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A B S T R A C T

Antibiotic is one of the most significant discoveries and have brought a revolution in the field of medicine for
human therapy. In addition to the medical uses, antibiotics have broad applications in agriculture and animal
husbandry. In developing nations, antibiotics use have helped to increase the life expectancy by lowering the
deaths due to bacterial infections, but the risks associated with antibiotics pollution is largely affecting people.
Since antibiotics are released partially degraded and undegraded into environment creating antibiotic pollution,
and its bioremediation is a challenging task. In the present review, we have discussed the primary antibiotic
sources like hospitals, dairy, and agriculture causing antibiotic pollution and their innovative detection methods.
The strong commitment towards the resistance prevention and participation, nations through strict policies and
their implementations now come to fight against the antibiotic resistance under WHO. The review also deciphers
the bacterial evolution based strategies to overcome the effects of antibiotics, so the antibiotic degradation and
elimination from the environment and its health benefits. The present review focuses on the environmental
sources of antibiotics, it's possible degradation mechanisms, health effects, and bacterial antibiotics resistance
mechanisms.

1. Introduction

Antibiotics are natural, synthetic and semi-synthetic compounds
which show antimicrobial activities (Catteau et al., 2018). Antibiotics
are probably the most successful family of drugs to treat the microbial
infections in humans and animals with specific action on the target.
Alexander Fleming in 1928, accidentally discovered penicillin, since
then many antibiotics have been synthesized for human, plants and
animal health. Antibiotics are used as growth promoters in animal
farming i.e., cattle, hogs, poultry and to improve the feeding efficiency
(Cowieson and Kluenter, 2018) although they are banned in EU in
2006, but are still in practice in India and China (Ronquillo and
Hernandez, 2017) especially in agriculture and livestock industries. The
accelerated use of all known antimicrobials for the benefit of human,
animals, and agriculture conclude their regular and repeated release

into the environment and natural ecosystem (Nielsen et al., 2018).
Antibiotics not only affect the target population but also influence the
non-target population with high toxicity impact (Grenni et al., 2018).
The main failing of all antibiotics and other pharmaceutical industries
lies in the development of antibiotic resistance in all organisms
(Tacconelli et al., 2018). HGT (resistance) in the bacterial population
represents serious health risks and concern to humans and animals
(Kivits et al., 2018). The ARGs and ARB, curtails the curative potential
of antibacterial compounds against human and animal pathogens.
Hence, the potential of antibiotic residues in surface water can disturb
the key bacterial cycles/mechanisms/processes, critical to aquatic bal-
ance or (soil fertility) agricultural balance and animal production
(Ribeiro et al., 2018). WWTP effluents, leakage of sewage and agri-
cultural waste are some of the secondary contributors as these com-
pounds are not entirely metabolized and may escape degradation.
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Antibiotics have been reported in hospital wastewaters, WWTP ef-
fluents (Barancheshme and Munir, 2018), WWTP biosolids, soil, surface
waters, groundwaters (Zhang et al., 2018), sediments, biota and
drinking water (Williams and Kookana, 2018). Antibiotic pollution has
posed a major global threat. The above issue insights concern towards
the inherent capabilities of bacteria possessing the antibiotic resistance
and for the assessment of the post-therapeutic effects on biological
systems prior to the treatment with antibiotics (Kim et al., 2018). The
unprecedented advantage of antibiotics in medical healthcare is un-
deniable (Berger et al., 2018); however, pharmaceutical residues are
widespread and occasionally found in surface water with inherent
bioactive properties, while water security is the matter of debate and
arguments among policymakers. The trace amount of antibiotics in the
aquatic ecosystem is a great challenge for water quality assessment due
to their toxic impact on non-target organisms (Vasiliadou et al., 2018).
The pioneering discovery of antibiotics has made a revolutionary storm
in medical world saving lives by treating the microbial infections, but
now due to extensive use and consumption, terrestrial and aquatic
ecosystems are negatively affected (Leung et al., 2012). The remedia-
tion strategies for antibiotics has shown the possibilities of their re-
moval i.e., adsorption mechanisms, bioelectrochemical methods, hy-
drolysis, redox reactions, acidic, alkaline or ionic, metal-assisted,
photolysis, phytolysis, microbial and enzymatic (Saitoh and Shibayama,
2016; Yan et al., 2018; Massé et al., 2014; Dangi et al., 2018). We
suggest that the future work for the bioremediation will focused on
enzymatic remediation and biological techniques should be preferred
over chemical treatment to minimize the post treatment contamination
moieties.

2. Sources of antibiotics in wastewater

Antibiotics and its metabolites are continually discharged into the
natural environment. Furthermore, discharge of hospital waste, veter-
inaries, pharmaceutical plants (Obayiuwana et al., 2018), dairies, an-
imal excreta, domestics, animal husbandry, municipal waste and
poultry (Pruden et al., 2013) are also conferring the threat of antibiotic
pollution (Fig. 3). Antibiotics application in agriculture enhances the
livestock growth, bee-keeping, and fish farming (Hong et al., 2018) but
also contaminates the environment via the excretion of unused anti-
biotic and metabolites from the feces of the poultry animals. Anti-
biotics, i.e., monensin, promotes animal growth and feed efficiency for
milk production in dairy farms reaches down to the natural resources.
Hence antibiotic residue indirectly contaminates soil and water re-
source (Mutiyar and Mittal, 2014). Although as compared to animals, in
plants, antibiotics consumption is very low. Antibiotics are frequently
detected in waterways of agricultural land which points the presence of
large-scale use of the same in the agricultural field (Piña et al., 2018).
The pharmaceutical industries contribute significantly in total anti-
biotic concentration added to the influent of the sewage treatment
plant, in addition to the domestic and industrial effluents (Harrabi
et al., 2018). Some antibiotics are of low molecular weight (< 1000 D),
thus, quickly dissolved in water bodies resulting in the persistence and
recalcitrance of antibiotics (i.e., beta-lactams, aminoglycosides, linco-
samides, macrolides, nitrofurans, amphenicols, phosphonates, quino-
lones and fluoroquinolones, rifamycins, sulfonamides, and tetra-
cyclines) and their isomers (Krzeminski et al., 2018). General properties
of some of these antibiotics are depicted in Table 1. These compounds
are partially removed by WWTPs, however, the STPs are considered
significant contributors to the spread of antibiotics in the environment.
Globally, WWTPs are not able to eliminate the micropollutants like
antibiotics and therefore are continually discharged into the sediments
and water bodies (Kim and Carlson, 2006; He et al., 2018). Antibiotics
which are administered to livestock can also be dispersed in fields via
manure and leaches soil and ground-water, while those used in crops
and fish farming can accumulate in the environment, thus increasing
the contaminant concentration (Ishikawa et al., 2018). Antibiotic added

to the feed are excreted as the parent compounds or as metabolites and
might contaminate soils when manure is applied to agricultural fields in
accordance with GAP. They may also be transported to ditches, streams,
and rivers via runoff and drain flow, to groundwater via leaching and
might also enter into the food chain (Korada et al., 2018). Improper
disposal of unused/expired drugs, which are directly discharged in the
sewage network or deposited in landfills, waste effluents from manu-
facture or accidental spills during manufacturing or distribution can
also be considered as significant points of contamination (Akici et al.,
2018). These persistent compounds may exert selective pressure on
microorganisms and result in the development of resistance (Kim et al.,
2018).

3. Presence of antibiotics in biological system

Both narrow and broad-spectrum antibiotics have been detected
globally in different environmental samples (Sarpong and Miller,
2015). Based on the consumption by living beings, antibiotics are dis-
charged to nearby drains, followed by river and seas. Some examples,
i.e., Sulfamethoxazole and Trimethoprim are detected more frequently
in sea water of Belgian harbors (Larsson, 2014), fluoroquinolone was
detected in samples from Hailing island, ofloxacin in Laizhou Bay and
tetracycline & sulfonamides in effluents of waste water treatment plants
(Gao et al., 2012). With the development of intensive rearing in
aquaculture industries, antibiotic drugs have become a necessity as a
feed additive in aquaculture industries.

Antibiotics have been detected globally in developing countries.
Fluoroquinolones, macrolides, sulfamethoxazole, sulfonamides, tri-
methoprim, lincomycin, and beta-lactams have been detected fre-
quently in hospital effluents with the detection rate (up to 35,500 ng/l)
(Meena et al., 2015).

In European countries, hospitals confer only 5–20% pharmaceu-
ticals in municipal sewage water (Kümmerer, 2009). However, these
antibiotics are detected in hospital effluents; hence we cannot deny the
contamination of these antibiotics to the surface water sources and their
consumption borne health issues. It may be possible that one kind of
antibiotic's detection rate differs from other type/kind of antibiotic as in
dairies, lincomycin detected more frequently while tylosine is occa-
sionally (Sarpong and Miller, 2015). Sulfamethoxazole, trimethoprim,
ciprofloxacin, and ofloxacin detection have been reported in municipal
wastewater. Oxytetracycline, florfenicol, premix, sarafloxacin, ery-
thromycin sulphonamides are widely used in aquaculture so detected in
aqua samples. In China generally, 5 compounds, SDZ, AMX, NOR, OFL
and ETM were found in the water samples with concentrations ranging
from 65 to 7722 ng L−1. All the five antibiotics were found in the fish
pond with the concentration upto 315 ng L−1.

Tetracyclines, oxytetracyclins, sulfamethazine, tylosin, penicillin G
and lincomycin are widespread in veterinary and medicinal practice to
treat the bacterial infections (García-Fernández et al., 2018). In dairies,
antibiotic injections are widely used, and these antibiotics are ad-
ministered in animals for prophylaxis of diseases, growth promotion
and more commonly administered in milk replacer for calves and
treatment during lactation. Chlortetracycline, sulfamethazine, and lin-
comycin were frequently detected in wastewater while tylosin and
oxytetracycline were occasionally detected, so there is a need to for
more research on dairies effluents for the detection of other metabolites
and isoforms of antibiotics. Sarafloxacin has been used against poultry
disease, which strongly binds to soil and hence there is a need for the
detection of other isoforms in the soil as to check the level of toxicity of
new contaminants (Lysnyansky et al., 2013). Antibiotics have a short
half-life, but enough to give resistance to the microorganisms by con-
tinuous exposure, i.e., virginiamycin, a food additive to livestock is used
as a growth enhancer and is found in excreta of treated animals whose
manure is used as fertilizer and due to its soil binding capacity (Tasho
and Cho, 2016), it contaminates the water supply. Virginiamycin, also
known to be biodegradable in soil but its exposure is enough to provide
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resistance to the soil microbiota before it gets degraded (Radu et al.,
2017). Their degradation rate also varies depending on the variety of
antibiotics, i.e., Cyclosporin A degradation by microorganism occurs at
a very slow rate. Europian pharmacopoeia has fixed the amount of
many antibiotics and related compounds in the pharmaceutical for-
mulations and is strictly followed by western companies. But in India
due to no legal action and norms for antibiotics prescription along with,
lack of strictness, shortage of expertise and absence of regular mon-
itoring, the problem of antibiotic resistance is rising at a fast pace,
culminating towards the development of superbugs, i.e., multidrug re-
sistance. The concentration of antibiotics ranges from few nanograms to
micrograms per litre or kilograms of soil. Antibiotics such as fluor-
oquinolones, macrolides, and tetracyclines are not degraded unlike
penicillins and are found to be persistent in the environment (Grenni
et al., 2018). The highest amount of antibiotic is found in hospital ef-
fluents wastewater effluents, and soil treated with manure especially in
the winter season.

Natural microbial communities show bactericidal and bacteriostatic

effects as detrimental consequences of antibiotic treatment. Antibiotics
acting on these microbial communities lead to antibiotic resistance (Hu
et al., 2018). The biodiversity of the microorganisms is used for the
maintenance of the biological processes in water and soil as biogeo-
chemical cycles. Few reports on the impact of antibiotics on biogeo-
chemical cycles are well tabulated by researchers i.e., Shan et al., 2018
described the altered dissimilatory NO3 reduction in paddy along with
the enhanced release of N2O under the influence of sulfamethazine and
tetracycline (applied separately and in conjunction) in soil slurry ex-
perimentation. 15N tracer technique revealed the reduced potential of
nirZ and nirS genes resulting in altered (Shan et al., 2018) nitrogen
cycle. Antibiotic resistance patterns and the antibiotics prescription
rates vary across geographical areas, the increase in antibiotics pre-
scription is increased with the increase in resistance of pathogens
against antibiotics (MacFadden et al., 2017). Antibiotic resistance is
strongly correlated with the latitude coordinates, and the local tem-
perature and the higher temperature leads to the proliferation of anti-
biotic resistance. In Escherichia coli, Klebsiella pneumonia and

Table 1
Commonly used antibiotics and their general characteristics.

Antibiotic class Example Application Chemical
formula

Type Target Mol. Wt.
(g/mol)

Aminoglycosides Streptomycin
Amikacin
Kanamycin A
Neomycin
Gentamycin

Veterinary
Vet.
Human
Vet.
Vet.

C21H39N7O12

C22H43N5O13

C18H36N4O11

C23H46N6O13

C21H43N5O7

Bactericidal Inhibit protein synthesis 581.574
585.603
484.499
614.644
477.596

Beta-Lactams Penicillin G
Amoxicillin
Ampicillin
Cloxacillin
Cephalexin
Cephalotin
Cefazolin
Ceftiofur
Cefotaxin
Cefquinome

Ani.,hum.,vet.
Vet.
Vet.
Vet.
Vet.
Human
Human
Vet.
Human
Vet.

C16H18N2O4S
C16H19N3O5S
C16H19N3O4S
C19H18ClN3O5S
C16H17N3O4S
C16H16N2O6S2

C14H14N8O4S3

C19H17N5O7S3

C16H17N5O7S2

C23H24N6O5S2

Bactericidal Inhibit cell wall synthesis 334.39
365.4
349.41
435.88
347.39
396.44
454.51
523.56
455.47
528.6

Glycopeptides Vancomycin
Bleomycin
Polymyxin B
Polymyxin E

Vet
Human
Vet, human
Vet, human

C66H75Cl2N9O24

C55H84N17O21S3

C56H98N16O13

C52H98N16O13

Bactericidal Inhibit cell wall synthesis 1449.3
1415.551
1203.499
1155.455

Lincosamides Clindamycin
Lincomycin

Human
Vet.

C18H33ClN2O5S
C18H34N2O6S

Bacteriostatic Inhibit protein synthesis 424.98
406.538

Macrolides Azithromycin
Erythromycin
Natamycin
Roxythromycin
Clarithromycin
Tylosin

Human
Human,Vet.
Food add.
Human
Human
Vet.

C38H72N2O12

C37H67NO13

C33H47NO13

C41H76N2O15
C38H69NO13

C46H77NO17

Bacteriostatic Inhibit protein synthesis 748.996
733.93
665.725
837.047
747.953
916.1

Nitrofurans Furaltadone
Nitrofuranation
nitrofurazone

Human and vet. C13H16N4O6

C8H6N4O5

C6H6N4O4

Bactericidal Inhibit nucleic acid synthesis 324.293
238.16
198.14

Amphenicols Chloramphenicol
thiamphenicol

Vet.
Vet.

C11H12Cl2N2O5

C12H15Cl2NO5S
Bacteriostatic Inhibit protein synthesis 323.132

356.223
Phosphonates Fosfomycin Human C3H7O4P Bacteriostatic Inhibit cell wall synthesis 138.059
Polyether ionophores Monensin Vet. C36H62O11 670.871
Quinolones and fluoroquinolones Ciprofloxacin

Oxolinic acid
Human
Vet. Plants

C17H18FN3O3

C13H11NO5

Bactericidal Inhibit DNA replication 331.346
261.23

Rifamycin Rifampicin
Rifapentine

Human
Human

C43H58N4O12

C47H64N4O12

Bactericidal Inhibit nucleic acid synthesis 822.94
877.031

Sulfonamides Sulfachloropyridazine
Sulphanilamide
Sulfamethazine
Sulfadimethoxine
Sulfamethoxazole
Sulfapyridine
sulfadiazine

Human,vet.
Human
vet.
vet.
vet.
Human
vet.

C10H9ClN4O2S

C6H8N2O2S
C12H14N4O2S
C12H14N4O4S
C10H11N3O3S
C11H11N3O2S
C10H10N4O2S

Bacteriostatic Inhibit folic acid synthesis 284.718

172.2
278.33
310.33
253.279
249.29
250.278

Tetracyclines Chlortetracycline
Doxycycline
Oxytetracycline
tetracycline

vet.
vet.
Human,vet.
Human,vet.

C22H23ClN2O8

C22H24N2O8

C22H24N2O9

C22H24N2O8

Bacteriostatic Inhibit protein synthesis 478.882
444.43
460.434
444.435
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Staphylococcus aureus, there is a 4.2, 2.2 and 3.2% increase in antibiotic
resistance respectively with a 10 degree Celsius increase in temperature
(Blair, 2018).

4. Antibiotics ecotoxicity and impact on bacteria

Antibiotics get mixed up with fresh water sources via rains and soil
erosion (Mutiyar and Mittal, 2014). By mixing of sewage waste, in-
completely degraded and least eliminated effluents of wastewater
treatment plants, enter into the environment, antibiotics from veter-
inary and poultry come via aquaculture and manure applications, and
by the disposal of unused antibiotics (Nödler et al., 2014). We can
predict from the point of evolution that the microbes raised antibiotics
for their protection which has resulted in their antagonistic effect on
other microorganisms. Antibiotic resistance can spread globally
through HGTs and gets selected and proliferated during the course of
evolution (Chu et al., 2018).

Antibiotics contamination not only affect the targeted microbial
population but it also severely affect the non-target populations, as
shown in Fig. 2 (Leung et al., 2012). Fluoroquinolones frequently found
in hospital waste are more toxic to prokaryotes than eukaryotes (Ao
et al., 2018). Antibiotics not even act on target organisms but it also
acts on non-target organisms (Kümmerer, 2009) including freshwater
algae, fishes and zooplankton, as negative effects of monensin have
been reported on species richness and abundance of zooplankton and
phytoplankton biomass in an artificial pond (Hillis et al., 2007). Anti-
biotics have direct as well as indirect effects on bacterial population
(Grenni et al., 2018). Indirect effects, antibiotics may acts as bacter-
icidal or bacteriostatic but on the other hand due to their long term
exposures, antibiotics results in the development of resistance even in
the non target organisms (Haller et al., 2002).

The effluents antibiotics and their residues causes seawater con-
tamination in Germany, Greece, Italy, Turkey, Belgium, China and USA,
and the study has been supported by the detection of clarithromycin,
erythromycin, roxithromycin and sulfamethoxazole in 153 seashore
water samples from Baltic sea, Northern Madriatic Sea, Aegean Sea,
Pacific Sea, San Francisco Bay, Mediterranean, and Dardanelles (Nödler
et al., 2014). Recent reports also concluded that antibiotics are taken up
by vegetables irrigated with contaminated water, i.e., carrot, radish
(Bassil et al., 2013), corn (Kang et al., 2013) and cabbage (Chowdhury
et al., 2016). Internationally antibiotic consumption data is scarce be-
cause of variation in their prescription and administration. For instance,
a particular antibiotic is widely used in a country, and the same is
banned in other, i.e., vancomycin is prescribed in USA and banned in
Germany. A report estimated 1,000,000–2,000,000 ton antibiotic con-
sumption per annum (Centers for Disease Control and Prevention (CDC),
2015). All the international data on antibiotic usage is only estimated
and approximated, since many countries do not spectacle their mon-
itoring data and vice versa, hence actual data remains unrevealed.

A particular antibiotic can act differently, based on their physical,
chemical and biological properties (Yelin and Kishony, 2018). Anti-
biotic used in veterinary and poultry increase the reluctant mechanism
in bacteria to survive under antibiotic stress resulting in the evolution
of multidrug-resistant bacteria. These resistant strains of bacteria are
reported in aquatic as well as soil environment (Esiobu et al., 2002).
Fluoroquinolone detected in hospital effluents (up to 87,000 ng/l)
showed high genotoxicity and human health risks with its long-term use
(Brown et al., 2006). Sulfonamides and fluroquinolones are more per-
sistent in environment followed by macrolides while aminoglycosides
and β-lactams are least persistent. Tetracyclines can persist for a rela-
tively long period in the absence of sunlight, at the expense of its mo-
bility. The fluoroquinolones, norfloxacin and ciprofloxacin at low
concentration (5000 ng/l and 25,000 ng/l respectively) have shown to
exert genotoxic effects on genetically modified Salmonella typhimurium
(Ao et al., 2018).

Studies on Bifidobacterium, Clostridium, Escherichia coli, Enterococcus

and Lactobacillus showed that their structural composition and meta-
bolic activities are severely affected by antibiotics as they play a crucial
role in changing the ecology particularly the niche through the genetic
exchanges taking place (Newton et al., 2013). Moreover, Clostridium
showed reduced growth rate due to toxicity affects of penicillin, tylosin,
ciprofloxacin and erythromycin, sulfamethoxazole and amoxicillin
(Yasser and Adli, 2015). The Vibrio fischeri is found to be negatively
compromises its luminescence efficiency under the conjunctive appli-
cation of penicillin G, tetracycline and vancomycin (Havelkova et al.,
2016). A recent study on the presence of unmetabolized antibiotics in
manure in correlation with ARGs was done by McKinney et al., 2018.
They observed the variation in six ARGs and one integron (intI1,
blaCTX-M-1, erm(B), sul1, tet(A), tet(W) and tet(X)). The significant
results were simultaneous increase in ARGs with manure treatment and
with respect to soil depth and level, the abundance of ARGs are directly
proportional.

5. Bacterial strategies for antibiotic resistance

Traditionally, fungal and bacterial species were the key sources of
antibiotics (i.e., penicillin & streptomycin) but due to the resistance
acquired by the bacteria since last few decades, the synthesis of artifi-
cial antibiotics (chemically synthesized and modified natural anti-
biotics) is the demand of time (Lin et al., 2018a). Overuse, underuse,
and misuse of the antibiotics is moulding and bringing new cases of
microbial resistance especially among bacterial species. The rationale
behind this scenario is long-term exposure with the low concentration
of antibiotics (Wistrand-Yuen et al., 2018). Antibiotic resistance refers
to an increase in the MIC of antibiotics towards the microbes. It is a
mechanism through which the bacteria can survive the stress of anti-
biotics (Trinh et al., 2018). Microbes can execute antibiotic resistance
via escaping the drug-target interaction, efflux of antibiotics from the
cell (efflux pump TolC in E. coli), modification of antibiotics and their
metabolites by enzymes (Kumar et al., 2017; Sharma et al., 2018) (i.e.,
ADP-ribosyltransferases and glycosyl transferases). These antibiotic
modifying enzymes assisted by co-substrate i.e., ATP can transfer
functional groups which covalently modify the antibiotics by acetyla-
tion, phosphorylation, adenylation, nucleotidylation, ribosylation, and
glycosylation (Camotti Bastos et al., 2018). Above consequences can
lead to modification of cell surface receptors, redox mechanisms, hy-
drolysis and many more culminating towards MDRS (Rajivgandhi et al.,
2018). Different kind of resistant genes activated under the heavy an-
tibiotic stress which ultimately becomes a part of normal bacterial
machinery and hence produces the resistant enzymes even in the con-
trol conditions (Cruz-Loya et al., 2018). Although thousands of resistant
enzymes against the classical and modern antibiotics have evolved,
Table 3 summarizes some beta lactamases which are involved in im-
mense resistance against different class of antibiotics. Bypass of anti-
biotics is another specific mechanism of bacterial resistance. PBP an
alternative produced by MRSA, the bacteria produces a simple target
(PBP) which is susceptible to antibiotics. This alternative target is im-
portant for the survival of bacteria which plays the role of a simple
protein (Gao et al., 2012). However bacterial cell posses different mo-
lecular hierarchy (Fig. 1) (DNA, RNA or Protein), each antibiotic has its
specific target for action (Mack et al., 2018).

High cell density and quorum sensing of microbial consortium form
biofilm. Biofilm prevents the antibiotic penetration due to matrix acting
as a barrier (Maurice et al., 2018). Positively charged aminoglycosides
antibiotics (i.e., gentamicin and streptomycin) are prevented from pe-
netrating the negatively charged biofilm matrix (Radlinski and Conlon,
2018). The high density of bacteria in biofilm's consortium increases
the chances of selection of resistant bacteria because of antibiotic
pressure by enhancing the rate of HGT and increasing the frequency of
mutation (Fan et al., 2018). In various experiments, antibiotic diffusion
coefficients are measured in polysaccharide gels which differ around
36–76% as compared to their diffusion in water (Wang et al., 2018a).
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Fig. 1. Representation of target sites of antibiotic for a bacterial cell. Target (1), DNA replication, target (2), transcription, target (3), translation, target (4) & (5),
ribosomal subunits, target (6), protein modifications, target (7) & (8), folic acid and Purine synthesis. Based on the targets, the antibiotic can be recognized as
bactericidal or bacteriostatic and rather than gene and protein alterations; antibiotic also targets the precursors of cellular machinery molecules i.e., folic acid and
thymine.

Fig. 2. Non-target bacterial diversity affected by antibiotics through unintentional feeding in dairy farms. The resistant bacteria survive due to mutations and
adaptations in the antibiotic load surrounding the bacteria in the gut of animals. The contamination further spreads from the feces and urine into the environment
and contributes to the natural environmental cycles.
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So there is a reduction by a factor of two to three in diffusion of anti-
biotics in biofilms that explains the resistance level of these aggregated
bacteria to antibiotics (Ahmed et al., 2018). The exopolysaccharide and
extracellular DNA can render a drug ineffective against bacteria due to
poor diffusion as the structural composition of biofilms can act as a
barrier to diffusion, preventing the antibiotic to reach the living cell (He
et al., 2012). The diffusion rate varies between antibiotics that are
positively charged, i.e., aminoglycosides and the large molecules are
less effective in diffusing across the extracellular matrix, but beta-lac-
tams antibiotics and quinolones can diffuse easily (Zhang et al., 2012).
In the outer regions, inactivation of drugs takes place, and the drugs are
prevented from diffusing into deeper layers, which allow the sensitive
bacteria to survive. The concentration of drugs and oxygen is highest at
the particular spatial niche which is near the biofilm surface. A gradient
of oxygen, cations are generated which affects the efficiency of anti-
biotics in deeper regions. Due to the scarcity of nutrients, there is a sort
of metabolic response generated which helps to control the tolerance of
antibiotics in bacterial cells in which the growth is ceased. The biofilm
consortium is even not phenotypically homogeneous as subpopulations
(i.e., persister cells) show different susceptibility to antibiotics
(Ayrapetyan et al., 2018).

Several studies have been conducted for determination of antibiotic
in the Rio Grande (McKenney et al., 2018), major U.S. Rivers (Wu et al.,
2018) and Wild Canada Geese (Rasmussen et al., 2017). The wide-
spread and improper use of antibiotics in livestock, human and pets
have resulted in the development of antibiotic-resistant bacteria. The
antibiotic-resistant bacteria might develop from long-term environ-
mental exposure to low concentration of antibiotics with limited data
support (Oliveira et al., 2017). In sewage, receiving hospital and
pharmaceutical plant waste is reported to have relatively more resistant
bacteria against oxytetracycline in comparison to sewage receiving
wastes from pharmaceutical plants only. Latter also shows resistant
bacteria against multiple drugs including sulfamethoxazole (Szekeres

et al., 2018). Pseudomonas fluorescens, P. aeruginosa, Klebsiella pneumo-
niae, Proteus mirabilis and Staphylococcus sp. were found to be multi-
resistant against some antibiotics (Hathroubi et al., 2017). Even from
the natural water some antibiotic-resistant bacteria also detected. The
continuous increment in antibiotic-resistant pathogenic bacterial
strains leads to the severity of the health problem (García-Fernández
et al., 2018).

Antibiotic fosfomycin known for the treatment of multi-drug re-
sistant bacterial infection (Wagenlehner et al., 2011) is a potent bac-
tericidal against E.coli, Staphylococcus aureus, Streptococcus pneumonia,
Enterococcus faecalis, and Enterococcus faecium, but some bacteria show
decreased susceptibility against it, i.e., Klebsiella pneumonia and En-
terobacter cloacae (Kumbhakar et al., 2018). And this reduced suscept-
ibility is due to mutations in GipT and UhpT transporters (Lucas et al.,
2018), modification of antibiotic target MurA enzyme (Guo et al.,
2017), and antibiotic modification by proteins (FosA, FosB or FosX)
(Scortti et al., 2018). Fosfomycin has been used for many decades, so
antibiotic resistance has developed in many strains of different bacteria,
so more exploration of the molecular mechanism of resistance devel-
opment is the need (Zhanel et al., 2018). Tetracycline is bacteriostatic
and is active against gram negative and gram positive bacteria. Bac-
terial isolates of genera Moraxella, Pseudomonas, Flavobacterium, Vibrio,
Xanthomonas, Alcaligens, Micrococcus, Aeromonas, and Acinetobacter
were reported to have resistance against ampicillin (Olaimat et al.,
2018).

6. Detection and analysis of antibiotics

Analytical methods for quantification of tetracyclines and sulfona-
mides in wastewater, soil, sludge, and manure has been developed with
difficulty in tetracyclines extraction due to strong adsorption on sludge
particles (Pamreddy et al., 2013). But many antibiotics have been ex-
tracted out from solid samples by ultrasonic assisted extraction method

Fig. 3. Different kind of sources of antibiotic contamination to soil and water.
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(Neves et al., 2018), microwave assisted extraction method, accelerated
solvent extraction method (Abdel-Hameed et al., 2018) and their de-
termination confirmed by liquid chromatography (Lehotay and
Lightfield, 2018), MS or tandem MS (Sparbier et al., 2012). From a few
hundred to several thousand ng/l antibiotics are detected in municipal
wastewater (Li et al., 2018). Structural and chemical properties of an-
tibiotics and their abiotic transformations help in the determination of
fate and presence of antibiotics in the environment (Bouki et al., 2013;
Yan et al., 2018). Studies showed that sulfamethoxazole, trimethoprim,
and ofloxacin were detected in influents as well as effluents of

wastewater treatment plants (Barancheshme and Munir, 2018). And
this shows that WWTPs are not able to undo the antibiotics inclusion
entirely hence there is a necessity to advance the quality and standard
of the WWTP. HPLC is the well known and established chromatography
technique in the field of liquid sample separation for contaminations,
i.e., extraction or detection of virginiamycin in soil samples (Wang
et al., 2018b). The common detection methods for antibiotics are listed
in Table 2. Tetracyclines produce fluorescence on reaction with mag-
nesium ion and fluorescence is intensified by base addition, i.e., sodium
hydroxide and hence is the useful method of antibiotic detection.

Fig. 4. The proposed degradation pathway of penicillin G in the presence of hypothetical microbial enzyme possessing the active amino acid lysine.
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Table 2
Detection methods of various antibiotics.

S. no. Method Antibiotic Detection (Upto ng/L) Country Reference

1. SPE-HPLC-MS/MS Cefalexin 700
283 & 994
250
1410

China
Taiwan

Australia
China

Gulkowska et al. (2008)
Lin et al. (2008)

Watkinson et al. (2007)
Minh et al. (2009)

Roxithromycin 500 Australia Watkinson et al. (2007)
Ampicillin 7 Taiwan Lin et al. (2008)
Amoxicillin 1670

50
50

China
Australia
China

Minh et al. (2009)
Watkinson et al. (2007)
Bengtsson-Palme and
Larsson (2016)

Penicillin G 300 Australia Watkinson et al. (2007)
Cloxacillin 700 Australia Watkinson et al. (2007)
Cefotaxim < 12

7
34

China
Taiwan
China

Gulkowska et al. (2008)
Lin et al. (2008)
Bengtsson-Palme and
Larsson (2016)

Cefaclor 1800
1800

Australia
China

Watkinson et al. (2007)
Bengtsson-Palme and
Larsson (2016)

Cephradine Upto 12 Taiwan Lin et al. (2008)
Sulfamethoxazole 200

964
278
472
226
400
3176
964

Australia
Taiwan
China
USA
Taiwan
Germany
Croatia
China

Watkinson et al. (2007)
Lin et al. (2008)
Minh et al. (2009)
Spongberg and Witter
(2008)
Lin et al. (2008)
Richard et al. (2014)
Senta et al. (2008)
Bengtsson-Palme and
Larsson (2016)

Sulfapyridine 124
28

Croatia
Spain

Senta et al. (2008)
Díaz-Cruz et al. (2008)

Sulfadiazine 34.3
6
10

Spain
Taiwan
Croatia

Díaz-Cruz et al. (2008)
Lin et al. (2008)
Senta et al. (2008)

Sulfisoxazole 11.9
1.6

USA
Spain

Spongberg and Witter
(2008)
Díaz-Cruz et al. (2008)

Sulfadimethoxine 1.9
12
2

USA
Spain
Taiwan

Spongberg and Witter
(2008)
Díaz-Cruz et al. (2008)
Lin et al. (2008)

Sulfamethizole 48.5 Spain Díaz-Cruz et al. (2008)
Sulfanilamide 26 Taiwan Lin et al. (2008)

219 Croatia Senta et al. (2008)
Norfloxacin 110

14
1035
54
546
320

China
Taiwan
Croatia
Croatia
Australia
China

Gulkowska et al. (2008)
Lin et al. (2008)
Senta et al. (2008)
Senta et al. (2008)
Watkinson et al. (2007)
Bengtsson-Palme and
Larsson (2016)

Ciprofloxacin 42
427
46
31.5
742

Taiwan
Croatia
Croatia
Sweden
China

Lin et al. (2008)
Senta et al. (2008)
Senta et al. (2008)
Zorita et al. (2009)
Bengtsson-Palme and
Larsson (2016)

Enrofloxacin 50
50

Australia
China

Watkinson et al. (2007)
Bengtsson-Palme and
Larsson (2016)

Tetracycline 210 & 62
620

China
China

Minh et al. (2009)
Bengtsson-Palme and
Larsson (2016)

Oxytetracycline 100 China Minh et al. (2009)
Chlortetracycline 250 Australia Watkinson et al. (2007)
Erythromycin 850

695
297
811
630
2841
620

China
Taiwan
Croatia
Taiwan
China
UK
China

Gulkowska et al. (2008)
Lin et al. (2008)
Senta et al. (2008)
Lin et al. (2009)
Minh et al. (2009)
Kasprzyk-Hordern et al.
(2009)

(continued on next page)
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During dehydration, tetracycline fluorescence more and it can be used
for sensitive detection of tetracycline and its epimers (Barancheshme
and Munir, 2018).

7. Biodegradability of antibiotics

Biodegradation of antibiotics occurs by both biotic and abiotic
processes. Biotic factor involves the use of microorganisms, and abiotic
factor requires sorption, hydrolysis, photolysis, oxidation and reduction
reactions (Massé et al., 2014). Microbial population aiding in removal
and remediation are explored for treating terrestrial and aquatic

contaminants. The bioremediation process can be elucidated as meta-
bolic potential possessed by microorganisms (Dangi et al., 2018). Web
of interconnected metabolic pathways utilize various environmental,
i.e., petroleum, oil spill, pesticide, plastic, heavy metals (Basu et al.,
2018), etc. as substrate and release biodegradable byproducts (Noda-
Garcia et al., 2018). In the case of antibiotics bioremediation, the mi-
crobial population attains ARGs (Zad et al., 2018). Recent studies
showed the correlation between generation of resistance genes and
antibiotic degradation potential. However, Wen et al. (2018) found no
parallelism in degradation of doxycycline and production of ARGs in
Candida sp. and Escherichia sp. Thus, these species would be the best

Table 2 (continued)

S. no. Method Antibiotic Detection (Upto ng/L) Country Reference

Bengtsson-Palme and
Larsson (2016)

Tylosin 3400
3400

Australia
China

Watkinson et al. (2007)
Bengtsson-Palme and
Larsson (2016)

Trimethoprime 1037
415

Croatia
Taiwan

Senta et al. (2008)
Lin et al. (2009)

Chloramphenicol 307 China Minh et al. (2009)
Clindamycin 51

700
Taiwan
China

Lin et al. (2008)
Bengtsson-Palme and
Larsson (2016)

Nalidixic acid 178
200

Taiwan
Taiwan

Lin et al. (2008)
Lin et al. (2009)

Ofloxacin 137
123
10
1220
991
4820

China
Taiwan
Sweden
China
Taiwan
China

Xu et al. (2007)
Lin et al. (2008)
Zorita et al. (2009)
Minh et al. (2009)
Lin et al. (2009)
Bengtsson-Palme and
Larsson (2016)

2. SPE-HPLC/MS Sulfamethoxazole 2600
492

China
Korea

Chang et al. (2008)
Choi et al. (2008)

Sulfadiazine 960
98

China
China

Chang et al. (2008)
Xiong et al. (2015)

sulfadimethoxine 70 Korea Choi et al. (2008)
Sulfamethizole 10 China Chang et al. (2008)
sulfamerazine 42 Chang et al. (2008)

3. SPE-HPLC-FLD ciprofloxacin 309 Portugal Seifrtová et al. (2008)
Norfloxacin 35 Portugal Seifrtová et al. (2008)

4. SPE-HPLC-UV-
FLD

Sulfamethoxazole < 80 China Peng et al. (2008)

5. SPE-UPLC-MS/MS Sulfamethoxazole 12 UK Kasprzyk-Hordern et al.
(2009)

Sulfacetamide 2
10.7

USA
Spain

Spongberg and Witter
(2008)
Díaz-Cruz et al. (2008)

Sulfapyridine 161 Japan Chang et al. (2008)
Sulfadiazine 3.8 Japan Chang et al. (2008)
sulfisoxazole 0.13 Japan Chang et al. (2008)
Sulfamethoxazole 28

2200 & 800
Japan
USA

Chang et al. (2008)
Batt et al. (2008)

Norfloxacin 85
< 5.5

China
Sweden

Xiao et al. (2008)
Zorita et al. (2009)

Ciprofloxacin 27 China Xiao et al. (2008)
Erythromycin 830 UK Kasprzyk-Hordern et al.

(2009)
Trimethoprime 1004 UK Kasprzyk-Hordern et al.

(2009)
Ofloxacin 503 China Xiao et al. (2008)

6. SPE-UPLC-MS Sulfamethoxazole 23
98

UK
China

Kasprzyk-Hordern et al.
(2009)
Xiong et al. (2015)

Norfloxacin 98 China Xiong et al. (2015)
Ciprofloxacin 98 China Xiong et al. (2015)
Enrofloxacin 98 China Xiong et al. (2015)
Oxytetracycline 98 China Xiong et al. (2015)
Chlortetracycline 98 China Xiong et al. (2015)
Trimethoprime 3052 UK Kasprzyk-Hordern et al.

(2009)
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eco-friendly option for engineering antibiotics degrading bacteria.
Closed bottle test showed that Penicillin G is more degraded than ci-
profloxacin, meropenem, sulfamethoxazole and cefotian dihy-
drochloride (Al-Ahmed et al., 1999; Lin et al., 2018b). In aqueous so-
lution, in presence of the sunlight, fluoroquinolone carboxylic acid is
known to be degradable. Elimination of ciprofloxacin occurred by ad-
sorption phenomenon on sediments, and low biodegradation of many
antibiotics is seen in soil samples because of the adsorption phenom-
enon in soil (Zhang et al., 2018). Approximately 50–70% administered
antibiotic molecule in excreta, is found in both recalcitrant and de-
graded form but still shows activity (Ahn et al., 2018). Monensin is
resistant to direct photolysis due to its absorbance spectra (Bohn et al.,
2013). Tetracyclines, quinolones, sulphonamides, tylosin, nitrofuran
antibiotics are light sensitive. Photolysis of tylosin, nitrofuran, and
decaying of oxolinic acid is seen under light conditions. Fluor-
oquinolones are susceptible to degradation by ultraviolet light but in-
sensitive to hydrolysis (Okaikue-Woodi et al., 2018). Efficient de-
gradation of sulfamethoxazole and oxytetracycline by ozonation had
been reported (Sirés and Brillas, 2012; Benner et al., 2008). Oxygen is
present everywhere in the atmosphere, so oxidation is the most
common and vital pathway of antibiotic degradation and on the other
hand photolysis (deterioration of the compound by gaining light en-
ergy) is also an important mechanism of antibiotic degradation (Ge
et al., 2018). Bioelectrochemical system, which includes the knowledge
of microbes, ARBs, ARGs and redox reactions, can be used to design
such an innovation which can reduce the antibiotic contamination (Yan
et al., 2018). UV sunlight can convert antibiotic compound to other
different known and unknown forms, so there is a need to study more
about the product formed by the photolysis of known antibiotics and
their effects on microbial fauna & human biochemical reaction inter-
mediates (Zhang et al., 2016). Tetracycline is a significantly smaller
antibiotic than cephalexin, and so tetracycline degradation by sunlight
is faster than cephalexin and is proved by their zone of inhibition
(Azimi and Nezamzadeh-Ejhieh, 2015). Degradation of antibiotics leads
to the release of toxic products in the environment and is proved by
studies on ATC and EATC. Methanol is mainly used in tetracycline
detection, a universal solvent of tetracyclines and can accelerate the
degradation of tetracycline molecules. Enzymatic degradation and
bioremediation of antibiotics may be a potential biological technique to
minimize the chemical load in the water or soil matrices i.e., Cyto-
chrome P450 enzymes (Bhattacharya and Yadav, 2018). Penicillin de-
grades in the presence of enzyme beta-lactamase or penicillinase, acidic
or alkaline condition and even in the presence of weak nucleophiles,
i.e., water and metal ions (Popovich et al., 2018). Fig. 4 showing the
proposed degradation pathway for penicillin G degradation till the last
biologically inactive metabolite, Penilloic acid, through the hydrolysis
reaction. Ampicillin degradation is seen in the presence of alkaline
conditions. Cephalosporin and penicillin degradation is seen in the
presence of metal ions i.e., mercury, copper (Bischoff et al., 2018), zinc,
cadmium, and cobalt (Saitoh and Shibayama, 2016). These metal ions
help in opening the β-lactam ring and catalyze the rate of inactivation
by forming intermediate complexes with penicillin and cephalosporin.
The penicillin degradation by enzymatic strategies can be an excellent
eco-friendly technology, which may impart their non-toxic effects on
the target and non-target organisms.

8. Global policy execution

Survival of the fittest makes bacteria to become the antibiotic re-
sistant among the same population. Antibiotic resistance cause 25,000
deaths in EU and 23,000 in USA (CDC, 2015). While in developing
countries i.e., in India, 58,000 neonatal deaths were reported due to
antimicrobial resistance. This may be one of the reasons for increased
antibiotic resistance in the developing countries like India
(Laxminarayan et al., 2013). The rate of antibiotic resistance in Den-
mark is very low signifies strict policy and their implementations within

the country (Center for Disease Dynamics, Economics & Policy
(CDDEP), 2015).

In South Africa, the standard unit per capita is very high while the
GDP per capita is very low clearly indicating the situation of antibiotic
resistance consequences, its management, government policies, and
their implementation (Gelband et al., 2015). South Africa initiated to
come with the government and private sector professionals for the
prevention of resistance problem through national policies and their
strict implementation. In present, the highest consumption of anti-
biotics in livestock has been reported in China (> 15,000 tons) while
France and Canada (approximately 2 tons) shown the least consump-
tion (Center for Disease Dynamics, Economics & Policy (CDDEP),
2015).

The Center for Disease Dynamics, Economics & Policy report, 2015
suggested minimization of antibiotic use and overuse by reducing the
incentives on antibiotics and related items by education based aware-
ness among public, professionals and policy makers along with a strong
political commitment for international antibiotic policies. US made a
national action plan to prevent the antibiotic resistance bacteria
through stewardship (House, 2015) while EU already started work in
the same direction (European Commission, 2011). In Jaipur declara-
tion, Southeast Asian countries under WHO, also showed commitment
towards antibiotic resistance stewardship (WHO, 2015).

9. Conclusion and future perspectives

Antibiotic contamination is a major global threat and has increased
the risk of antibiotic resistance in the microorganisms. Although the
European Union has banned many antibiotics, they are still in use and
creating a future global challenge for health issues. WWTP are not able
to completely eliminate the antibiotic residues from the water matrices;
hence, more investigations on WWTP's capacities and capabilities are
the calls of present conditions worldwide. Microorganism mainly bac-
teria and fungi which are most affected as ARB, MDRS, and ARGs, is a
matter of concern in the health sector. Antibiotics have a short life span,
but still, their hydrophobicity and lipophilic nature lead to their per-
sistence in the environment. Measures should be adopted for the con-
trolled use of antibiotics, and no antibiotic should be sold without being
prescribed along with the safe removal of the discarded antibiotics
along with the excreta. It is obvious that the complete removal of re-
sidual antibiotics is impractical but though, the observations lie at the
core of mechanisms associated with their uptake and abolition. This
may explore the antibiotic bioremediation strategies in the current
scenario. Bioremediation technology is the best suitable and non-re-
placeable technique for cleaning of our water ecosystem. Finally, more
in-depth studies are needed for better technology development for the
clean environment and safer future for our next generations.
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