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Abstract 

 

Antibiotic resistance (AR) has been identified by the World Health Organization (WHO) as one 

of the biggest threats to human health, due to the increased and unrestricted antibiotic use in 

humans and animals. In addition, there is growing concern that substances with antimicrobial 

properties, such as disinfectants coming from industry and housings, functions as selective 

agents in the proliferation of AR mainly due to co- and cross-resistance. Wastewater treatment 

plants (WWTPs) provide several different environmental conditions potentially favoring the 

selection of ARGs and thereby their spread in the environment. Although WWTPs show 

removal effectiveness of antibiotics and disinfectants from the wastewater influents, they fail 

to eliminate antibiotic resistance genes (ARGs). For that reason, WWTPs are among the main 

sources of the release of antibiotic resistant bacteria (ARB) and ARGs into the environment. 

Even though the distribution of different ARGs in WWTPs has been deeply investigated, the 

ecology and the molecular mechanisms underlying the selection of specific ARGs, especially 

those associated with disinfectants, are still poorly understood. 

 

The review aims at investigating the effect of disinfectants in WWTPs on AR. First the 

mechanisms of action of different types of disinfectants on bacteria, as well as some of the 

resistance mechanisms bacteria possess against these chemicals, are described. The impact 

antimicrobial agents have on ARGs have been studied and linked to potential spread of these 

genes between bacterial genomes. WWTPs act as a final barrier to prevent the release of ARGs 

into the environment. Therefore, it is important to understand the different treatment processes 

and the effect of disinfectants in the treatment facilities on the spread and release of ARGs. The 

results of several studies support the hypothesis that the use of disinfectants can contribute to 

AR. Additionally, they show that present day WWTPs need some further improvements and 

induction of some more advanced treatment methods to increase their removal efficiency of 

antimicrobial agents and ARGs. This review concludes that more research is required to fully 

determine the effect of disinfectant use on the fate of ARGs in WWTPs. 
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 1 

 

1 Introduction 

 

During the ongoing COVID-19 pandemic the use of disinfectants has increased in public 

facilities, healthcare systems, and even households worldwide.1 Active ingredients in these 

disinfectants used for fighting against the spread of SARS coronavirus 2 (SARS-CoV-2), which 

causes the disease COVID-19, include chemicals where alcohols, formaldehyde, 

glutaraldehyde, hydrogen peroxide and quaternary ammonium compounds (QACs) are the most 

commonly used.1-3 Ethanol, formaldehyde, isopropanol, sodium hypochlorite, hydrogen 

peroxide and benzalkonium chloride have been used to inactivate SARS-CoV-2 at following 

concentrations, 75%, 0.7%, 70%, 0.21%, 0.5%, and 0.1%,respectively.4, 5 Although, 

disinfecting chemicals work together to achieve the same goal, they differ in their structures, 

properties, modes of action, environmental behaviors, and effects on human health upon 

exposure.1 After use, these disinfectants end up in wastewater treatment plants (WWTPs) or 

directly enter the aquatic environment.6 

In addition to disinfectants, it is also important to consider the affect antibiotic compounds have 

on the global health as they have been used for fighting bacterial infections for almost a 

century.7 For instance, over 250 million antibiotic prescriptions are written in the United States 

annually, while the overall use of antibiotics in China in 2007 was 96 million kg.2 It is believed 

that these numbers as well as those reported for the disinfectant use have increased even more 

during the COVID-19 pandemic due to an overuse of both disinfectants and antibiotics.2 Even 

though antibiotics cannot be used for the treatment of the COVID-19 directly, they have been 

utilized to resist the COVID-19 induced inflammation and other diseases.2 However, the 

number of effective antibiotics is decreasing due to the rising numbers of multi-drug-resistant 

pathogens.8 Since human body cannot completely metabolize these compounds, 30-90 % of 

them are excreted uncharged into the waste system.2  

The scientific reports collected during this study indicate that the overuse of antibiotics and 

disinfectants, characterized by high concentrations and high doses, can lead to antimicrobial 

resistance to these compounds, which has long been considered one of the major risks to global 

public health.2, 9 The resistance can be achieved through horizontal gene transfer (HGT), 

vertical gene transfer (VGT), and co-selection.2, 10  In addition, the scientific experiments show 



 2 

that disinfectants have a significant effect on the fate of antibiotic resistance genes (ARGs) 

under favorable conditions.  

 

Water is one of the most essential substances on Earth.11 Although it covers 71% of the Earth’s 

surface, only 2.5% is the fresh water.11 Rapid urbanization and industrialization, especially in 

developing countries, discharge huge volumes of wastewater.11 WWTPs collect sewage 

containing disinfectants, antibiotics, and resistant bacteria, thereby favoring the spread of 

resistance genes.10 Even though different types of treatment methods are applied, the inlet and 

outlet concentrations reported in different experimental studies show that these plants are far 

from 100% effective at removal of these micropollutants. Consequently, ARGs and antibiotic 

resistant bacteria (ARB) present in the effluent water are released into the environment, thereby 

leading to more stress on ecological safety.2 Therefore, optimizing the treatment efficiency of 

WWTPs is important for global health.2 

 

Most of the research done so far focus mainly on the relationship between antibiotics and ARGs. 

However, as it has been proven that disinfectants also have a huge impact on the spread of 

antibiotic resistance (AR), more research need to be done in that field. This literature review 

collects relevant data on the impact of disinfectant use on the spread of ARGs to obtain more 

comprehension on the work done this far on the link between disinfectants and ARGs. This 

review found that the link between disinfectants and ARGs is still poorly understood. In 

addition, this article also highlights that the removal of disinfectants from wastewater using 

different treatment methods needs more consideration, as traditional WWTPs are not designed 

for the removal of emerging pollutants, particularly antibiotic and disinfectant removal. 
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2 Disinfectants and biocides 

 

Biocides are chemical agents, more precisely inorganic or synthetic organic molecules,12 that 

inactivates microorganisms.13 Based on the range in antimicrobial activity, biocides can be 

divided into two groups.13 The suffix “-static” refers to agents which inhibit growth (e.g., 

bacteriostatic, fungistatic, and sporistatic), while “-cidal” refers to agent which kill the target 

organism (e.g., bactericidal, virucidal and sporicidal).13 Biocides are widely used in antiseptics, 

disinfectants, preservatives, and other biostatic and biocidal products.14 

        

Although, both antiseptics and disinfectants are biocides or products that destroy or inhibit 

growth of microorganisms, the key to distinguishing the two groups is the area of use.13 

Antiseptics are applied on living tissues, such as human skin, while disinfectants are applied on 

non-living surfaces.13 Since disinfectants are not necessarily sporicidal, the process of 

disinfection removes pathogens but leaves endospores.15 However, sometimes it is necessary 

to destroy both endospores and pathogens in a process known as sterilization.13, 15 In food and 

pharmaceutical industry biocides are used as preservatives for both longevity of preparations 

and to maintain sterility.14 

 

Table 1. Chemical structure and uses of biocides. Adapted from McDonnell and Russell 199913 

Type of 
biocide 

Chemical structure Concentration 
 

Area of use  Reference 

Alcohols  

 
 

60-80% Antiseptic 
 
Disinfection 
 
Sterilization 
 
Preservation  
 
 
 
 

 13, 16 

Aldehydes  

 

0.1 - 2%  Disinfection 
 
Sterilization 
 
Preservation 
 
 
 
  

 13, 17 

H3C
H2
C OH

H
C
CH3
CH3

HO

ethanol

isopropanol

H H

O O

glutaraldehyde
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Anilides  

 
 

1.5% Antisepsis  
 
 
 
 
 
 
 

 13, 18 

Biguanides  

 
 

 

0.05 – 4% 
 
 
 
 
 
 
 
2% 

Antisepsis 
 
Antiplaque 
agents 
 
Preservation 
 
Disinfection 
 
 
 
 
 
 
 
 
 
 
 
 

 13, 19, 20 
 
 
 
 
 
 
 
 

Bis-phenols 
and 
structurally 
similar 
compounds 

 

0.1-0.3 % Antisepsis 
 
Antiplaque 
agents 
 
Deodorants 
 
Preservation 
 
  
 

 13, 21 

Diamidines  
 

 
 

0.1 %  
 
 
 
 
 
 
 
 

Antisepsis 
 
Preservation 
 
 
 
 

 13, 22      
 

Halogen-
releasing 
agents 
 

 

10% 
 
50% industry 

Disinfection 
 
Antisepsis 
 
Cleaning  
 
 
 
 

 13, 23 

N
H

N
H

O ClCl

Cl

triclocarban

HN

Cl

N
H

NH NH

N
H

NH

Cl

NH NH

chlorhexidine

N
H

N
H

NH NH

N
H

N
H

NH NH

alexidine

O
Cl OH

Cl Cl
triclosan

NH2

NH

O O

NH2

NH
hexamidine

Na O Cl

sodium hypochlorite
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Heavy 
metals  
 

 
 

 

 Preservation 
 
Antisepsis 
 
Disinfection 
 
 
 
 

 13 

Peroxygens 
 
 

 

 

 
 

3-90 % Disinfection 
 
Sterilization 
 
 
 
 
 
 
 
 
 

 13 

Phenols  

 
 

 
 

5 % 
 
 

Disinfection  
 
Preservation  
 
 
 
 

 13, 16  

Quaternary 
ammonium 
compunds 

 

 

0.1 % Disinfection 
 
Antisepsis 
 
Preservation 
 
Cleaning  

 13, 24 

 

2.1 Antimicrobial agents 

One possible classification of disinfectants can be based on their ability to oxidize other 

substances, in other words to take their electrons, thereby acting as oxidizing agents.15 The 

opposite action is the process of reduction and is carried out by non-oxidizing agents.15 

Oxidizing agents are also known as destroyers, while non-oxidizing agents are seen as 

coagulators.15 

 

2.1.1 Aldehydes  

Glutaraldehyde (GTA) (C5H8O2; 1,5-pentanedial) has gained wide acceptance as a high-level 

disinfectant and chemical sterilant, typically used in health-care institutions.25 This aldehyde is 

found to be active against bacteria and their spores, fungi, and viruses.13 GTA is composed of 

glutaric acid and two aldehydes, and in the presence of water a hydroxyl group (•OH) attaches 

Ag
silver compounds

Cu
copper compounds

HO OH

hydrogen peroxide

H3C O OH
O

peracetic acid

O OH
O

performic acid

OH

phenol

N
CH3

CnH2n-1
CH3

Cl

n = 8, 10, 12, 14, 16, 18

benzalkonium chlorides

N CH3H3C CH3

H3C
Br

cetrimide
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to it forming a hydrate.15 GTA is more active at alkaline than at acidic pHs.13 The main reason 

for this is the formation of more reactive sites at the bacterial cell surface and thus a more rapid 

bactericidal effect as the external pH increases.13 As the surrounding environment becomes 

alkaline, it releases more hydrogen and the solution becomes a strong acid.15 It is believed that 

acidic GTA interacts with and remains at the cell surface where it forms cross-linkage as it 

reacts with proteins, thereby disturbing normal enzymatic activity crucial for the cell survival.14 

Alkaline GTA penetrates more deeply into the spore, acting sporicidal.25 Another important 

aspect to take into account when considering the activity of GTA is its concentration. At low 

concentrations (0.1 %), GTA inhibits germination, whereas at higher concentrations (2%) it 

gains greater sporicidal activity.13 

o-Phthalaldehyde (OPA) (C8H6O2; benzene-1,2-dicarboxaaldehyde) is a high-level disinfectant 

used in dental and medical purposes as an alternative to GTA.13 It is been proposed that the 

antimicrobial action mechanism of OPA is similar to that of GTA, both effecting the bacterial 

surface.13 OPA is formed of two aldehydes attached to benzene, in other words GTA is made 

into a ring shape.15 This ring shape is the reason why steric hindrance is less likely to occur than 

with GTA, making it easier for OPA to penetrate into the cells.15 Although OPA induces less 

cross-linkage with the bacterial cells, the resulting increase in penetration might account for its 

increase in antimicrobial efficacy.14  

Formaldehyde (FA) (CH2O; methanal) is a disinfectant and sterilant used in numerous 

bactericidal, sporicidal, and virucidal properties.13 FA is a monoaldehyde and it works more 

slowly compared to dialdehydes, such as GTA and o-phthalaldehyde.13 However, FA is highly 

reactive and its interaction with proteins is characterized by a combination with the primary 

amide and the amino groups.13 FA acts also as a mutagenic agent and as an alkylating agent by 

reaction with carboxyl, sulfhydryl, and hydroxyl groups.13 In some bacteria and viruses, FA 

also reacts with deoxyribonucleic acid (DNA), more precisely with nucleic acids, thereby 

inhibiting DNA synthesis.13 Finally, these interactive and cross-linking properties of FA result 

in microbial inactivation.13 

 

2.1.2 Alcohols  

Alcohols are known to be effective antimicrobials against vegetative bacteria, some viruses and 

fungi, but their ability to inhibit sporulation and spore germination is reversible.13 Alcohols are 

not recommended for sterilization, but they have been shown to be effective hard-surface 
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disinfectants and skin antiseptics.13 Ethanol (C2H5OH) and isopropanol (C3H8O) are the most 

widely used alcohols for these purposes.13  

 

Ethanol is used an antiseptic at 60-80 % concentration.15 At higher concentrations, the 

coagulation of the bacterial cell wall prevents the disinfectant from enter the cell.15 While 

isopropanol is more suitable against bacteria, ethanol is more effective against viruses.13 In 

order to increase product efficiency, biocides and excipients are being added to alcohol 

products.13 For example, chlorohexidine is a biocide known to remain on skin following 

evaporation of the alcohol.13 The main function of excipients is to decrease the evaporation 

time of the alcohol.13 

 

The antimicrobial activity of alcohols increases with their increasing concentration.13  In 

addition, they are even more effective in the presence of water.13  Based on this, it is believed 

that ethanol and isopropanol act against microbes by causing membrane damage as a result of 

rapid denaturation and coagulation of proteins, mainly in the hydrocarbon part of the 

phospholipid bilayer.13, 14 It is the hydroxyl group (•OH) of the alcohol that binds to microbial 

proteins causing enzyme inhibition and protein deposition.15 Once inside the cell, alcohols 

interference with cell metabolism, inhibiting DNA, ribonucleic acid (RNA), protein and 

peptidoglycan synthesis (e.g. in Escherichia coli) until cell lysis occurs.13  

 

2.1.3 Anilides 

The anilides have antiseptic properties, but they are rarely used as disinfectants in hospital 

setting.13  Instead, anilides are widely used as herbicides for inhibition of shoot growth.26  

Triclocarban (TCC) (C13H9Cl3N2O; 3,4,4’-triclocarbanilide) is an important anilid that has 

found usage in soaps and deodorants.13  TCC is found to be less active against gram-negative 

bacteria and fungi as compared to gram-positive bacteria.13  The anilides attack the cell by 

adsorbing and destroying the cell membrane causing cell death.13 

 

2.1.4 Biguanides  

Chlorhexidine (CHX) (C22H30Cl2N10) is an effective biocide widely used as a topical antiseptic 

in oral products and hand washing, but also as a disinfectant and preservative.27 CHX is formed 

by the addition of chlorine to two bonded biguanides.15 The activity of CHX is pH and 

concentration dependent, and its activity is reduced in the presence of organic matter.13 Similar, 

to many other biocides, CHX first destabilizes the cell wall.15 The positively charged CHX 
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binds to the cell wall of negatively charged bacteria, and remains in place for a long time.15 In 

low concentrations, this binding results in cracks in the bacterial cell membrane and causes 

leakage of cellular components resulting in cell death.13 In the case of high concentrations, the 

cytoplasm becomes congealed or solid.13 CHX is not sporicidal and it has little effect on the 

germination of bacterial spores.13 When it comes to antiviral activity, it is found to be restricted 

to the lipid-enveloped viruses13 

 

Alexidine (ALX) (C26H56N10) is a bisbiguanide disinfectant similar to CHX and has been 

previously used as a mouthwash and contact lens solution.28 It has been showed that ALX also 

can be used in endodontics for eradication of Enterococcus faecalis because of its higher 

virulence factors for bacteria and better bacterial penetrability in comparison to CHX.29 In 

addition, ALX is less toxic to corneal tissues in vivo when applied topically.28 Both compounds 

are amphipathic bisbiguanides and can neutralize bacterial membrane components by 

stimulating Toll-like receptors (TLRs).30 Recent studies have shown that CHX and ALX bind 

not only to lipopolysaccharide (LPS) from gram-negative bacteria but also to lipoteichoic acid 

(LTA) from gram-positive bacteria.30 Both CHX and ALX prevent cell activation of TLR4 and 

TLR2 by LPS and LTA, respectively.30 

 

2.1.5 Bis-phenols and structurally similar compounds 

Triclosan (C12H7Cl3O2; 2,4,4’-trichloro-2’-hydroxydiphenyl ether) is one of the most widely 

used biocides in personal care products, such as hand soaps and cosmetics.13 Triclosan is a 

broad-spectrum antibacterial and antifungal agent especially effective against gram-positive 

bacteria, whereas its efficiency against gram-negative bacteria and fungi can be significantly 

enhanced by formulation effects such as in combination with ethylenediaminetetraacetic acid 

(EDTA).13 At low concentrations triclosan is predominantly bacteriostatic or fungistatic, while 

higher concentrations are bactericidal.31 Some bacteria, including Pseudomonas aeruginosa (P. 

aeruginosa) are highly resistant to triclosan.31 In addition, reports have suggested that triclosan 

may also have anti-inflammatory activity.13 Further studies have shown that triclosan primary 

attacks the cytoplasmic membrane.13 At low, bacteriostatic concentration triclosan inhibits the 

uptake of essential nutrients, while higher, bactericidal concentrations result in the rapid release 

of cellular components and cell death.13 
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2.1.6 Diamides  

The two diamides, propamidine (C17H20N4O2; 4-[3-(4-carbamimidoylphenoxy) propoxy] 

benzenecarboximidamide) and dibromopropamidine (C17H18Br2N4O2; 3-bromo-4-[3-(2-

bromo-4-carbamimidoylphenoxy)propoxy]benzecarboximidamide) form isethionate salts 

which have been used as antibacterial agents for the topical treatment of wounds.13 Another 

widely used diamide in skin disinfection is hexamidine (C20H26N4O2).22, 32 This biocide is 

bacteriostatic against both gram-positive and gram-negative strains.32 It has been shown that 

diamides act by inhibiting oxygen uptake and inducing leakage of amino acids as would be 

expected if they are considered as cationic surface-active agents.13  

 

2.1.7 Halogen-releasing agents  

Chlorine-releasing agents (CRAs) are considered to be both antiseptics and disinfectants.13 

Sodium hypochlorite (NaOCl), commonly known as bleach, is one of the most important 

CRAs.13 It is a broad-spectrum disinfectant that is virucidal, bactericidal, sporicidal, and 

fungicidal, and is widely used for hard-surface disinfection, public water treatment, and for 

disinfecting spillages of blood containing human immunodeficiency virus (HIV) or hepatitis B 

virus (HBV).13 When sodium hypochlorite is released in water, it decomposes into Na+ and the 

hypochlorite ion, OCl-, which establishes and equilibrium with hypochlorous acid, HOCl.13 

This acid is also the most effective moiety responsible for microbes’ inactivation.13 DNA 

synthesis has been considered as a target as it is almost fully inhibited even at low 

concentrations of hypochlorous acid.13 Hypochlorites have deleterious effects on bacterial DNA 

synthesis that results from the formation of chlorinated derivatives of nucleotide bases.31 In 

addition, they are also known as highly active oxidizing agents which destroy the cellular 

activity of proteins.31 

 

2.1.8 Heavy metals (Silver compounds as disinfectants) 

Copper and silver ions have been used in disinfection due to their interaction with cell protein 

surface and nucleic acids.33 It is believed that these metal ions alter enzyme structure and 

function, facilitate hydrolysis and nucleophilic displacement.33 

 

Silver compounds are well known as antimicrobial agents.13 Silver nitrate (AgNO3) is a 

common form of silver used as a disinfectant.13 Silver ions acts as antibacterial agents, but their 

activity can be neutralized by interacting with thiol (sulfydryl, -SH) groups present in some 

amino acids and other compounds.13 In some yeasts, such as Cryptococcus neoformans (C. 
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neoformans) silver nitrate inhibits growth, while in P. aeruginosa it inhibits cell division and 

damages the cell envelope and contents.13 Silver sulfadiazine (AgSD) (C10H9AgN4O2S) is one 

of the most important silver compounds. Bacterial inhibition by AgSD and its antiphage 

properties are due to binding to the DNA, thus inhibiting transcription.13 AgSD is also known 

to produce surface blebs in susceptible bacteria.13 

 

2.1.9 Peroxygens  

Hydrogen peroxide (HPO) (H2O2) is a widely used biocide typically at concentrations 3-90%.13 

It is used for disinfection, sterilization, and antisepsis.13 The fact that HPO rapidly can degrade 

into water and oxygen makes this biocide environmentally friendly and is also the main reason 

why stabilizers are being added to pure solutions.13 HPO is effective against viruses, yeast, 

bacterial spores and bacteria, especially gram-positive bacteria.13 This oxidant performs 

sterilization by forming hydroxyl free radicals (•OH) which attack lipids, proteins, and DNA 

within the cell.13 It is also believed that exposed sulfhydryl groups and double bonds are 

particularly targeted.13 Radicals are known to act rapidly by stealing electrons from the target 

element.13, 15 In case of contact with a microorganism, disinfection and sterilization occur 

immediately.15 

 

Peracetic acid (PAA) (CH3COOOH) is a highly biocidal oxidizer, being sporicidal (0.3%), 

bactericidal (0.001%), virucidal, and fungicidal (0.003%) at low concentrations,15, 34 which is 

also the reason why PAA is considered more potent than HPO.35 PAA decomposes to acetic 

acid, oxygen and hydrogen peroxide and remains active in the presence of organic soil.36 It is 

mainly used as a low temperature sterilant for medical, surgical, and dental instruments, but it 

is also used as an environmental surface sterilant.13 It is believed that the disinfectant activity 

of PAA is based on destruction of sulfhydryl (-SH) and sulfur (S-S) bonds in the cell wall that 

cause denaturation of proteins and enzymes leaving the cell membrane more permeable.15, 34  

 

Performic acid (PFA) (CH2O3) is a disinfectant used in the medical field, food industry, against 

bacteria and viruses, but also in WWTPs for removing fecal coliforms.36, 37 PFA is considered 

environmentally friendly due to its degradation products formic acid and water.36   

 

2.1.10 Phenols  

Phenols are known for their antiseptic, disinfectant, and preservative properties, as they are 

antibacterial, antifungal and antiviral.13 Their antimicrobial activity is based on membrane-
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active properties, more precisely denaturation and coagulation of proteins within the membrane, 

which trigger the leakage of cytoplasmic constituents, including the release of K+.13 At 

bactericidal concentration, the chlorinated bis-phenol fenticlor triggers the leakage of 260-nm-

absorbing material, more precisely nucleic acids,38 and in some bacteria, it even causes a 

selective increase in permeability to protons with the consequence of dissipation of the proton 

motive force (PMF) and an uncoupling of oxidative phosphorylation.13 Coagulation of cellular 

components occurs at higher phenol concentrations and causes irreversible cellular damage.13 

Chlorocresol is another important phenol which is known to have a similar mode of action.13 It 

is believed that the antifungal action of phenols is similar to the mode of action for bacteria.13 

Phenols have no effect on phage DNA within the capsid, and their antiviral properties are 

limited and treatment times of 20 min or longer is a require for antiviral activity.13 

 

2.1.11 Quaternary ammonium compounds  

QACs are cationic surface-active agents used for disinfection, cleaning, and deodorization.13 

The structure of QACs is characterized by a nitrogen atom covalently bonded to four residues, 

making the nitrogen positively charged.35 One of these four residues is typically an alkyl chain 

between 5 and 18 carbons in length; another one either one more alkyl chain or a benzyl moiety; 

and two methyl residues.35 The biological activity of QACs is based on forming an electrostatic 

bond between their cationic charge and the negatively charged cell walls of microorganisms.39 

The rate of leakage might be higher for Gram-positive than for Gram-negative bacteria, because 

of the presence of multilayered cell wall in Gram-negative bacteria.14 QACs act against bacteria 

and yeast by disrupting the cytoplasmic and the plasma membrane, respectively,13 resulting in 

distortion of cell wall permeability.14, 39 This interaction has a huge impact on the flow of 

nutrients into the cell, the discharge of wastes leaving the cell, and protein denaturation.39 QAC 

are also sporostatic and have an effect on enveloped viruses.13 

 

Benzalkonium chloride (BAC) (C22H42ClNO) is a quaternary ammonium antiseptic and 

disinfectant with alkyl chain ranging from 8 to 18 carbons in length, and widespread 

applications due to their broad-spectrum antimicrobial properties against bacteria, fungi, and 

viruses. 40, 41 It is commonly used in pharmaceutical formulations as an antimicrobial 

preservative, but also in domestic, agricultural and industrial applications.40, 41 BAC is more 

active against Gram-positive than Gram-negative bacteria, showing minimal activity against 

bacterial endospores.40 The antimicrobial activity of BAC is dependent upon the alkyl 
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composition of the homolog mixture.40 It has been recognized that the release of BAC into lakes 

and other waters is toxic to the aquatic environment and its inhabitants.41 

 

Cetrimide (CTR) (C17H38BrN), a quaternary ammonium derivative, is active against bacteria, 

both gram-positive and gram-negative, and fungi.28 CTR is found to act bacteriostatic against 

Staphylococcus aureus (S. aureus) by causing the discharge of the pH component of thePMF.13 

In addition to its bacteriostatic activity CTR can also be used to reduce surface tension so that 

liquids easily can entry the places of difficult access, such as dentin tubules.28  

 

Didecylmethylammonium chloride (DDAC) (C22H48ClN) is a dialkyl-quaternary ammonium 

biocide used for various purposes due to its effectiveness against bacteria, viruses and fungi.42, 

43 This potent disinfectant is used in hospitals, food industries, environmental sanitation, water 

treatment etc.39 
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3 Mechanisms of action of biocides 

Biocides vary greatly in their chemical structure, and thus interact with different molecules.13,14 

Understanding the mechanisms of action of biocides requires a strong knowledge of the 

microbial cell’s structure and the chemical interactions biocides trigger at their target sites.13,14  

Most biocides are known to have several target sites within the bacterial cell and based on the 

biocide concentration they can lead to either bacteriostatic or bactericidal effect.14 

The initial reaction of a biocide with a microbial cell involves an interaction with the cell 

surface, which is also the primary target site for many biocides.14 In order to penetrate the cell 

and reach its target site, these biocides have to change the outer cell layer. The key to 

understanding why some types of bacteria are more resistant to biocides than others is to study 

the diverseness in their cell envelopes. As shown in Figure 1, mycobacteria and Gram-negative 

bacteria possess multilayered cell envelop unlike Gram-positive bacteria.14 Some bacteria can 

also be surrounded by a capsule and slime.14 Consequently, mycobacteria appears to be the 

most resistant to disinfection, followed by Gram-negative bacteria, with Gram-positive being 

the most sensitive.14  

 

 

 

 

 

 

Figure 1. Schematic representation of bacterial cell walls of (a) Gram-positive bacteria, (b) Gram-negative 

bacteria, and (c) mycobacteria. Adopted from Akira, Uematsu and Takeuchi 2006.44 
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3.1 Interactions with outer cell components 

The cell wall built up of peptidoglycan, with an additional lipopolysaccharide overlayer in 

Gram-negative bacteria, gives the cell strength and structure.45 In addition, it also serves as an 

excellent target for antibiotics, even though it rarely proves a suitable site for direct biocide 

action.45 

3.1.1 Hydrophobicity 

Cationic compounds, such as CHX and BAC, are membrane active agents known to affect the 

hydrophobicity of Gram-negative bacteria.14 The positively charged CHX cations binds to the 

negatively charged cell wall and remains in place for a long time due to this strong binding.15 

It has been proposed that they damage the cell wall and outer membrane of Gram-negative 

bacteria promoting their own uptake which results in their penetrating through these layers until 

their target sites are reached, either at the cell cytoplasmic membrane or within the cell.14 

QACs are another group of cationic compounds that bind to the cell wall in a similar way as 

CHX.15 This bonding is known to cause leakage of bacterial cells components, thereby 

disrupting the membrane potential and pH gradient of the cell.15 Further studies with smooth, 

rough and deep rough strains of Escherichia coli (E. coli) and Salmonella typhimurium (S. 

typhimurium) have shown that deep rough strains are more sensitive to QACs than wild-type 

strains, also the ones that produce smooth LPS, but of equal sensitivity to CHX.31 

On the other hand, oxidizing agents, such as PAA destroys the surface of a bacterium by a 

process known as oxidation.15 PAA produces hydroxyl radicals (•OH) by breaking sulfhydryl 

(-SH) and sulfur (S-S) bonds, thereby breaking down the proteins.15 Hypochlorites are another 

group of oxidizing agents that act on the cell wall and the amino groups in the proteins.31 

3.1.2 Cross-linking 

Aldehydes are known for cross-linking all amino acids or proteins when reaching the cell 

surface, resulting in destroyed protein structure, while the nucleic acids and lipid structures are 

swept together.15 Amino acids containing an amino group (-NH2), such as lysine, asparagine, 

glutamine, and arginine, are favored.15 
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GTA is an aldehyde known for its cross-linking properties,14 and in Gram-negative bacteria it 

mainly interacts with lipoproteins.14, 15 It has been found that cross-linking actions of the 5 

carbon long stretch of GTA effects amino groups in bacterial proteins, where GTA agglutinates 

bacterial cells, increasing their settling rate.15, 31, 46 Consequently, the steric hindrance disrupts 

penetration into the cell wall.15, 46 Low concentrations of GTA might protect the cell from other 

harmful compounds, while high concentrations cause high degree of cross-linking that disrupt 

most, if not all, of the bacterial cell’s essential functions, leading to cell death.14 

OPA is another aldehyde, more precisely an aromatic dialdehyde,31 that possess cross-linking 

properties and affects the bacterial cell surface.14, 15 It acts in a similar way as GTA, but induces 

less cross-linkage with the bacterial cells because of its ring shape.14, 15 Thence, steric hindrance 

is less favored to occur with OPA than with GTA and the compounds can more easily penetrate 

into cells.15 The resulting increase in penetration might be a good explanation for the increase 

in antimicrobial efficiency of OPA.14 

3.2 Interaction at the cell cytoplasmic membrane level 

The cytoplasmic membrane is the key for interactions between phospholipid, enzymic and 

structural proteins, which controls impermeability and topological organization, thereby 

maintaining intracellular homeostasis and vectorial transport.45 

3.2.1 Disruption of the cytoplasmic membrane 

Because of their double bonds, unsaturated fatty acids within the cytoplasmic membrane are a 

preferred target for oxidizing agents which are known for breaking down lipids into smaller 

fatty acids.15 Disruption of the cytoplasmic membrane is generally associated with the leakage 

of intracellular components, such as potassium ions (K+), inorganic phosphates, amino acids 

and materials absorbing at 260 nm, more precisely nucleic acids and proteins.14 Leakage can be 

defined as a measure of the disruption of the cell permeability barrier, and this action causes 

rather a bacteriostatic than bacteriocidic effect.14 

Phenols and cresols are examples of membrane active agents well known for inducing leakage 

of intracellular materials from bacterial cell.14 It has been proposed that low concentrations lyse 

growing cultures of E. coli, staphylococci and streptococci.31 However, at high concentrations, 

these biocides cause intracellular coagulation.31 
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The cationic agent CHX also appears to have the same properties as phenols and cresols when 

applied in correct confrontation, otherwise it causes coagulation of the cytosol, as mentioned 

earlier.14 ALX is another biguanide and although its structure differs from that of CHX only by 

the nature of the end-group substituent, it possesses additional binding targets at the cell 

envelope or at the cytoplasmic membrane.14 It is believed that both QACs and CHX cause 

disruption of the cytoplasm membrane by interaction with membrane phospholipids.14, 31 

Further studies have shown that CHX binds well to the cell wall and membrane and cause cracks 

in the bacterial cells which further lead to leakage of the intracellular contents, and even 

bacterial burst.15 This is due to a strong bonding between negatively charged bacteria and 

positively charged CHX cations which keep in place for a long time.15  

Ethanol and isopropanol are membrane-active biocides which penetrate into the hydrocarbon 

part of the phospholipid bilayer.14, 31 Ethanol-induced disruption of membrane structure further 

causes inhibition of the enzymes involved in glycolysis, fatty acid and phospholipid uptake and 

change in cell permeability.31 

Triclosan is a membrane-disrupter which induces K+ leakage at lethal concentrations.31 Z-patter 

adsorption of triclosan is believed to break down the cytoplasmic membrane and generate new 

adsorbing sites.31 

3.2.2 Dissipation of the proton motive force 

Proton motive force (PMF) is the force that promotes movement of protons across the 

cytoplasmic membrane from the interior of the cell to the outside.14 It is critical for the 

formation of energy in cell. PMF is essential for the cell survival, and the most crucial cellular 

metabolic functions, such as active transport, phosphorylation and make of adenosine 

triphosphate (ATP), relies on a proper functioning PMF.14 

As mentioned previously, PMF is responsible for proton movement across the cytoplasmic 

membrane, and that is the main reason why interactions of some compounds with the PMF 

causes a change in pH.14 One such example is acetic acid which neutralizes the PMF, lowers 

the pHi, thereby denaturing proteins.14 Some other acids, such as dinitrophenol, inhibits ATP 

synthesis, thereby uncoupling oxidative phosphorylation.14 
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3.2.3 Interactions with other enzymatic systems 

Membrane enzyme complexes act as a starting point for many chain reactions that proceed 

inside the cell.14  One such example is ethanol which inhibits the enzymes involved in 

glycolysis, fatty acid and phospholipid synthesis by disrupting the structure of the cytoplasmic 

membrane.14 Ethanol is known for denaturation and coagulating of proteins with the help of the 

hydroxyl group which binds to proteins via hydrogen bonding and damages protein structure 

and function, thereby resulting in enzyme inhibition and protein deposition.15 

Other biocides, such as copper and silver, react with the thiol groups which are vital for the 

activity of many enzymes.14 It has been demonstrated that amino acids and other compound 

containing thiol groups neutralized the activity of silver against P. aeruginosa.13  

3.3 Interactions with cytoplasmic constituents  

Many catabolic and anabolic processes, in addition to the replicative machinery, take place in 

the cytoplasm.45 This region is also the last region for biocide accumulation.45 A number of 

biocides are able to block DNA synthesis and inhibit RNA synthesis.14 Here, the target sites are 

the nucleic acids.14 Alkylating agents cross-link the base structures of DNA or RNA to adjacent 

nucleotide bases.15 This disordered state of nucleotide bases inhibits proper DNA separation, 

thereby blocking both replication and transcription.15  

Ribosomes, responsible for the process of DNA translation, can be damaged by biocides, such 

as hydrogen peroxide.14 Hydroxyl radicals, formed when hydrogen peroxide takes one electron, 

break DNA or RNA strands directly or attack the phosphate backbone of purines or pyrimidines 

and ribose or deoxyribose.15 When a hydroxyl radical attacks thymine, the thymine becomes a 

thymine glycol.15 This broken thymine is unable to perform its tasks as a nucleic acid in 

replication, transcription and translation.15 Hydroxyl radicals are also known to attack the sugar 

deoxyribose of the DNA, thereby forming deoxyribonolactone and breaking the base.15 In 

addition, hypochlorites are also known for their deleterious effects on DNA synthesis as a result 

from the formation of chlorinated derivatives of nucleotide bases.31 
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Table 2. Summary of mechanisms of antibacterial action of various biocides. Adapted from McDonnel and Russell 

1999.13 

Target Antiseptic or 
disinfectant 

Mechanism of action Reference 

Cell wall GTA, OPA 

CHX, BAC 

Cross-linking of proteins 

Hydrophobicity 

 

14, 15, 31, 46 

14, 15, 31  

 
Cytoplasmic 
membrane 

CHX, QACs, ethanol, 
isopropanol 

CHX, phenols 

Ethanol, isopropanol 

Acetic acid 

TCS 

 

 

Membrane damage involving phospholipid bilayers 

Low concentrations affect membrane integrity, high 
concentrations cause congealing of cytoplasm 

Enzyme inhibition and change in cell permeability 

Dissipation of the proton motive force 

Breaking down of the cytoplasmic membrane 

14, 15, 31 

14, 15, 31 

14, 31 

14 

31 

Cross-linking of 
macromolecules 

FA 

GTA, OPA 

Cross-linking of proteins, RNA, and DNA 

Cross-linking of proteins in cell envelope and 
elsewhere in the cell 

 

14 

14, 15, 31, 46 

 

Proteins and 
enzymes 

 

 

Silver and copper 
compounds 

Ethanol  

Peroxygens 

 

Membrane-bound enzymes (interaction with thiol 
groups) 

Enzyme inhibition and protein deposition 

Hydrogen peroxide: oxidization of thiol groups in 
enzymes and proteins with the help of free hydroxy 
radicals (•OH); PAA: disruption of thiol groups in 
proteins and enzymes 

 

14 

15 

13 

 

Effects on DNA Halogens 

HPO, silver ions 

Inhibition of DNA synthesis 

DNA strand breakage 

13 

13, 14, 15 
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4 Resistance mechanisms 

 

While antibiotic resistance has been a well-known global problem for ages, resistance to 

biocides has not gained as much attention, although bacteria can evolve resistant to both groups 

of antibacterial chemicals.47 Antibiotics are known to have one specific target site, while 

biocides have multiple target sites within a bacterial cell.7 However, there are still many 

similarities in the actions of some antibiotics and biocides.7 Resistance to biocides might be 

induced by the same mechanisms as antibiotic resistance.47 Biocides can also make bacteria 

more resistant to antibiotics.7, 47 Changes in cell surface and permeability, enzymatic 

inactivation, efflux pumps, inhibition of a metabolic pathway, and biofilm formation are some 

of the most known resistance mechanisms against antibiotics and biocides.7  

 

4.1 The spread of antibiotic resistance through genetic material 

 

4.1.1 Horizontal gene transfer 

Horizontal gene transfer (HGT) is considered the fastest and the most effective transfer 

mechanism of ARGs between bacteria, compared to antibiotic resistance obtained by vertical 

gene transfer (VGT) or mutation.48, 49 Horizontal, or lateral, gene transfer, means that genes are 

exchanged between cells of the same generation, not by inheritance.50 The genetic information 

is transferred from chromosomes to and between mobile genetic elements (MGEs), such as 

plasmids and transposons, and this type of gene transfer is mostly facilitated by integrons.48 

 

The three methods of HGT for the spread of MGEs are conjugation, transformation, and 

transduction.48 Conjugation requires direct cell-to-cell contact, where a donor bacterium 

transfers genetic material to a recipient bacterium via a plasmid. 48 Transformation is 

characterized by uptake of extracellular DNA followed by its incorporation into the recipient’s 

chromosome or into a plasmid of a component bacterium through the process of 

recombination.48 Transduction occurs when a bacteriophage, a type of virus that infects 

bacteria, transport genetic elements from their host to the receiver, leading to their incorporation 

into the genome of the new host by recombination.48 This mode of transfer can either be general 

or specialized.48 Generalized transduction occurs most commonly in lytic cycles of virulent 

phages where bacteriophage randomly package host cell DNA into the phage due to packaging 

errors.51 In specialized transduction temperate bacteriophages, as part of their life cycle, 

integrate into the bacterial host cell DNA where it is replicated along with the host cell DNA.51 
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At a certain point of the temperate phage’s lifecycle, the temperate bacteriophage will enter the 

lytic stage where its DNA then detaches from bacteria cell chromosome.51 The viral DNA can 

then be replicated, packaged into new phage particles, and released.51 In the case of specialized 

transduction, the temperate phage’s DNA is excised imprecisely along with some of the host 

bacterial DNA.51 This excised DNA contains some of host bacterial cell’s genes and is 

packaged along with the phage into new bacteriophage particles able to carry the DNA to new 

bacterial host cells.51  

 

 

 

 

 

 

 

 

 

Figure 2. Mechanisms of bacterial horizontal gene transfer. Adopted from Burmeister 2015.49 

 

One of the many examples of HGT is associated with methicillin-resistant strain CC398 of S. 

aureus.49 The presence of antibiotics, such as tetracycline and ß-lactams, used in veterinary 

purpose provide a favorable environment for HGT of ARGs into a sensitive human-associated 

S. aureus strain.49 Once a strain gains resistance, the genes and pathogens continue to evolve, 

often resulting in bacteria with greater resistance as they move among patients and hospitals.49 

4.1.2 Co-selection 

 

The presence of heavy metals, antibiotics, resistant bacteria, and resistance genes in WWTP 

effluent may favor the selection of multi-resistant bacteria and the spread of resistance into the 

environment through co-selection.10 Metal contamination has been considered as a selective 

agent in the proliferation of antibiotic resistance,52 due to experimental evidences showing a 

relation between the acquisition of heavy metal resistance genes (HMRGs) and ARGs, 

particularly on plasmids.10 The co-selection of resistance genes is generally caused by stress, 

even without a direct impact, and is characterized by the selection of the corresponding 
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resistance gene promoting the persistence of other resistance genes.10 Mechanism of co-

selection is highly favored when the diverse resistance genes are located on the same mobile 

genetic element, such as an integron, a plasmid, or a transposon.10 Documented associations 

between the types and levels of metal contamination and specific patterns of antibiotic 

resistance suggest that several mechanisms underlie the co-selection process.52 These co-

selection mechanisms include co-resistance, with different resistance determinants present on 

the same genetic element, and cross-resistance, where the same genetic determinant is 

responsible for resistance to both antibiotic and metals.52  

 

In addition to earlier mentioned stress, some antibiotic and metal resistance mechanisms, such 

as biofilm induction, also represent potential co-selection mechanisms in prokaryotes.52 For that 

reason, metal contamination has been considered as a long-standing, widespread and intractable 

selection pressure potentially contributing to the maintenance and spread of AR.52 

 

4.1.2.1 Co-resistance 

Co-resistance occurs when the genes specifying resistant phenotypes are physically linked 

together on the same genetic element such as a plasmid, transposon or integron, thereby 

resulting in the co-selection for other genes located on the same element.52 Experimental 

evidences support the fact that metal- and antibiotic- resistance genes are linked, mostly on 

plasmids.52 Antibiotic-metal co-selection came from studies that used transformation, plasmid 

curing and plasmid sequencing approaches.52 Experiments showing that mercury resistance was 

co-transferred with antibiotic resistances in a subset of matings between Enterobacteriaceae 

and recipients confirmed further the genetic linkage of metal- and antibiotic-resistance traits on 

plasmids.52 Furthermore, another experiment on Salmonella abortus (S. abortus) showed that 

upon removal of plasmids from strains resistant to ampicillin, arsenic, chromium, cadmium and 

mercury, the strains became sensitive to these toxicants.52 A study by Yazdankhan et al. done 

on zinc and cooper, both used in disinfection, has shown that HMRGs against these metals 

increase the rate of AR dissemination by co-resistance.48, 53  In addition, Jiao et al. showed that 

co-resistance is also present in qac genes encoding for efflux pumps against QACs and 

monoaromatic hydrocarbons (MACHs), typically located on MGEs together with ARGs.48, 54  

 

4.1.2.2 Cross-resistance 

Cross-resistance occurs when bacteria have developed survival methods against different 

antimicrobial agents that share the same strategy to attack the cell.48, 52 The end result will be 
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the development of resistance to one antibacterial agent that is accompanied by resistance to 

another agent.52 Mechanism of cross-resistance mainly manifest itself through efflux of 

structurally dissimilar compounds using the same mechanism.52 An example supporting this is 

the multiple-drug resistance (MDR) pump in Listeria monocytogenes (L. monocytogenes) 

which can export both metals and antibiotics.52 

 
Figure 3. Mechanisms of cross – resistance and co – resistance. 

 

4.2 Mechanisms of bacterial resistance to antibiotics and biocides 

 

4.2.1 Efflux pumps  

Efflux pumps are transport proteins found in the cytoplasmic membrane of both Gram-positive 

and -negative bacteria55 that work as channels and pump solutes out of the cell.56 These proteins 

allow bacteria to regulate their internal environment by removing toxic substances, including 

antimicrobial agents.56 Some pumps are specified for transport of one substrate while other can 

transport multiple substrates.55 Furthermore, efflux pumps are formed either by a single 

component or by multiple components, such as in Gram-negative bacteria.56  

 

Based on the characteristics mentioned above, efflux pumps have been classified into five major 

families in the prokaryotes: the ATP-binding cassette (ABC) superfamily, the major facilitator 

superfamily (MFS), the multidrug and toxic compound extrusion (MATE), the small multidrug 

resistance (SMR) family, and the resistance-nodulation-division (RND) superfamily.55 

Common to all these families, apart from the ABC family, is that they utilize the PMF for 
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energy, while the ABC family utilizes ATP hydrolysis as an energy source to drive the export 

of substrates.55 

 

Efflux pump genes are generally part of an operon, with a regulatory gene controlling 

expression.55  Mutations within local repressor genes can lead to over-expression of these genes 

which again lead to resistance to the substrate (e.g. antibiotic and biocide) by transporting it out 

of the bacterium through the efflux pumps, thereby allowing cell survival.55 Over-expression 

of a pump will often result in resistance to more than one type of antibiotics, as well as some 

biocides.55 Another problem is cross-resistance; exposure to any one agent that belongs to the 

substrate profile of a pump would favor over-expression of that pump and consequent cross-

resistance to all other substrates of the pump.55  Over-expression of efflux pumps can also result 

from activation of a regulon regulated by a global transcriptional regulator such as MarA or 

SoxS of E. coli.55  This has also been seen in P. aeruginosa mutants that over-produce MexAB 

and cause resistant to some antibiotics and triclosan.55  Over-expression of a multidrug 

resistance efflux pump alone often does not confer high-level, clinically significant resistance 

to antibiotics.55 However, such bacteria are better equipped to survive antibiotic pressure and 

develop further mutations in genes encoding the antibiotic target sites.55  

 

It has been shown that expression of the Mex systems of P. aeruginosa and the acrAB efflux 

system of E. coli is most effective when the bacteria are exposed to inhospitable conditions, 

such as growth in a nutrient-poor medium, they are in stationary phase or osmotic shock.55 For 

example in nutrient-poor medium, not only will toxic substances will be pumped out of the cell, 

but also nutrients and metabolic intermediates may be exported due to unregulated over 

expression of efflux pumps which is also detrimental to the cell.55 

 

The efflux pumps systems have been seen as the resistance mechanisms for QACs, where QACs 

are being removed from the cell interior by the efflux pumps.12 The reason why QACs first 

need to enter the cell could be that QACs only can access the membrane from the interior, or 

that they first need to interact with the cytosolic compounds responsible for growth inhibition.12 

There are several QACs efflux systems in Gram-positive (e.g. qacA, qacB, and smr) and in 

Gram-negative bacteria (e.g. emrE, qacE, and qacE∆1).12 For example, the qacA pump is a 

membrane-bound transport protein which cation export is dependent on PMF.12 Besides QACs, 

other antimicrobial organic cations, such as biguanides and diamidines, are some of the well-

known substrates for the qacA pump.12 
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4.2.2 Enzymatic inactivation 

Enzymatic inactivation is associated with changes in antibiotic structure either by a hydrolysis 

or a modification by adding of acetyl-, adenyl-, or phosphorous groups.57 This is mainly 

achieved by specialized enzymes with narrow substrate spectrum limited to the respective 

antibiotics, and such inactivating enzymes do not play a role in physiological cell metabolism.57 

The genes for these enzymes are found on mobile genetic elements.57 

 

Besides directly attacking the antibiotic, enzymatic modification can also alter the target site 

and make it inaccessible to antibiotics.57 Specific ribosomes protective proteins have been 

shown to inhibit binding of antibiotics to ribosomes active in protein synthesis, and these genes 

have been found on plasmids and conjugative transposons.57 Another way to avoid the 

inhibitory action of antimicrobials is to replace sensitive target structures by new targets with 

reduced sensitivity to the antimicrobials.57 This can be achieved by overproducing the native 

target, by acquiring new resistant targets or by undergoing mutational changes of the gene 

which code for the target structures.57 

 

4.2.3 Changes in cell surface and permeability 

The cytoplasmic membrane controls the entry of cytoplasmatically targeted compounds.58 

Alterations in the composition of the membrane such as loss of non-essential transporters, lack 

of porins or mutations in channels in the outer membrane of Gram-negative bacteria can all lead 

to decreased influx.58 For example, resistance to QACs in P. aeruginosa has been associated 

with decreased amount of palmitic acid and increased levels of hydroxylated fatty acids and 

lauric acid.12 Serratia marcesens (S.marcesens) and Providencii stuartiis (P. stuartiis) show 

both resistant to CHX as a result of changes in the composition of the cytoplasmic membrane.12 

Furthermore, many bacteria are naturally resistant to some antimicrobial molecules that are too 

large to enter the cell.58 

 

Decreased susceptibility to BACs has long been associated with changes in the membrane 

composition. It has been shown that resistant strains of P. aeruginosa have different 

phospholipid and fatty acid compositions compared to the susceptible strain.41 Similar, the 

lipopolysaccharide composition of an E. coli strain with reduced susceptibility to BACs differ 

from that of the susceptible strain.41 Furthermore, recent studies have suggested that 

Pseudomonas strains can partially adapt to BACs by stabilizing the membrane charge through 

the increase in polyamine synthesis gene expression and mutations in pmrB.41 
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4.2.4 Bypass metabolic pathway 

Some of the most known target by-pass strategies are: creating new pathways so that originally 

targeted enzyme remains unchanged, overproduction of the target compound, changes in the 

cell wall structure, and prevention of the antibiotic from binding to its target.48 Modification of 

target molecule is a necessary action to prevent the antibiotic from binding to its target site.59 

These target site changes are generally a result of spontaneous mutations in a bacterial gene on 

the chromosome.59 Even a minor alteration in target molecule structure can inhibit antibiotic 

interaction, because of their highly specific binding sites.59 

 

4.2.5 Biofilm  

Biofilms are surface-attached complex microbial associations enclosed in a matrix of 

extracellular polymeric substances that they have produced, and can be found in clinical, natural 

and industrial settings.56, 60 The biofilm matrix provides structural stability to the biofilm and it 

is composed of polysaccharides, proteins and DNA from the microorganisms.56, 60 It also makes 

it easier for microorganisms to communicate with other microorganisms either within or outside 

of the biofilm and to transfer genetic trait via HGT in the biofilm.56 Nutrients circulate between 

cells through interstitial voids which enclose the extracellular matrix.60 The biofilm structure 

protects the cells against host-defense mechanisms, phagocytosis, biocides, hydrodynamic 

shear forces and antibiotic treatment.56 

 

Biofilms are known to be more resistant to antimicrobial agents than planktonic cells, and are 

responsible for 65% of all bacterial infections.56 In addition, antimicrobial resistance increases 

as the biofilm ages until the maximum resistance is reached at the mature stage.56 Consequently, 

infections caused by biofilm forming bacteria can lead to a serious clinical problem.56 There 

are a couple of mechanisms known to be responsible for the antimicrobial resistance in biofilm 

structures. One of them is poor diffusion of antibiotics through the biofilm polysaccharide 

matrix, although some antibiotics penetrate the matrix.56 The second one is induced due to 

physiological changes due to slow growth rate and starvation responses.56 Phenotypic change 

of the cells forming the biofilm and quorum-sensing are also known to result in antimicrobial 

resistance.56 The expression of efflux pumps, as earlier mentioned, possess the same 

antimicrobial resistance mechanism in biofilms, and finally, the persistent cells that resist 

killing when exposed to antimicrobials.56 
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One of the additional AR responses of bacteria observed in biofilm is developed self-production 

of antibiotics to inhibit the increase of other bacteria populations in order to have an 

evolutionary advantage.9  On the other hand, some other bacteria generate antibiotic resistance 

to compete against these antibiotic producing bacteria. For example, this adaptation was 

observed in an experiment done on S. aureus that initially were not resistant to antibiotics.8 The 

bacteria left under typical biofilm conditions in a confined space with limited nutrient supply 

for 5 days resulted in three different bacteria groups, the susceptible bacteria, antibiotic 

producing bacteria and antibiotic resistant bacteria.8,9 The experiment focused on the 

community-associated methicillin-resistant S. aureus (CA-MRSA) where the original wild-type 

(WT) strains of S. aureus formed an orange center origin (O).8 Over time, a second unpigmented 

white (W) antibiotic and phenol soluble producing strain emerged and rapidly surrounded the 

origin.8 Finally, a third yellow strain (Y) which was resistant to the products of the white 

unpigmented strain evolved from the origin through the white sector.8 

 

4.3 The effect of disinfectant on antibiotic resistance  

 

4.3.1 Quaternary ammonium compounds  

 

4.3.1.1 Benzalkonium chloride   

There are many studies describing cross-resistance between BACs and antibiotics.41 One of 

them shows that the presence of BACs increases the MICs for multiple antibiotics, such as 

oxacillin, cefazolin, and ofloxacin, in methicillin-resistant S. aureus (MRSA) strains.41 MRSA 

strains nonadapted to BACs were already resistant to ofloxacin, while the MICs of the antibiotic 

increased up to 4-fold for the adapted strains.41 Similar results were observed with E. coli, where 

the laboratory strain E. coli K-12 exposed to increasing concentrations of BACs resulted in 

higher MICs for several antibiotics, such as amipicillin, ciprofloxacin, and nalidixic acid, on 

such a strain.41 Increased MICs for multiple antibiotics were observed for the pathogenic strain 

E. coli 0157, but also for E. coli ATCC 11775 and DSM 682.41 Finally, some E. coli strains 

became resistant to antibiotics, such as chloramphenicol and ampicillin, after adaptation to 

BACs.41 In addition, strains of Salmonella serovar Virchow showed resistance to amoxicillin 

under similar exposure.41 Strains of some other bacteria adapted to BACs, namely Listeria 

monocytogenes (L. monocytogenes), became more sensitive to ciprofloxacin and gentamicin, 

while those of P. aeruginosa, became less sensitive to ciprofloxacin but more sensitive to 

minocycline.41 
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Although the exposure and adaptation to BACs can result in either decreased or increased 

susceptibility to several antibiotics, an increase in MIC demonstrates the existence of cross-

resistance.41 Further evidences have showed that bacteria that are merely tolerant to antibiotics 

can develop resistance to them faster, because their ability to survive the presence of the 

antibiotics unit the MIC has reached clinical standards helps them accumulate mutations that 

later can result in the emergence of antibiotic resistant strains.41 

4.3.1.2 The qac genes 

The gac genes encode a large family of bacterial efflux pumps, and are named after one of their 

main substrates, namely quaternary ammonium compounds.54, 61 In addition to QACs, qac 

encoded efflux pumps are capable of eliminating many other cationic compounds from cell 

interior, such as intercalating dyes, diamidines and bigianides, thereby leading to decreasing 

susceptibility to these compounds.54, 61 The qac genes are generally horizontally transferred to 

other bacteria via MGEs, often in combination with other ARGs because of their linkage with 

each other typically on plasmids.48, 54, 61 This linkage explains also the qac-mediated resistance 

to both antiseptics and antibiotics.61 

In a study by Jaglic Z. and Cervinkova D., the experiments done on staphylococci reported 

linkage between genes resistant to trimethoprim (dfrA), β-lactams (blaZ), aminoglycosides 

(aacA-aphD) and antiseptics (qacC).61 This resistance was due to a multi-resistance plasmid.61 

In S. aureus, the qacA and qacB genes are typically located on the pSK1 and β-lactamase/heavy 

metal-resistance plasmids which also give resistance to a number of antibiotics.61 One such 

example is the incidence of qac and ß-lactamase bla genes in the same plasmid resulting in a 

linkage between selection pressure for resistance to disinfectants, such as BACs, and 

antibiotics, such as penicillin.41 In addition, the BAC-resistant isolates harboring plasmids with 

qacA and qacB genes were less sensitive to multiple antibiotics compared to BAC-sensitive 

ones.41 

In addition to S. aureus, there are many other bacteria that develop antibiotic resistance in a 

similar way. For instance, the qac genes in Gram-negative bacteria are most frequently linked 

with plasmid-mediated class 1 integrons which harbour a variety of ARGs.61 A relationship 

between the qac genes and a couple of ARGs, such as those coding for resistance to 

aminoglycosides, chloramphenicol, suphonamides, trimethoprim and β-lactams, was also 
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reported in Enterobacteriaceae.61 Similar results were also reported in P. aeruginosa. In 

Aeromonas hydrophila (A. hydrophila) and microflora from a WWTP, the qac genes were 

found in combination with macrolide inactivation genes.61 All these results therefore suggest 

that the use of cationic biocides may result in the selection of antibiotic resistant bacteria.61 

4.3.2 Heavy metals 

In addition to industrial WWTPs, there are dissolved heavy metals in influents of WWTPs in 

urban areas.10 These contaminants, which include cadmium, zinc and the metalloid arsenic, are 

efficiently removed in industrial WWTs, while their removal was not planned in urban 

WWTPs; as a result, there can be high heavy metal concentrations in urban WWTPs effluxes 

can be large, thereby favoring the selection of multi-resistant bacteria and the spread of 

resistances into the environment, when antibiotics, ARB and ARGs also are present.10 

Experimental evidence, mostly on plasmids, demonstrated a relationship between the 

acquisition of heavy metal resistance genes (HMRGs) and ARGs through co-selection.10 In 

addition, the comparison of the abundances of ARGs, HMRGs and of the class 1 integron within 

the resident bacterial communities showed specific co-occurrence of ARGs, HMRGs, and the 

class 1 integron in the different treatment steps in three urban WWTPs. 10 

Bacterial communities in WWTPs are often exposed to a chemical stress, such as heavy metals 

and antibiotics, which create favorable conditions for the potential co-selection of resistant 

genes.10 Different studies demonstrated the concomitant presence of genes encoding for 

resistance against different metals and of ARGs, in plasmids and integrons, that originate from 

contaminated soils and WWTPs.10 The concentrations of heavy metals detected in WWTPs are 

typically two to four orders of magnitude greater than the levels of antibiotics.10 This supports 

the fact that in contrast to antibiotics, heavy metals are not subjected to rapid degradation.10 

Consequently, the high levels of heavy metals can represent a long-term selection pressure.52 

Experimental results between different ARGs, more precisely sulII, HMRGs and int1 indicated 

a potential co-selection of at least some of the ARGs and HMRGs in the same bacterial strains.10 

The strict relations between them hinted to indirect selection of antibiotic resistances within the 

WWTPs.10 
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5 Wastewater treatment plants 

 

The main purpose of WWTPs is the removal of pollutants, including antibiotics, biocides, and 

other chemicals, as well as the reduction of biological oxygen demand (BOD) from the 

wastewater they receive, thereby returning good quality water to the environment.11, 48, 62-64 

However, the final WWTPs effluents are far from being sterile.64 The ineffectiveness of the 

existing WWTPs in removing micropollutants, ARB and ARGs is the main reason why 

WWTPs have been considered one of the main sources of antibiotics’ release into the 

environment.48, 63  

 

WWTPs contain a remarkable diversity of microorganisms and provide highly favorable 

conditions for the spread and reproduction of AR because during wastewater treatment bacteria 

are continuously mixed with antibiotics, heavy metals, and other pharmaceutical residues.48, 63 

The wastewater microbiome brings together bacteria of environmental, human and animal 

origin.64 Many of these bacteria may contain ARGs and present a potential threat to human and 

animal health, as ARGs may lead to infections that are resistant to antibiotics and difficult to 

treat.64 The selective pressure for ARGs can be increased by heavy metals, anti-fouling agents, 

detergents, QACs, and some other organic compounds through the process of co-selection.48 In 

order to develop a comprehensive strategy to contain resistance and protect human health, a 

better understanding of the behavior of ARG and the various pathways by which they are spread 

is needed.65 

 

5.1 Treatment methods in WWTPs  

WWTPs are among the most common forms of pollution control.66 Sewers collect the 

wastewater from residential, mechanical, business or farming exercises, as well as from surface 

overflow or storm water,11 and deliver it to WWTPs for treatment.66 WWTPs are built to clean 

wastewater by removing impurities, so that the final effluent does not present a new source of 

pollution for receiving water.66, 67 However, the WWTPs are far from 100 percent effective. 

Even though sewage passes through multiple stages of both physical and biological/chemical 

treatment methods, the final effluent appears to still contain significant number of 

micropollutants, including ARB with their ARGs.68, 48 
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5.1.1 Pre-treatment 

Pre-treatment of the raw wastewater is based on removal of gross solids.69 This process, also 

known as screening, is the first unit operation in WWTPs.70 

  

5.1.1.1 Screening 

A screen is a device composed of parallel bars, rods, or wires, grating, wire mesh, or perforated 

plate, with openings used to retain solids found in the influent.70 As a sewage flows through a 

screen, large objects, such as rags, sticks, and grit, are removed.66 If not removed properly, these 

solids may cause damage to subsequent process equipment, clog pipes,66 or even contaminate 

waterways.70 Two types of screens are generally used in preliminary treatment: coarse screens 

with screen openings between 6 and 150mm, and fine screens with openings less than 6 mm.70 

When greater solid removal is required, fine screens are used either in place of or following 

coarse screens.70 Microscreens with screen openings less than 50 μm are used in removing fine 

solids from effluents.70 

 

5.1.2 Primary treatment 

The purpose of primary treatment is to remove the floating and settleable materials through 

physical operations.71 Gravity and sedimentation have traditionally been used to remove 

suspended solids.71  

 

5.1.2.1 Grit removal 

After sewage has been screened, and large solid objects have been removed, grit, consisting of 

sand, cinders, and small stones has to be settled out of the water.66, 70 This can be accomplished 

in grit chambers or by the centrifugal and gravitational separation of solids.70 Grit chambers are 

especially important in cities with combined sewer systems where sand or gravel may wash 

into sewers along with storm water.66  

 

Grit chambers are most commonly located between screens and primary sedimentation tank.70 

Grit chambers are designed to remove grit and other heavy inorganic solid materials that have 

subsiding velocities or specific gravities greater than those of the organic putrescible solids in 

wastewater.70 This is accomplished by reducing the flow velocity in a long narrow or a circular 

tank, so that grit materials can easily settle to the bottom by the force of gravity.66, 70 Generally, 

grit chambers are based on the removal of grit particles having a specific gravity of 2.65 and a 
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wastewater temperature of 15.5 °C.70 

 

There are three types of grit chambers based on the flow type of sewage. In the horizontal-flow 

type, the flow passes through the chamber in a horizontal direction with a straight-line velocity, 

allowing the sand particles to be deposited to the bottom.70 The aerated type is known for a 

spiral-flow aeration tank where the spiral velocity is induced and controlled by the tank 

dimensions and quantity of air pumped into it.70 The air causes a spiral of water to flow through 

the tank and heavier particles are removed.70 The vortex type consists of a cylindrical tank in 

which the flow enters tangentially creating a vortex flow pattern.70 Grit settles by gravity into 

the bottom of the tank while effluent exits at the top of the tank.70 

 

5.1.2.2 Sedimentation 

Organic and inorganic matter along with other suspended solids that were able to pass through 

screens and grit chambers can be removed from the sewage in sedimentation tanks.66, 70 In 

sedimentation, the separation of suspended particles that are heavier than water occurs by 

gravitational settling.70 As the speed of the flow through one of these tanks is reduced, the solids 

gradually sink and settle on the bottom.66 The settled solids, also known as raw or primary 

sludge, are usually removed from the tank bottom by periodically pumping.66 To increase 

purification efficiencies, primary sedimentation must be followed by secondary treatment that 

includes activated sludge or tricking filter.  

 

5.1.3 Secondary treatment  

In secondary treatment, a huge amount of the biodegradable organic matter and suspended 

solids are removed by making use of the bacteria in it.66, 71 The main purpose of biological 

WWT facilities is to stimulate the purification process that occurs naturally in rivers, lakes and 

streams.72 The are a number of factors which determine whether the treatment process is aerobic 

or anaerobic, including the composition of the wastewater, the degree of stabilization required 

for environmental compliance and economic viability.72 
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5.1.3.1 Aerobic treatment process 

 

5.1.3.1.1 Trickling filter  

A trickling filter is a tank loaded up with a bearer material, such as volcanic shake, rock or 

engineered material, ranging from one to two meters in depth.11, 66 Sewage is delivered from 

above and as it trickles through filter media, microorganisms gather and multiply on the stones, 

forming a slime layer or biological film.11, 66 The steady flow of sewage over these growths 

allows the microbes to absorb the dissolved organic material, thereby lowering the BOD of the 

sewage.73 Sufficient oxygen for the metabolic processes is provided by air circulating upward 

through the spaces among the stones.73 The cleaner water trickles to the bottom, and then further 

out through pipes to another sedimentation tank to remove excess microbes.66, 73 In order to 

increase treatment efficiencies, two or more trickling filters may be connected in series.73 The 

trickling filter method is less complex compared to activated sludge method, but it is much 

more expensive because of the increased electrical power usage.11 

 

5.1.3.1.2 Activated sludge 

Activated sludge process is a biological treatment method whose main purpose is to eliminate 

organic matter from wastewater.11 This method involves an aeration tank followed by a 

secondary clarifier.73 To continue the attentiveness of active bacteria in the tank, about 30 

percent of the activated sludge is recirculated from the secondary clarifier and introduced into 

the aeration tank, where it is mixed with air and the new sewage.11, 73 

 

In the aeration tank, compressed air is generally injected into the mixture through porous 

diffusers located at the bottom of the tank.73 As the diffused air bubbles to the surface, it 

provides oxygen and favorable conditions for rapid mixing action.73 As a result of the high 

oxygen concentration, microorganisms form an active, healthy suspension of biological solids, 

mostly bacteria, called activated sludge.73 The microbes are given enough time in the aeration 

tank to break down the organic matter into harmless by-products.11, 66, 73 The higher 

concentration of oxygen, the less aeration time is required, thereby reducing the required tank 

volume.73 After the mixture leaves the aeration tank, it flows into the secondary clarifier with 

main purpose is settling out activated sludge by gravity force.73 The sludge is pumped out from 

a hopper at the bottom of the tank, while clear water from the surface of the clarifier is skimmed, 

disinfected, and discharged as secondary effluent.73 Part of the sludge is recirculated back into 
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the aeration tank since the recycled microbes are well acclimated to the sewage environment 

and readily metabolize the organic materials in the primary effluent.73 

 

In the recent years, more WWTPs have replaced trickling filter with activate sludge process.66 

The main reason for this is that the activated sludge method occupies a smaller place compared 

to trickling filter method, and in addition the discharged effluent is of better quality.11  

 

5.1.3.2 Anaerobic treatment process 

Anaerobic treatment processes include anaerobic suspended growth, upflow and downflow 

anaerobic attached growth, fluidized-bed attached growth, upflow anaerobic sludge blanket 

(UASB), anaerobic lagoons, and membrane separation anaerobic processes.74  

 

Anaerobic microbes play an important role in natural environments for the biological 

degradation of organic matter in the absence of oxygen. 75 In case no other inorganic electron 

acceptors than carbon dioxide is present in anaerobic environments, the final degradation of 

organic compounds result in their conversion to gaseous methane and carbon dioxide.75 

Although both aerobic and anaerobic treatment processes are still being used for removing of 

organic pollutants in WWTPs, the anaerobic digestion process is known for its many advantages 

over aerobic treatment.75 Some of the most important advantages of anaerobic treatment 

processes are low energy required, lower biomass yield, fewer nutrients required, and higher 

volumetric loadings.74 

 

5.1.3.2.1 Suspended growth 

The complete-mix anaerobic growth digester without sludge recycling is suitable for wastes 

containing high concentration of solids or organic matter, where thickening the effluent solids 

otherwise is difficult.74 The anaerobic contact process overcomes the disadvantages of a 

complete-mix process without recycle by separating biomass and returning it to the complete-

mix or contact reactor.74 Although gravity separation is the most common approach for solids 

separation and thickening prior to sludge recycle, it possesses some disadvantages, including a 

sludge with poor settling properties.74 Therefore, gas flotation is often used instead.74 However, 

solids-liquid separation can be inefficient in anaerobic process because gas is produced under 

the anaerobic conditions and can even continue in the separation process.74 The anaerobic batch 

reactor (ASBR) process combines a suspended growth process with reaction and solids-liquid 
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separation in the same vessel, thereby reducing organic removal and gas production rates, and 

providing better conditions for solids settling before decanting the effluent.74 

 

5.1.3.2.2 Sludge blanket 

The UASB process is the most used sludge blanket process.74 In the UASB process the influent 

wastewater enters the reactor from the bottom and flows up through the sludge blanket.74 The 

main characteristic of this process is the development of a dense granulated sludge with particle 

size ranging from 1.0 to 3.0 mm.74 There are many factors affecting this development.74 For 

example, treating of wastewater rich on carbohydrate or sugar results in successful granulation, 

while more fluffy floc particles result from wastewater high in protein.74 Other factors favoring 

the formation of dense granulated sludge floc particles are a pH around 7.0, a plug-flow 

hydraulic regime, a zone of high hydrogen partial pressure, a nonlimiting supply of NH4-N, and 

a limited amount of the amino acid cysteine.74 

 

5.1.3.2.3 Membrane bioreactors  

Membrane Bio-Reactor (MBR) treatment techniques combine biological treatment, specifically 

suspended growth bioreactors, with membrane filtration, such as microfiltration or 

ultrafiltration.11, 76 The degradation of biomass occurs inside the bioreactor tank, while the 

membrane serves as a filter for separation of treated wastewater from microorganisms, resulting 

in a clarified and disinfected product effluent.76 The major challenge in the applications of 

MBRs is membrane fouling which significantly reduces membrane performance and lifespan, 

leading to a significant increase in maintenance and operating costs.76, 77 

5.1.4 Tertiary treatment 

Tertiary treatment is the third and the final stage in the wastewater treatment process. Its main 

purpose is to further remove oxygen-demanding substances, to remove nitrogen and/or 

phosphorus and to eliminate microorganisms and pathogens.78, 79, 80, 81,.82, 83, 84 Removing of 

these harmful substances makes the effluent water safe to reuse, recycle or release into the 

environment.  

5.1.4.2 Disinfection  

Disinfection, also known as the last step of the wastewater treatment process, is responsible for 

destroying most pathogens in WWTP effluents before they are discharged into the 

environment.78 Some of the most common treatments applied are chlorination, ultraviolet (UV), 
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and ozonation disinfection.78 These disinfection processes are highly effective at decreasing 

ARBs.78 The main purpose of the disinfection of water after wastewater treatment is to kill or 

inactivate bacterial cells.79 More precisely, removal or destruction of DNA is highly important 

because of ARGs are typically carried on plasmids and integrons.79 If not removed properly, 

these highly transmissible DNA elements can remain functional and confer ARGs to 

downstream bacteria by transformation and/or transduction.78, 79 Once released, ARG can 

persist in the environment, and have even been observed to establish and proliferate in drinking 

water biofilms.79 

 

5.1.4.3 Biological phosphorus-removal process 

Biological suspended growth process configurations used for biological phosphorus removal 

all include the same basic steps, an anaerobic zone followed by an aerobic zone.80 In some 

applications, aerobic zone is replaced by an anoxic zone.81 In addition, different types of further 

modifications are possible.80 The phosphorus from the influent wastewater is taken up by 

specialized bacterial cells known as phosphorus accumulating organisms (PAOs), and as the 

biomass is wasted, stored phosphorous is removed from the biotreatment reactor.80, 81 

 

5.1.4.4 Biological nitrogen-removal processes 

Biological nitrogen-removal processes use an aerobic zone where nitrification takes place.82 

Furthermore, an anoxic zone is also required for biological denitrification for complete nitrogen 

removal by both NH4-N oxidation and NO3-N and NO2-N reduction to nitrogen gas.82 At the 

very end, an electron donor is required to complete the nitrogen reduction.82 An electron can be 

supplied in the form of influent wastewater BOD, by endogenous respiration, or an external 

carbon source.81, 82 

 

5.1.4.5 Removal of heavy metals using different methods 

Due to their potential accumulation and toxicity in municipal sewer system, it is important to 

remove heavy metals from wastewater effluents in order to avoid their discharge into the 

environment.83 Heavy metals can be removed from wastewater by chemical precipitation, 

carbon adsorption, reverse osmosis, and ion exchange.84 
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5.2 Occurrence of disinfectants in WWTPs 

 

As mentioned earlier, use of disinfectants has increased drastically during the last two years 

with the emergence of the COVID-19 pandemic. QACs, more precisely BACs, are the most 

common ingredients in the disinfectants used to inactivate the SARS-CoV-2 virus.85, 86 In 

addition, while high income countries have stabilized their use of antibiotics, low to upper-

middle income countries are increasing their consumption of antibiotics drugs.85 Huge amounts 

of both disinfectants and antibiotics present in wastewater represent a real danger to aquatic 

organisms and AR once they enters the environment.79 

 

5.2.1 QACs 

BACs is a QAC reported in wastewater effluents, with highest concentration coming from 

hospitals (up to 6.03 mg/liter).41 The occurrence of 19 QACs has been detected in over 90% of 

residential dust samples during the COVID-19 pandemic, at concentrations ranging from 1.95 

to 531 μg/g (median of 58.9 μg/g).3 The QACs concentrations were significantly higher 

compared to samples collected before the COVID-19 pandemic, where the median 

concentration was 36.3 μg/g.3 As mentioned earlier, WWTPs are not designed to remove QAC 

from wastewater, resulting in the release of a portion of them into the environment. In 2006 

Environmental Protection Agency (EPA) found BACs to be toxic to the aquatic environment 

and its inhabitants, thereby advising against their release into rivers, lakes and other water.41 

QACs are known for their low vapor pressures, and are therefore not expected to volatilize from 

soil or water. 86 In addition, the high log organic carbon-water partitioning coefficient (KOC) 

and partition coefficient (Kd) of BAC indicate that BAC tends to accumulate once it enters 

soil.85 Another important characteristic of BAC supporting this retention in soil is its positive 

charge.85 Efflux pump genes – acrA, acrB, qacG, and qacH – have been found in BAC resistant 

bacteria. Cross-resistance can be induced after exposure to other disinfectants.85 

 

5.2.2 TCC and TCS 

TCC and TCS have been found at high in the influents in Bangkok, Thailand. TCC was detected 

at the highest concentrations in sludge and sediment.6  It is believed that this is due to its strong 

adsorption onto particles.6  Therefore, adsorption plays a key role in the removal of TCC in 

WWTPs. In addition, high concentrations of TCS have been reported in fish samples from 

receiving rivers and canals.6  
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Table 3. Occurrence of biocides in wastewater and their fate in the WWTPs (A/O: anaerobic/oxic); CAST: cyclic 

activated system technology; AS: activated sludge; TF: trickling filter). 

Disinfectant Source Location Reported 
concentrations 

Removal 
percent 

Reference  

Benzalkonium 
chlorides 

Hospital effluent 
 
Municipal sewage 
sludge 
 
BAC-C12 in wastewater 
treatment influents 
 
WWTP 
 
WWTP influent 
 
WWTP effluent 
 
WWTP influent 
 
WWTP effluent 

Europe 
 
China 
 
 
Unknown  
 
 
Unknown  
 
China 
 
 
 
China 

0.05 – 6.03 g/L 
 
0.09 – 191 mg/kg 
 
 
170 μg/L 
 
 
Up to 0.17 mg/L 
 
0.641 μg/L 
 
0.076 μg/L 
 
0.870 μg/L 
 
0.010 μg/L 

 
 
 
 
 
 
 
 
 
 
 
 
88% A/O 
 
 
 
99% CAST 

41 
 
41 
 
41 
 
 
41 
 
 
87 
 
87 
 
87 
 
87 

Triclosan  WWTP influent  
 
Primary clarified 
effluent 
 
Secondary effluent 
 
WWTP effluent  
 
WWTP influent 
 
WWTP effluent 
 
 
 
WWTP effluent  
 
WWTP influent 
 
WWTP effluent 
 
WWTP influent 
 
WWTP effluent 
 
WWTP influent 
 
WWTP effluent 

Gossau, Switzerland 
 
 
 
 
 
 
 
 
USA 
 
 
 
 
 
U.K. 
 
Australia 
 
 
 
Brazil 
 
 
 
Gauteng Province, 
South Africa 

700 μg/L (?) 
 
520 μg/L 
 
 
45 μg/L 
 
42-213 μg/L 
 
3.8-16.6 μg/L 
 
0.2-2.7 μg/L 
 
 
 
340-1100 ng/L 
 
573-845 ng/L 
 
60.5-159 ng/L 
 
17.8-67.1 μg/L 
 
0.9-3.6 μg/L 
 
2.01-17.6 μg/L 
 
0.990-13.0 μg/L 

 
 
 
 
 
 
 
70-94% 
 
 
 
96 % AS 
58-86 % TF 
 
 
 
 
 
 
85 % (mean) 
 
 
 
95 % (mean) 
 
 
 
29 % (mean) 

88 
 
88 
 
88 
 
88 
 
 
89 
 
89 
 
 
 
21 
 
21  
 
21 
 
90 
 
90  
 
91 
 
91 

Chlorhexidine WWTP influent 
 
WWTP effluent 

Sweden 18-164 kg/year 
 
0.2-3.3 kg/year 

 
 
Up to 98 % 

92 
 
92 

Copper WWTP influent 
 
WWTP effluent 
 
 

Thessaloniki, 
Greece 
 
 
 

79 μg/L 
 
33 μg/L 
 
 

 
 
58 %  
 
 

93 
 
93 
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WWTP influent 
 
WWTP effluent 

Venice, Italy 
 

5-430 μg/L 
 
3-90 μg/L 

 
 
79 % (mean) 

94 
 
94 

Silver WWTP influent 
 
WWTP effluent 

Venice, Italy 1-13.7 μg/L 
 
0.6-12.2 μg/L 

 
 
13 % (mean) 

94 
 
94 

Triclocarban WWTP influent  
 
WWTP effluent 

Gauteng Province, 
South Africa 

0.086-2.84 μg/L 
 
<LOD-1.89 μg/L 

 
 
 

91 
 
91 

 

5.2 Removing of ARGs from WWTPs 

Removal or destruction of DNA is highly important because of ARGs typically carried on 

plasmids and integrons.79 If not removed properly, these highly transmissible DNA elements 

can remain functional and be assimilated by down-stream bacteria.79 One released, ARG can 

persist in the environment, and have even been observed to establish and proliferate in drinking 

water biofilms.79 

5.3.1 Secondary treatment 

 

5.3.1.1 Aerobic/anaerobic treatment 

In order to determine the effect of biological treatment on the levels of ARGs water from a 

dairy in northern Colorado was incubated anaerobically or aerobically at 20 °C or 4 °C. The 

effect of both aerobic/anaerobic and temperature treatment on the levels of tetracycline – tet(W) 

and tet(O), sulfonamide – sul(I) and sul(II), and macrolide – ere(A) and msr(A) was explored. 

The results showed that higher temperatures result in the degradation of antibiotics at a faster 

rate compared to treatment at lower temperature of 4 °C. In addition, aerobic treatment showed 

higher removal of ARGs than anaerobic at the same temperature.65 

 

Another study on ARGs – tet(G), tet(W), tet(X), sul(I), and intl(I) – in a full-scale municipal 

WWTP with A 2O-MBR system showed that membrane bioreactors (MBRs) are possibly more 

effective at removing ARB and ARGs than traditional activated sludge.48, 95 This due to the 

extra filtration of the effluent through the membrane.48 The concentration of ARGs in 

wastewater decreased in the anaerobic effluent and anoxic effluent, but increased in the aerobic 

effluent, before it declined in the MBR effluent. The following concentration trends both in 

influent and MBR effluent were observed sul(I) > intl(I) > tet(X) > tet(G) > tet(W).95 
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The results indicate that sul(I) is one of the most prevalent genes in the environment.95 High 

concentrations of intI(I) can be explained by subsequent HGT event that could occur in the 

WWTP and result in the spread of ARGs among microorganisms.95 The concentration of ARGs 

in sludge samples increased during along the treatment process, while the ratio of ARGs to 16S 

ribosomal DNA (rDNA) changed little from anaerobic to anoxic to aerobic basins, but increased 

in MBR. The results showed also that the reduction of tet(W), intl(I), and sul(I) was positively 

correlated with the reduction of 16S rDNA. It is believed that the anaerobic treatment is much 

better at removing ARGs in wastewater, because the bioactivity of the microorganism is lower 

under anaerobic conditions and the spread of resistance genes is inhibited.95 

Reducing the amount of energy consumed in treatment processes has become the main 

challenge for the future.96 Three different wastewater treatment strategies – anaerobic, aerobic, 

and anaerobic-aerobic sequence (AAS) bioreactors – have been compared regarding energy 

use, treatment performance, and ARG abundance.48 Contrarily to the previous study mentioned, 

the results showed higher ARG effectiveness of aerobic bioreactors and AAS bioreactors 

compared to anaerobic bioreactors alone.96 However, the AAS bioreactors showed both higher 

removal of ARGs and lower energy consumption than the two other strategies.96 

5.3.1.2 Membrane filtration 

Sequential filtration across decreasing membrane pore sizes showed significant effect on the 

removal of ARGs (p < 0.001).79 In addition, the presence of colloidal material in the aqueous 

matrix was found to have the same effect on the removal of blaTEM (p ¼ 0.004) and vanA ARGs 

(p ¼ 0.002), genes present on the spiked plasmids.79 Further analysis showed that as membrane 

pore size decreased, the influence of colloids and the removal of ARGs became more 

apparent.79 For example, microfiltration through 0.45 and 0.1 mm pore-size membranes 

resulted in less than 1-log removal of ARGs either in the presence or absence of colloidal 

material, while filtration through the 100, 10, and 1 kDa membranes resulted in 0.9, 3.6, and 

4.3 e-log reduction respectively across no-colloidal controls and ARGs, and 1.7, 4.9, and 5.9 e-

log reductions of ARGs across all WWTP effluents.79 The conclusion that could be made from 

these results was that the membrane removal of ARGs is actually enhanced in the presence of 

wastewater rich in colloidal material.79 A significant effect on the removal of blaTEM and vanA 

observed at 1.2 mm-filtered wastewater effluent matrix is probably a result of interactions with 

colloidal material present in the effluent.79 This assumption was further supported by the 
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correlations observed with the TOC, proteins, and polysaccharide concentrations present in the 

filtrates.79 

5.3.2 Tertiary treatment 

5.3.2.1 UV disinfection and chlorination 

The effects of tertiary treatment methods, such as ultraviolet (UV) disinfection and chlorination, 

on the frequency of ARGs transfer have been studied based on the conjugative transfer model 

between Gram-negative strains of E.coli.68 Low UV doses, up to 8 mJ/cm2, had little influence 

on the frequency of conjugative transfer, while low chlorine doses, up to 40 mg Cl min/L, 

considerably promoted the frequency by 2-5 fold.68 Furthermore, it was observed that low UV 

doses decreased bacterial number without changing the cell permeability.68 After the treatment 

with low chlorine doses the generated chloramine stimulated the bacteria and improved the cell 

permeability, as a result of more pilus induced on the surface of conjugative cells, which acted 

as pathways for ARGs transfer.68 High doses of both UV and chlorine, >10 mJ/cm2 and >80 

mg Cl min/L, respectively, resulted in suppressed frequency of ARG transfers.68 The effect of 

high UV doses (>10 mJ/cm2) on bacteria led to the complete inhibition of conjugative transfer.68 

Although causing the reduction of ARB or ARGs concentrations, the general observation is that 

UV or chlorine cannot completely eliminate antibiotic resistance, so that the risk of ARGs 

transfer in the final effluent still exists.68 

One of the recent studies on the inactivation of two ARGs – sul1 and tetG, and the integrase 

gene of class 1 integrons – intI1, shows that chlorination achieved more inactivation of selected 

genes than UV irradiation and ozonation.78 Furthermore, for the inactivation of 16S rDNA, UV 

irradiation was the least effective method.78 The reason why chlorine exhibited the best removal 

of ARGs may be its ability to react moderately with cell envelope, thereby penetrating the 

cytoplasm to deactivate the ARGs.78 Contrarily, ozone reacts too rapidly with the cell envelope 

leading to an inability of the dose to penetrate into the cell and reach the ARGs.78 

 

Experiments conducted using bacteria resistant to antibiotics ampicillin, cephalothin, 

tetracycline and trimethoprim demonstrate a potential with chlorination disinfection. Although 

it previously has been shown that different doses of chlorination reduced the percentage of 

ampicillin-resistant bacteria in sewage, opposite results have also been reported in other studies. 

In a study done by Murray et al. an increase in proportion of bacteria resistant to ampicillin and 

cephalothin were observed after treating urban wastewater influent with chlorine.97 Although 
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the chlorination process was found to initially reduce the total number of bacteria in wastewater, 

it may substantially increase the proportions of ARB.97 Further evidence supporting this 

assumption relies on experiments done by Huang et al. using highly tetracycline-resistant E. 

coli strains, where inactivation was significantly lower for the tetracycline resistant strain when 

compared the antibiotic-sensitive E. coli at high chlorine doses (>1.0 mg/L, 10 min contact 

time).48, 63, 98 However, opposite results were reported for ampicillin- and trimethoprim-resistant 

E. coli strains, and the conclusion made from these results suggests that the chlorination process 

is unlikely to select for ampicillin- or trimethoprim-resistant survivors during wastewater 

treatment.99 Templeton et al. compared the effect of free chlorine and UV (UV intensity 0.247 

mW/cm2) disinfection on E. coli strains resistant to ampicillin and trimethoprim with an 

antibiotic-susceptible E. coli strain.99 The results found the trimethoprim-resistant E.coli strains 

to be slightly more resistant to chlorine than the antibiotic-susceptible strain and the ampicillin-

resistant E. coli.99 Moreover, no significant differences between the antibiotic-resistant and 

antibiotic-susceptible E. coli strains were observed over the UV dose range tested. 48, 63, 99 

5.4 Constructed wetlands (main characteristics) 

Constructed wetlands (CWs) are artificial systems that use natural processes involving wetland 

vegetation, soils, and the associated microbial populations to improve water quality.100 CWs 

are an substitute for secondary and tertiary treatment of industrial and municipal wastewater as 

their main purpose is removing bacteria, enteric viruses, suspended solids, BOD, metals and 

phosphorus, from wastewater.11, 101 Treatment methods present in CWs replicates those 

happening in natural wetlands consisting of substrate, macrophytes, and microbial 

assemblage.11 CWs can be classified either according to the life form of the dominating 

macrophyte (free-floating, floating leaved, rooted emergent, or submerged) or according to the 

wetland hydrology (free water surface and subsurface) and surface flow (horizontal and 

vertical).100 CWs have been proven to have several benefits over the conventional techniques, 

where the most important ones are lower costs linked to construction, operation and 

maintenance, and lower energy absorption.11 
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6 Discussion 

 

Both heavy metals and QACs have been shown to lead to an increase in ARGs through co-

resistance. For heavy metals, such as zinc and copper, the study by Yazdankhan et al. showed 

that heavy metal resistance genes increased the rate of spreading of antibiotic resistance.48, 53 

Similar results have been seen for QACs in Jiao et al. study, which showed the co-resistance of 

gac genes, typically located on MGEs together with ARGs.48, 54 Another example is seen on 

plasmids where qac and ß-lactamase bla genes are linked, resulting in resistance to both 

disinfectants, such as BACs, and antibiotics, such as penicillin.41 Similar co-resistance is also 

reported in a subset of matings between Enterobacteriaceae and recipients, where mercury 

resistance was co-transferred with antibiotic resistances.61 

 

Cross-resistance has been found in L. monocytogenes where the multi-drug efflux pump exports 

both metals and antibiotics.52 While over-expression of a pump alone results in resistance to 

some antibiotics and biocides, when exposed to these agents frequently it favors cross-

resistance to all other substrates of the pump.55 Such mechanisms are seen in P. aeruginosa 

mutants known for overproduction of MexAB, thereby resulting in resistance to some 

antibiotics, and triclosan.55 The over-expression of the gene encoding efflux pumps happens to 

be most effective at leading to resistance when the bacteria are exposed to inhospitable 

condition.55  

 

Many studies have described cross-resistance between BACs and antibiotics. One such study 

showed that the presence of BACs increases the MICs for multiple antibiotics, such as oxacillin, 

cefazolin, and ofloxacin, in MRSA strains.41 In addition, similar results have been observed 

with E. coli, where increasing concentrations of BACs resulted in increasing the MIC of 

ampicillin, ciprofloxacin, and nalidixic acid on such a strain.41 Even though these bacterial 

strains did not become resistant to antibiotics, the increase in the MICs for antibiotics gives the 

bacteria more time to accumulate mutations so that emerge in antibiotic resistant strains may 

emerge.41 

 

The process of co-selection is favored in the presence of heavy metals, biocides, antibiotics, 

resistant bacteria, and resistance genes, WWTPs provide conditions which are suitable for the 

selection of multi-resistant bacteria.10 However, highly specialized methods are required for the 

removal of ARB and ARGs. The different types of treatment methods used to treat wastewater 
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vary significantly in their removal efficiencies of ARB and ARGs. For example, looking at 

secondary treatment methods, aerobic biological treatment shows higher removal of ARGs 

when compared to anaerobic treatment at the same temperature. Higher temperatures result in 

the degradation of antibiotics at faster rates than at lower temperatures.65 A study using 

membrane bioreactors showed that they are probably more effective at removing ARB and 

ARGs than the traditional activated sludge method.48, 95 Within tertiary treatment methods, 

chlorination achieved more inactivation of ARGs than UV radiation and ozonation.78  
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7 Concluding remarks  

 

Wastewater treatment plants concentrate wastewater containing residual antibiotics, 

disinfectants and antibiotic resistant bacteria from diverse origins, and are therefore considered 

a hotspot for the spread of antibiotic resistance genes into the environment. Even though the 

results show that exposure to disinfectants might increase antibiotic-susceptibility of bacteria, 

their mechanisms of action are still poorly understood. Additionally, WWTPs are not designed 

for the removal of antibiotics and disinfectants and there are no specific technologies for the 

reduction of antibiotic resistant bacteria and of antibiotic resistant genes in wastewater 

currently. Although some secondary and tertiary treatment methods probably lead to the 

reduction in ARB, ARGs, and disinfectants, they are still unlikely to completely eliminate 

antibiotic resistance, so that the risk of ARGs transfer in the final effluent still exists.68 

Additionally, high concentration and high dose of disinfectants and antibiotics used during the 

COVID-19 pandemic, which entered into environment, are accelerating the target selection of 

antimicrobial resistance in environements.2 

 

8 Future perspectives 

 

Future population growth and water scarcity pose significant risks to global food security and 

drive the need to reuse wastewater especially in arid and semiarid regions.102 Global antibiotic 

consumption is also likely to increase.9 Although high income countries have stabilized their 

use of antibiotics, low to upper-middle income countries are increasing their consumption of 

antibiotics drugs.85 Additionally, new global pandemics, as seen with COVID-19, will also 

possibly lead to an increased use of disinfectants in daily life. With increasing water reuse, 

antibiotic consumption, and disinfectants use even more ARGs and ARB will be released into 

the environment if currently applied wastewater treatment methods remain the same. Some of 

the improvements that should be made involve plans for implementation of more advanced 

treatment processes focusing on removal of ARGs and ARB, as well as setting limits for release 

from point sources of compounds driving co-selection of resistance such as antibiotics and 

disinfectants.48 Lastly, more research needs to be done on disinfectants’ mode of action, the 

resistant mechanisms bacterial cells possess against them, as well as their occurrence and 

removal in WWTPs, and most importantly on how their presence leads to the development of 

antibiotic resistance.  
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