakhand) or dilution of sewage in receiving

water bodies.
4.3 Antibiotics in soils

The use of antibiotics in agriculture and aquaculture is

prevalent in India. Several studies suggest increasing AMR

prevalence in bacteria isolated from poultry, other livestock and

aquaculture sources as a result of excessive use. Antibiotics such as

oxytetracycline, streptomycin, penicillin, oxolinic acid, and

gentamycin are used in crop protection. Oxytetracycline,

ampicillin, enrofloxacin, ciprofloxacin and sparfloxacin are widely

used to promote growth and as prophylaxis in poultry and other

livestock, and aquaculture. In aquaculture, these antibiotics are used

as a means to increase survival of larvae. Last resort human

antibiotics such as cephalosporins (3rd generation) and colistin

are used in swine farms, poultry, and cattle farms (Lekagul et al.,

2018; Walia et al., 2019; Mann et al., 2021). The occurrence of

veterinary antibiotics in soils and aquatic systems is predominantly

due to their usage in agriculture, aquaculture and/or livestock

settings. Antibiotics administered to animals are mostly excreted,

and the application of this animal waste for soil fertilization often

results in unintentional dispersion of antibiotics in soil and eventual

dispersion to other environmental matrices. However, factors such

as degradation rate, adsorption and solubility of antibiotics

combined with soil properties and environmental conditions such

as rainfall determine the extent of dispersion. In addition, untreated

and treated wastewater, and sludge from STPs is widely used to

fertilize soil (Minhas et al., 2022). During rain, the run-off water

carries topsoil along with the antibiotics that ultimately reach

surface water bodies (Manyi-Loh et al., 2018; Velpandian et al.,

2018). In addition, unsegregated waste from households and

hospitals containing antibiotics finds its way to landfills. Research

suggests that unsegregated waste is one of the important sources of

antibiotics in surface waters and aquifers. A study by Velpandian

et al. (2018) reported 14 antibiotics of different classes in surface

waters (Yamuna River, Delhi) and in 48 aquifers across Delhi, with

high concentrations of antibiotics observed in aquifers close to a

landfill site. Antibiotics such as ofloxacin (0.05–190) and

trimethoprim (0.168) have been reported in leachate collected

from landfills of Ghazipur (North India) and Coimbatore (South

India), respectively (Subedi et al., 2015; Velpandian et al., 2018).

Arun et al. (2022) also reported high levels of ciprofloxacin (up to

0.05 µg L-1), azithromycin (0.018 µg L-1) and sulfamethazine (0.052

µg L-1) in the ground water samples of Chennai, a metropolitan city

in South India thought to be influenced by Kodungayur solid waste

dumpsite (Arun et al., 2022) These studies emphasize the
TABLE 5 Concentration of antibiotics observed in 35 samples of ground
water collected at depths 12–46 m across Delhi National Capital Region
(NCR) (North India) (Velpandian et al., 2018).

Antibiotic Class of Antibiotic Concentration (µg L-1)

Amoxicillin Penicillin 0.18 ± 0.16

Ciprofloxacin Fluoroquinolone 5.90 ± 4.04

Ofloxacin Fluoroquinolone 4.34 ± 6.25

Azithromycin Macrolide 0.17 ± 0.17

Erythromycin Macrolide 0.11 ± 0.03

Moxifloxacin Fluoroquinolone 0.21 ± 0.28

Norfloxacin Fluoroquinolone 0.05 ± 0.04

Sparfloxacin Fluoroquinolone 0.00 ± 0.00

Kanamycin Aminoglycosides 0.06 ± 0.05

Tobramycin Aminoglycosides 0.00 ± 0.00

Streptomycin Aminoglycosides 0.24 ± 0.06

Amikacin Aminoglycosides 0.00 ± 0.00

Netlimycin Aminoglycosides 0.21 ± 0.07

Neomycin Aminoglycosides 1.00 ± 0.29

Gentamicin Aminoglycosides 0.06 ± 0.04
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importance of appropriate disposal of unused and expired

antibiotics from households and hospitals because dissolution of

tablets could lead to locally higher concentrations of antibiotics,

which may select for resistance as discussed in the introduction or

may be toxic to more sensitive groups of organisms such as

cyanobacteria (Tell et al., 2019). Continuous discharge of

antibiotics could also result in accumulation leading to

concentrations high enough to select.
5 Potential implications of
antibiotic contamination

The pervasive contamination of water bodies with antibiotics

could pose environmental and health challenges. Depending on

concentrations, the presence of antibiotics in aquatic ecosystems

could disrupt microbial communities and harm other aquatic

organisms. For instance, studies have shown that exposure to

certain antibiotics can alter fish physiology, which could

ultimately lead to human health risks (Limbu et al., 2021). The

risk to human health from consuming fish exposed to antibiotics

primarily concerns the ingestion of antibiotic residues, which can

exceed safe levels. Long-term exposure to low levels of antibiotics

through diet could contribute to the development of antibiotic

resistance and other adverse health effects. Moreover, antibiotic

residues in water sources can enter the human food chain,

potentially risking human health (Polianciuc et al., 2020),

depending on the antibiotic and its concentration, which is

typically much lower than those used in medical treatments. As

such, the risk to human health from consumption of such residues

is likely lower compared to the health risks associated with direct

antibiotic treatment. In India, the issue is particularly pressing due

to the extensive use of antibiotics and the presence of numerous

pharmaceutical industries. Case studies from various regions in

India that we have summarized here have demonstrated the

presence of antibiotic residues in rivers and lakes, highlighting the

urgent need for action (Taneja and Sharma, 2019).

Antibiotic resistance (AMR) in polluted water bodies is a

growing concern, especially in densely populated countries like

India. Numerous studies have documented the emergence of

antibiotic-resistant bacteria in Indian water bodies, often

correlating with high levels of antibiotic contamination (Global

Antibiotic Resistance Partnership, 2011). However, such

correlations do not prove causation as it is likely that the co-

occurrence of antibiotics and antibiotic resistant bacteria in water

bodies is due to a common cause, such as contamination by sewage

or manure as these are sources for both. Most studies are not

designed to be able to distinguish antibiotic selection for resistance

in the sampled water body from co-occurrence due to pollution

from the same source. Indeed, the relationship between antibiotic

concentrations and the development of resistance is complex and

influenced by various factors, including the concentrations and
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types of antibiotics and the characteristics of the microbial

community and the environmental conditions present, as briefly

explained in the introduction.

While the One Health approach is gaining acceptance in

addressing antibiotic resistance, it is essential to apply

quantitative reasoning to understand the strength and relevance

of the interconnectedness among human, animal, and

environmental health. Not all connections are equally important,

and discerning the more impactful ones is crucial for effective

strategies (One Health Initiative, 2020). To combat antibiotic

resistance, the One Health approach involves several key

strategies. These include expanding and enhancing wastewater

treatment processes to reduce resistant microorganisms and

antibiotic residues in water bodies, implementing stricter

regulations on the use of antibiotics in healthcare and agriculture,

and improving surveillance systems for monitoring antibiotic

resistance patterns, but also improving WASH and access to

antibiotics when needed to treat infections and preventing further

spread (Aslam et al., 2021; OECD, 2023). In many cases, antibiotics

are not available when needed, which can exacerbate the spread of

infections. This lack of access necessitates a balanced approach in

the One Health strategy, which not only focuses on reducing

resistance through wastewater treatment but also on ensuring fair

access to antibiotics for treating infections. India’s National Action

Plan (NAP) for AMR has been launched to address antibiotic

resistance through a One Health framework. These efforts are

aligned with global strategies, l ike the World Health

Organization’s Global Action Plan on Antimicrobial Resistance,

which emphasizes the need for coordinated action across sectors

and countries (Ranjalkar and Chandy, 2019). It’s crucial to

recognize that the presence of antibiotics in the environment does

not automatically lead to the selection for resistance. This process is

dependent on various factors, including the concentration of

antibiotics and the Minimum Selective Concentration (MSC),

which is still a subject of ongoing research. Throughout this

manuscript, care has been taken not to assert a direct causal

relationship where the evidence is still emerging or uncertain.
6 Standard discharge limits and their
economic impact

A zero liquid discharge (ZLD) policy is recommended for bulk

drug and formulation industries in India (Environment

(Protection) Amendment Rules, 2020). ZLD replaces discharge of

effluent with wastewater treatment for reuse while reducing

contaminants to solid waste. Reuse of treated effluents for

gardening or horticulture is not considered as ZLD. Any solid

wastes arising from ZLD are hazardous and should be transported

under strict vigilance to an engineered land fill site. In January 2020,

the Ministry of Environment, Forest and Climate Change,

Government of India (GOI) amended the standard discharge
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limits for the effluents from bulk drug and formulation industries

by including limits for 121 antibiotics in draft regulations published

in the Gazette (Environment (Protection) Amendment Rules,

2020), see Supplementary File S1 for a list of thresholds.

Importantly, the concentration limits were to apply to the

effluents before discharge into receiving rivers, which would have

been substantially more stringent. However, concentration limits

could be met by dilution of the effluent, and it is the mass loading to

the receiving river that determines concentrations in the river. In

addition, sludges containing antibiotics were required to be

incinerated in a hazardous waste incinerator. The concentration

thresholds for the antibiotics were ~2.5-fold lower than the

predicted no-effect concentrations (PNECs) recommended by

the AMR industry alliance (Supplementary File S1). The latter

PNEC values were the lower value of MIC-based PNECs

(Bengtsson-Palme and Larsson, 2016) and toxicological PNECs

(Tell et al., 2019). India was thus the first country to propose

concentration limits for antibiotics in 2020. However, in 2021, the

Ministry of Environment, Forest and Climate Change dropped all

limits for antibiotic concentrations in the effluent of bulk drug and

formulation manufacturers from the final rules published in the

Gazette (Environmental (Protection) Second Amendment Rules,

2021) see also Supplementary File S1. Removing these limits may

have been due to fears that several Indian bulk drug manufacturers

could be wiped out of the supply chain due to the stringent limits

and that the cost of antibiotics would rise, although the expected

additional cost arising from expensive LC-MS/MS analysis and

additional wastewater treatment or ZLD process implementation to

meet the limits has been estimated to be small (Welcome Trust and

Boston Consulting Group, 2022). Financial compensation for

companies adopting ZLD should be considered. To monitor

compliance economically and rapidly, portable antibiotic sensors

have recently been developed (Mathai et al., 2023).
7 An attempt to quantify the scarcity
of the data

India, with its vast expanse and geological, biological, and

climatic diversity, is naturally endowed with numerous water

bodies that sustain all forms of life and a population of 1.4 billion

people. It houses a staggering 2,424,540 water bodies with 97.1% in

rural areas. Of these, 59.5% are ponds, followed by tanks (15.7%),

reservoirs (12.1%), water conservation schemes/percolation tanks/

check dams (9.3%), lakes sensu stricto (0.9%), and others (2.5%), as

per the water bodies census by the Government of India Ministry of

Jal Shakti Department of water resources river development (2023)

which combines the Department of Water Resources, River

Development and Ganga Rejuvenation & the Department of

Drinking Water and Sanitation. Out of this huge number of

water bodies, very few have been studied. Among the studies

analysed, 20 focus on rivers, 12 on STPs, 6 on lakes and ponds,
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and 5 on groundwater. By adding up the studies conducted on

rivers (20), lakes and ponds (6), and groundwater (5), we get a total

of 31 studies. When compared to the staggering total of 2,424,540

water bodies in India, these studies represent approximately

0.0013% of all water bodies, indicating a significant gap in

research coverage (Figure 6).

India has eight major river systems and over 400 rivers in total,

of which 13 distinct rivers have been studied, a proportion of 13/

400×100≈3.25%. Given the diverse environmental conditions that

characterize different parts of India, the few rivers studied are

unlikely to be representative. The Yamuna and Ganga, both

iconic and of paramount significance to India’s socio-cultural and

environmental fabric, have been amongst the most studied rivers.

Nevertheless, even they have been poorly covered. For the Yamuna,

four separate studies have been conducted with a total of 31

sampling points. If these were spread evenly across its length of

1376 km, each sampling point would represent an approximate

stretch of 1376/31≈44.4 km. For the Ganga, three studies have

sampled 27 distinct points. Distributing these points evenly across

its length of 2525 km, each sampling point would represent an

approximate stretch of 2525/27≈93.5 km. Considering the dynamic

nature of river ecosystems and the large number of point sources of

pollution, this is hardly sufficient.
8 Conclusions and future perspectives

This review has highlighted the significant challenges that

antibiotic pollution and the risk of subsequent development of

AMR presents to India, and consequently to the world. While some

headway has been made in identifying the sources, pathways and

sinks of antibiotics and influences on their distribution in India’s

water environments, huge gaps remain. These include very few

study locations as well as very infrequent sampling and a lack of

coordination and standardization that resulted in different studies

measuring different sets of antibiotics at different times in different

ways. Scarce and hard to compare data is a problem that is of course

not unique to India, but the situation in India can serve to illustrate

the problem.

Clearly, it is impossible to monitor all rivers, let alone all water

bodies, sufficiently frequently and with appropriate spatial

resolution. We would like to propose a solution to this problem.

The research community, possibly supported by citizen scientists,

should identify two representative study sites for every combination

of key factors influencing antibiotic concentrations (and likewise

AMR): (1) population density (low, medium, high) and (2) size of

water bodies (small, medium, large; for lakes in terms of liquid

retention times, for rivers in terms of discharge) for (3) each

geographic/climatic region of India. Additionally, it is crucial to

incorporate the state of waste treatment facilities into this

framework since their efficiency and coverage impacts the levels

of contaminants in water bodies, including antibiotics. This will
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provide a more comprehensive understanding of the sources and

dissemination pathways of antibiotics and AMR, thereby

strengthening the proposed solution and enhancing our ability to

effectively monitor and mitigate these environmental issues.

Population density can be assumed to correlate with frequency of

antibiotic consumption and thus antibiotic loading of point sources.

Size of water bodies will affect how much any input from point

sources will be diluted. As an illustration, a large city polluting a

small river is expected to lead to high concentrations of antibiotics

in rivers while a small city discharging pollution into a large river

will have little effect – these would be the extremes. Geography and

climate will affect the retention times and discharges. Hydrological

modelling based on topography, land use and climate data could be

used to provide reasonable estimates for these figures. The chosen

study sites should then be sampled at high spatial and temporal

resolution to estimate spatial and temporal variability and to

determine whether the resolution can be reduced or should be

increased in the future. Results from these study sites are meant to

be representative – this must of course be tested on select new study

sites and if found wanting, more refined combinations of factors or

additional factors will have to be identified. Once the search for

representative sites has been successful, monitoring of antibiotic

pollution could be focused on these representative sites. This would

enable coverage of the whole country with limited resources.

Another – complementary – way to make monitoring more

feasible is the further development and use of handheld sensors to

measure antibiotic concentrations in the field. With limited

training, citizen scientists could use these to monitor sites with

suspected high pollution.

While antibiotic pollution – and more broadly AMR – is a

global issue, it is particularly acute in countries like India, where

antibiotic use is widespread, and environmental monitoring and

regulation can be challenging. Continued research and concerted

efforts from government, industry, and civil society are crucial in

addressing these challenges. More research is needed to understand

the ecological risk and the risk of selection for resistance by

mixtures of antibiotics and co-selective chemicals at low

concentrations in complex microbial communities. This should

lead to evidence-based environmental standards, but standards

alone are not effective if they are not enforced. Raising awareness

of the problem will be an important way to push for standards and

their enforcement.

To counter antibiotic pollution, the three key areas for

intervention are improved treatment of community waste and

wastewaters, roll out of zero liquid discharge for antibiotic

producers and reducing antibiotic consumption by humans and

animals. Only about 1/5 of wastewater is currently treated in STPs

that meet discharge regulations. Increasing STP capacity in urban

areas and decentralized wastewater management in rural areas is

clearly needed and would remove not only antibiotics but also

resistant bacteria and pathogens. In addition, improving the
Frontiers in Antibiotics 14
effectiveness of STPs in removing antibiotics, other pharmaceuticals

and bacteria from the effluents would make an important

contribution as currently, STPs only remove a fraction of these.

New technologies are in development and should be optimized

further to reduce energy consumption and cost. Antibiotic

production has led to very high concentrations of antibiotics in the

environment surrounding production facilities. The risk of selection

for more effective resistance and new combinations of resistance at

these high concentrations is clearly substantial, therefore, zero liquid

discharge should be applied in all production facilities. Last but not

least, reducing antibiotic consumption by humans and animals is

crucial yet complex and challenging. Use of antibiotics is appropriate

to treat infections and thus prevent further spread of the infections

that could ultimately require the use of more antibiotics. Use of

antibiotics to treat viral infections should be avoided. Moreover,

prevention of infections is better than treatment. This should include

improved waste management, supply of clean water, nutrition,

hygiene, and vaccinations. Increased public awareness will again be

important to drive change.

The issue of antibiotic pollution is a serious one, but it is one

that is not insurmountable. By taking steps to better understand the

risks and to develop effective solutions, we can help to protect the

environment, animals, and public health.
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