
 1 

Chapter 3. Socio-economical perspectives and impact of AR 

 

 

3.1. Sources of antibiotic resistance – zoonotic, human, environment 

 

Authors: Ivone Vaz-Moreira1,2#, Catarina Ferreira1#, Olga C. Nunes2, Célia M. 

Manaia1* 

 

 

1Universidade Católica Portuguesa, CBQF - Centro de Biotecnologia e Química Fina 

– Laboratório Associado, Escola Superior de Biotecnologia, Rua Arquiteto Lobão 

Vital, Apartado 2511, 4202-401 Porto, Portugal 

2LEPABE – Laboratory for Process Engineering, Environment, Biotechnology and 

Energy, Faculdade de Engenharia, Universidade do Porto, Rua Dr. Roberto Frias, 

4200-465 Porto, Portugal 

#, these authors contributed equally to this work 

 

*corresponding author: Célia M. Manaia (cmanaia@porto.ucp.pt) 

  



 2 

 

Abstract 

 

Antibiotic resistance is a global problem that must be managed under the one-health 

perspective. Retrospectively, it is assumed that microbial populations able to cope 

with compounds with antimicrobial activity and susceptible bacteria lived in 

equilibrium for thousand years. This situation would change in the middle 40´s of the 

twentieth century when one of the most important revolutions of modern medicine 

started - the use of a natural antimicrobial compound, the penicillin, to treat infectious 

bacterial diseases. Over the years, the massive use of antibiotics in human and animal 

medicine, as well as in animal production for both growth promotion and infection 

prophylaxis/metaphylaxis accelerated and shaped one of the most successful 

evolutionary case-studies. As a result of an impressive combination of genome and 

community dynamics, bacteria with acquired antibiotic resistance are nowadays 

widespread across different environmental compartments (water, soil, wild life) as 

well as in the human food-chain (poultry, livestock, aquaculture, produce). Hence, the 

evolutionary success of these bacteria turned to represent a major threat to the human 

health. This chapter discusses some the drivers and paths of antibiotic resistance 

dissemination across zoonotic, human, and environmental sources.  
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3.1.1. The antibiotic era 

The industrial revolution nurtured the need to combat infectious diseases and 

encouraged the efforts of scientists and pharmaceutical companies to find drugs with 

antimicrobial activity capable of overcoming infection, the main cause of mortality 

until the middle of the twentieth century (Cohen, 2000, Aminov, 2010). Therefore, 

antibiotherapy processes that were successful on the control of humans and animals 

infectious diseases became one of the most important revolutions of the modern 

human and veterinary medicine. The recognition that penicillin, a natural fungal 

metabolite, was able to control the development of pathogenic bacteria set a mark in 

the mankind history, and started what can be called the antibiotic era (Aminov, 2010). 

The search for antibiotics able to control pathogenic bacteria led to the recognition 

that the production of molecules with antibacterial activity is widespread in the 

microbial world, being produced by both fungi and bacteria. The effectiveness of 

these compounds explains why most of the antibiotics used nowadays in human and 

veterinary medicine are natural (biosynthetic) or semi-synthetic derivatives of these 

natural products (Butler and Buss, 2006). 

Regardless of being biosynthetic, semi-synthetic or fully synthetic, the therapeutic 

action of antibiotics is due to their capacity to interfere with key structural 

components and/or functions of the bacterial cell and which are not present in the 

host’s cells. Most of antibiotic classes with clinical relevance interfere with three 

major types of target in the bacterial cell – the cell wall synthesis, proteins synthesis, 

and DNA access, mainly during replication. Hence, although secondary toxic effects 

may occur, antibiotics selectively target bacteria, whose cells are destroyed or 

inhibited to divide, while no harm is anticipated in the host´s cells. 

Unfortunately, the enthusiasm put on antibiotics as therapeutic agents would not last. 

Resistance, meaning the ability to survive and proliferate in the presence of antibiotics 

at concentrations used for therapeutic purposes, is found for all antibiotics, sooner or 

later after their commercialization (Alanis, 2005). When bacteria acquired the 

capability of recurrently grow in the presence of a clinically-used dose of antibiotic, 

they cause the failure of the antibiotic as therapeutic agent and are, hence, named as 

antibiotic resistant bacteria (ARB). The mechanisms used by ARB can be 

summarized as the ability to i) alter the antibiotic molecule (degradation, 

transformation), ii) control the antibiotic intracellular concentration (efflux, cell 

impermeabilization), or iii) modify the cellular antibiotic target (Blair et al., 2015).  
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3.1.2. Intrinsic and acquired antibiotic resistance 

Some bacteria harbor ancestral traits that confer intrinsic resistance to one or more 

classes of antibiotics. Intrinsic resistance can result from specific cell properties, such 

as the absence of cell wall or presence of an external membrane or it can result from 

some specific chromosomal genes. In these cases, the genes encoding for such 

properties are part of the core genome of a given species or genus (Davies and 

Davies, 2010, EUCAST). Consequently, all members of a given taxonomic group 

(species, genus, family) share the same resistance phenotype. In contrast, when the 

genes encoding for antibiotic resistance (ARGs) are part of the accessory genome of a 

bacterial strain, which includes genetic information that was acquired, antibiotic 

resistance is only observed in some representatives of a given species (EUCAST). 

Acquired antibiotic resistance may result from gene mutation or genetic 

recombination (Martinez and Baquero, 2000, Davies and Davies, 2010, Zhang et al., 

2009a). Gene mutations occur randomly in the genome, often potentiated by 

mutagenic agents, and when they represent an evolutionary advantage to the cell, they 

may become dominant through dissemination by vertical transmission (from one 

generation to the next). Genetic recombination, frequently referred to as horizontal 

gene transfer (HGT), is believed to be common among bacteria, representing one of 

the major driving forces for bacterial evolution (Ochman et al., 2000, Wiedenbeck 

and Cohan, 2011, Davies and Davies, 2010). The HGT may occur by: 1) conjugation 

among bacteria, that involves the transfer of genetic material from a donor to a 

recipient cell, requiring that both share the same space, but not necessarily the same 

species; 2) transformation, consisting on the uptake of naked DNA released by dead 

cells, and 3) transduction, mediated by bacteriophages (Andersson and Hughes, 

2010).  

 

3.1.3. The natural antibiotic resistome 

Antimicrobial biosynthesis and the associated evasion mechanisms are common in 

bacteria that coexist in a given microbial habitat (D'Costa et al., 2007). Antibiotic 

resistance is a natural property of bacteria, hypothetically favored in nature to cope 

with microbial community members that naturally produce antibiotic residues. Hence, 

resistance mechanisms may be regarded as survival traits in bacteria thriving in 

natural communities, being observed in bacteria that were never exposed to 
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antibiotics of anthropogenic origin (Allen et al., 2010). The natural antibiotic 

resistome, i.e. the whole set of genes that contribute to cope with the presence of 

antibiotics, encodes possibly a wide panoply of functions that can span from 

microbial cell defense, inhibition of competitors growth, to biochemical signals, 

modulators of metabolic activity or even natural substrates (Davies et al., 2006, 

Martinez, 2009, Dantas et al., 2008). Remarkably, the soil natural resistome has been 

one of the most studied, with genetic determinants of resistance evidencing either 

high or low resemblance with the resistance determinants observed nowadays in 

clinically-relevant bacteria (Riesenfeld et al., 2004, D'Costa et al., 2006, D'Costa et 

al., 2011, Forsberg et al., 2012). The diversity of the natural resistome is also 

evidenced by the fact that it is probably spread over the whole domain Bacteria, with 

frequent descriptions of occurrence in members of the phyla Actinobacteria, 

Proteobacteria, or Bacteroidetes (Riesenfeld et al., 2004, D'Costa et al., 2011, 

D'Costa et al., 2006, Forsberg et al., 2012).  

 

3.1.4. The contaminant resistome 

Due to the widespread dissemination in the environment, ARB and ARG are 

nowadays considered environmental contaminants (Berendonk et al., 2015, Pruden et 

al., 2006). Contaminant ARB and ARG are emitted by a wide diversity of sources, 

mainly human and animal excreta. Hence, domestic and animal farm effluents as well 

as animal manure are the major sources for ARB and ARG, which continuously 

enrich what has been called the contaminant resistome (Vaz-Moreira et al., 2014, 

Manaia, 2017). 

The human impact on the dissemination of antibiotic resistance is demonstrated by 

the observation of a direct correlation between human intervention and abundance and 

diversity of ARB and ARG. For example, studies with wildlife species, such as small 

mammals, gulls and birds of the prey, iguanas, or permafrost soils, show the wide 

dissemination of antibiotic resistance and, eventually, the effects of the continuous 

exposure of the biota to antibiotics and some pollutants (Thaller et al., 2010, D'Costa 

et al., 2011, Vredenburg et al., 2014, Furness et al., 2017). The risks that new 

resistance determinants jump from the natural resistome to clinically-relevant 

bacteria, jeopardizing the efficiency of antibiotics still regarded as valuable 

therapeutic tools, exist and have been deeply discussed (Wright, 2010, Perry and 

Wright, 2013, Manaia, 2017, Martinez et al., 2015). However, it is the continuous and 
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wide dissemination of the contaminant antibiotic resistome that represents nowadays 

a major threat for human health. Since the acquisition of ARGs represents an 

additional cost for the bacterial cell, which may be justified only if it brings a survival 

advantage, it is believed that it is stimulated by external selective pressures (Allen et 

al., 2010, Goh et al., 2002, Andersson and Hughes, 2014). Among the different 

selective pressures that are identified (e.g. metals or biocides), antibiotics are those 

considered the most important selectors for resistance acquisition and maintenance. 

Indeed, it is impossible to dissociate the evolution of the contaminant resistome from 

that of antibiotic usage, to which is dedicated the next section.  

 

3.1.5. Evolution of antibiotics usage 

Since the 1940’s the global production and consumption of antibiotics has increased 

not only due to the rise of the human population but also to prosperity (CDDEP, 

2015). It is estimated that during the first decade of the XXI century, occurred an 

overall increase of 36% on antibiotic use for human consumption. This percentage 

corresponds to an average increase from 5 x 1010 to 7 x 1010 standard units, i.e., the 

number of doses sold, in 71 countries with different incomes (Van Boeckel et al., 

2014). In general, the consumption of antibiotics per capita is higher in high-income 

than in middle-income countries. However, in middle-income countries the increase 

in human antibiotic consumption has been higher than in high-income countries, 

where, in general, the consumption stabilized or decreased (Van Boeckel et al., 2014). 

Brazil, Russia, India, China and South Africa account for 76% of increase in 

antibiotic sails for human consumption (Van Boeckel et al., 2014).  

The absence of adequate measures to prevent infectious diseases and the inappropriate 

antibiotic consumption have probably a significant contribution to the excessive 

antibiotic use. Indeed, it has been argued that in some low-income countries, 

antibiotic consumption increase is manly a compensation of the lack of efficient 

programs of vaccination and sanitation (Laxminarayan et al., 2016). In turn, 

inadequate antibiotics prescription is associated with the uncertainty in diagnosis (e.g. 

frequently to treat upper respiratory tract infections caused by viruses), motivating the 

prescription of an unnecessary broad spectrum antibiotic, in an incorrect dosage or 

duration (Starrels et al., 2009, Om et al., 2016). Notoriously, these situations are not 

necessarily related with the country development index. In hospitals, the excessive 

use of broad-spectrum antibiotics is leading to dangerous and almost difficult to treat 
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infections. However, the lack of or delayed access to antibiotics still kills more people 

than resistant infections (CDDEP, 2015).  

The simultaneous increase of the per capita income and population growth have been 

driving pressure for availability of animal protein, and consequently, the need to use 

antibiotics to optimize intensive animal/aquaculture farming. Antibiotics and other 

antimicrobials have been extensively used in livestock animals and aquaculture not 

only to treat diseases, but mainly to improve growth or to prevent infections (FAO, 

2016, Liu et al., 2017). As a consequence, the utilization of antibiotics in animal 

farming (e.g. poultry, swine and cattle) is higher than the used for human 

consumption (Figure 3.1A), constituting up to 70% of the annual consumption of 

antibiotics in each country (FDA, 2015). Although with a smaller impact, antibiotics 

are used also to control diseases and pests in household pets and agriculture crops, 

respectively (CDDEP, 2015, Prescott, 2008, Lloyd, 2007). The utilization of 

antimicrobials in intensive farming, some times without the supervision of veterinary 

professionals, raises a major concern for human health since many compounds used in 

food animals belong to the same antimicrobial classes as those used in humans 

(Figure 3.1B) (FAO, 2016). 

Although the worldwide data on the antimicrobial sales for animal production is 

limited, Van Boeckel and collaborators (2015) conducted a first study assessing the 

antimicrobial consumption in food-producing animals around the world. The authors 

estimated a total consumption of more than 63 000 tonnes of antibiotics in livestock 

in 2010, and predicted a rise to more than 105,000 tons by 2030. Among the countries 

with highest antibiotics consumption in 2010 were China (23%), United States of 

America (13%), Brazil (9%), India (3%), and Germany (3%). The Van Boeckel et al. 

(2015) predictions for food animal production in 2030 identify China (30%), United 

States of America (10%), Brazil (8%), India (4%), and Mexico (2%) as the five major 

consumers.  
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Figure 3.1. Consumption of antibiotics for use in humans and food-producing animals A) by 

selected European Countries in 2012 and B) by selected classes of antibiotics for each 

European country. Data of consumption in tonnes was recovered from ECDC, EFSA and 

EMA report (ECDC/EFSA/EMA, 2015). Data from human consumption includes the 

antibiotics used in the community and hospitals. Data from food-producing animal’s 

consumption includes the use in pigs, cattle and broilers. The countries population size data 

are estimates from the World Bank for the year 2012 

(http://data.worldbank.org/indicator/SP.POP.TOTL).    

 

 

3.1.6. Antibiotic resistance evolution 

It is assumed that the presence of antimicrobials in a given ecological niche will lead 

to the successive elimination of susceptible bacteria with the simultaneous Darwinian 

selection of ARB (Founou et al., 2016). Hence, any host, human or animal, 

consuming antibiotics or environmental compartment contaminated with antibiotics, 

are potential reservoirs of ARB and ARG. In parallel with selection, the stress 

imposed by the presence of antibiotic residues may favor the acquisition of ARG by 

susceptible bacteria, making of antibiotic residues important evolution drivers 

(Andersson and Hughes, 2011). Although antibiotic resistance acquisition is common 

in nature these processes are facilitated by the massive and intensive use of antibiotics 

(Sørensen et al., 2005). A high number of reports and studies produced over the last 

decades show not only an increase of resistance prevalence but also of the diversity 

and distribution of ARG (EARS-Net, ESAC, NARMS, Knapp et al., 2010). The 

exposure of the bacterial communities to antibiotics has been suggested as a major 

driver for the emergence and spread of resistance. It is believed that mechanisms such 

as the disturbance of the microbial communities, the interference with gene 

expression or biofilm formation can trigger or act in combination with the horizontal 

transfer of ARG (Andersson and Hughes, 2012, Andersson and Hughes, 2014, 

Martinez, 2008, You and Silbergeld, 2014). In addition, it has been argued that the 

levels of resistance observed at any time and place are not only the result of the recent 

conditions but also of the global history of antibiotic resistance acquisition (O'Brien, 

2002). This can be explained based on the fact that when the carriage of resistance 

determinants do not impose a fitness cost they will not be lost by their host, even in 



 10 

the absence of selective pressures (Andersson and Hughes, 2011, Andersson and 

Hughes, 2010). 

 

3.1.7. Stressors for antibiotic resistance 

Besides the antibiotic residues or metabolites thereof, some other chemical 

compounds have been described to contribute to ARB and ARG enrichment due to 

processes of co- or cross-resistance. Co-resistance to antibiotics and other chemicals 

occurs when the genes specifying the resistance phenotypes are located together in the 

same genetic element. In turn, cross-resistance arises from a given mechanism that 

confer resistance to two or more antimicrobials from different classes. The best 

example of co-resistance is the genetic linkage of ARG and metal translocation genes 

(e.g. Hg, Cu, Cd, Zn) (Seiler and Berendonk, 2012, Pal et al., 2015). Examples of 

cross-resistance mechanisms are the broad substrate spectrum efflux pumps or 

neutralizing enzymes, reduced cell envelop permeability or alteration of the target 

site, with the consequent invulnerability to antimicrobial agents belonging to different 

classes (Seiler and Berendonk, 2012, Wales and Davies, 2015).  

The potential of metals as antibiotic resistance stressors is relevant, given their 

widespread distribution. Metals supplementation is used in animal and aquaculture 

feed, and are found in the composition of organic and inorganic fertilizers, in 

pesticides, and in anti-fouling products. In addition, some metals are also used as 

biocides, controlling diseases, mainly in the pig and poultry sectors (Seiler and 

Berendonk, 2012, Wales and Davies, 2015). Consequently, they are found not only in 

agricultural soils and sediments but also in aquaculture and in domestic and industrial 

wastewater, through which they reach the wastewater treatment plants (WWTPs) 

(Nicholson et al., 2003, Gall et al., 2015). Besides metals, many other compounds are 

used as biocides. These antimicrobial compounds have a wide application, being used 

as preservatives of pharmaceuticals, cosmetics or feed/food products or as 

disinfectants or antiseptics in diverse human activities (agricultural, industrial and 

health care settings and at community level). Like metals, biocides residues are found 

in different ecological niches, as domiciliary, healthcare or aquatic environments 

(Antizar-Ladislao, 2008, Bloomfield, 2002, Meyer and Cookson, 2010, Maillard, 

2005, Chen et al., 2014), where they are pointed out as favoring the emergence of 

antibiotic resistance through co-selection. Such conclusions are based on the fact that 

some bacterial strains have low susceptibility (i.e. high MICs) to simultaneously 
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metals and/or biocides and antibiotics (Wales and Davies, 2015).  

Co-resistance of antibiotics and metals such as Hg, Cd, Cu, and Zn, has been 

described (Seiler and Berendonk, 2012, Pal et al., 2015). Mercury (Hg) has been 

detected in fish feed and is frequently found in sewage and activated sludge (Choi and 

Cech, 1998, Olson et al., 1991). Genetic linkage of multiple antibiotic resistance 

(sulfonamides, tetracyclines, beta-lactams, streptomycin and florfenicol) and Hg was 

found in an Aeromonas salmonicida subsp. salmonicida strain isolated from salmon 

from aquaculture facilities (Seiler and Berendonk, 2012). Co-resistance of 

macrolide/aminoglycoside antibiotics and Cu, Cd, and Zn used as animal growth 

promoters and frequently found in different environments, has also been described 

(Seiler and Berendonk, 2012, Pal et al., 2015). Hence, even at very low 

concentrations, metals have the potential to select bacteria with multidrug-resistance 

plasmids, contributing to the emergence, maintenance, and transmission of antibiotic-

resistant bacteria (Gullberg et al., 2011). Co-resistance of Hg and quaternary 

ammonium compounds (QAC) (Pal et al., 2015) as well as QAC and sulphonamides 

has been described (Wales and Davies, 2015). Cross-resistance of fluoroquinolone or 

tetracycline and phenolic biocides is also reported in Escherichia and Salmonella 

strains (Wales and Davies, 2015). 

Besides the reduced fitness costs explained above, other mechanisms are believed to 

contribute to antibiotic resistance persistence even in the absence of selective 

pressures. The toxin-antitoxin system has been suggested as an important factor for 

the stabilization of ARGs and metal or biocide resistance genes that are co-transferred 

by conjugative plasmids. It is supposed that these plasmids would be more persistent 

when vertically transferred from one generation to the next, even in the absence of 

selective pressure, since the toxin-antitoxin systems stabilize plasmids in their hosts 

by killing daughter cells that do not inherit the plasmid (Pal et al., 2015). The toxin-

antitoxin system is responsible for the production of a toxin and of an antidote for that 

toxin (antitoxin). If the plasmid is absent in a daughter cell, the unstable antitoxin is 

degraded and the stable toxic protein kills the new cell; this is known as post-

segregation killing (Van Melderen and De Bast, 2009). 

Beside exposure to antimicrobials, many other adaptive stress responses may 

influence the susceptibility to antibiotics since they may impact many of the same 

components and processes that are targeted by antimicrobials. Some non-

antimicrobial agents have been described as potential selectors for antibiotic 
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resistance. Some examples are feed or food preservation agents, such as 

phenazopyridine or sepiolite, or sub-lethal concentrations of salt and acidic pH as well 

as herbicides, such as glyphosate, widely used in agriculture and gardening 

(McGowan et al., 2006, Rodriguez-Beltran et al., 2013, Amabile-Cuevas and 

Arredondo-Garcia, 2013, Kurenbach et al., 2015). In addition, nutrient starvation, 

oxidative stress, thermal shock, or cell envelope damage are among the factors 

compromising the cell growth by stimulating protective changes in cell physiology or 

in lifestyle (biofilm formation) or inducing mutations (Poole, 2012).  

In summary, a wide range of conditions, including those promoted by 

micropollutants, prevailing in the different ecological niches (animal and human 

hosts, feed and food products, anthropogenic impacted environments) may contribute 

to the overall increase and dissemination of antibiotic resistance. 

 

3.1.8. Paths of antibiotic resistance dissemination 

The human and animal intestinal tracts favor the occurrence of antibiotic resistance 

selection and/or horizontal transfer (Shoemaker et al., 2001, Sommer et al., 2010), 

being considered important reservoirs of ARB and ARG (Salyers et al., 2004). Also 

livestock and aquaculture are recognized reservoirs of ARB and ARG into the 

environment (Landers et al., 2012, CDC, 2013, Woolhouse et al., 2015). All these 

sources have the potential to supply ARB and ARG to the environment, where they 

can accumulate and spread through aquatic systems and soils (Figure 3.2). The use of 

animal manure or compost to amend agriculture soils, a practice that is in line with 

the nowadays so appreciated organic farming, is another potential source of 

contamination of soil, surface and groundwater with ARB and ARGs from animal 

origin. The point source contamination will diffuse through processes such as water 

runoff or percolation, invading the aquatic systems (Figure 3.2). While these diffuse 

paths of ARB dissemination may be associated with the transmission from the 

environment to humans, some point-source contamination can also be recognized. For 

example, humans with a high degree of exposure to reservoirs of resistance such as 

health care facilities, animal farms and abattoirs as well as food-handlers, are major 

receptors and potential disseminators of ARB and ARG into the community and 

health care settings (Marshall and Levy, 2011). Also humans living in contact with 

livestock and pets are important links in the antibiotic resistance dissemination 

network (Smith et al., 2009, Guardabassi et al., 2004, Lloyd, 2007). 
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Domestic wastewater is another relevant source of ARB and ARG, which, in world 

regions with adequate sanitation network, are collected in sewage systems and treated 

at urban wastewater treatment plants (UWTP). Because most of these plants use 

conventional treatments designed mainly to reduce the organic and microbial loads of 

wastewater, part of the ARB and ARG of the incoming sewage is discharged into the 

natural water body receptors that include rivers, lakes or the sea in coastal areas 

(Michael et al., 2013, Czekalski et al., 2014, Rizzo et al., 2013). Studies conducted in 

different world regions show that every minute a well-functioning domestic UWTP 

can release more than 109 antibiotic-resistant enteric bacteria and more than 1014 

copies of antibiotic resistance genes (Vaz-Moreira et al., 2014, Manaia et al., 2016). 

This is a very high microbial load that will result in the contamination of rivers or 

lakes, widely demonstrated in the literature (Novais et al., 2005, Tacão et al., 2014, 

LaPara et al., 2011), as well as their sediments (Czekalski et al., 2014, LaPara et al., 

2011) or soils (Jones-Dias et al., 2016a). The conditions prevailing in the biological 

reactors of the UWTPs (high load of readily metabolizable nutrients and of bacteria 

together with micropollutants) may not favor the elimination of ARB, or even 

enhance the selection of ARB and/or the occurrence of HGT of ARG. Hence, the 

implementation of tertiary treatments including disinfection are desirable (Manaia et 

al., 2016). These processes may reduce the microbial load of the treated wastewater 

(up to 4 log units) to lower values than those with conventional treatments (up to 2 

log units) (Sousa et al., 2017, Michael et al., 2013). Nevertheless, disinfected treated 

wastewater still contains ARB and ARG, regardless the method employed (e.g. UV 

254 nm, chlorination, ozonation) (Moreira et al., 2016, Sousa et al., 2017, LaPara et 

al., 2011). Moreover, some authors have suggested that disinfection may increase the 

prevalence of ARB and ARG in the treated wastewater (Hu et al., 2016, Chen and 

Zhang, 2013, Alexander et al., 2016).  

The reduction of the organic load of the raw wastewater is accompanied with the 

increase of the biomass of the degrading microorganisms. The spent activated sludge 

is further stabilized, digested or eventually used for composting (Kelessidis and 

Stasinakis, 2012). ARB and ARG surviving these processes may reach soils (farms 

and gardens) through the direct application of activated sludge, digested sludge or 

compost as soil amendments (Zhang et al., 2011, Ma et al., 2011). Wastewater reuse 

is another key issue regarding antibiotic resistance dissemination. The human 

population growth and prosperity combined with the climate changes is increasingly 
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pressing for the reuse of treated wastewater (Becerra-Castro et al., 2015). The 

consequent contamination of soils and of the human food-chain is a major concern 

(Jones-Dias et al., 2016b, Campos et al., 2013).  

ARB and ARG have been detected in produce and food products (e.g. vegetables, 

meat, poultry, milk, eggs), which can function as vehicles of ARG transfer to humans, 

mainly if consumed raw (van den Bogaard and Stobberingh, 2000, Mena et al., 2008, 

Leverstein-van Hall et al., 2011, Sunde and Norstrom, 2006, Aarestrup et al., 2000, 

Marti et al., 2013, Bezanson et al., 2008). Indeed, ARGs that encode resistance 

against antibiotics only used in animals (e.g. nourseothricin, apramycin) were 

detected in commensal bacteria of both human and animal origin, in zoonotic 

pathogens like Salmonella spp., and in strictly human pathogens, like Shigella spp. 

(van den Bogaard and Stobberingh, 2000).  

Soils and water contamination may also affect different forms of wildlife such as the 

lynx Iberian or seagulls that fly over our cities (Vredenburg et al., 2014, Sousa et al., 

2014). In these cases, the migratory routes of these wild animals can represent 

important forms of dispersion of resistance between distant zones. The widespread 

environmental contamination with ARB is also detected indoor mainly in urban areas, 

as have been shown in studies conducted on bus lines (Mendes et al., 2015) or with 

domestic animals that cohabit with their owners (Leite-Martins et al., 2014). In fact, 

from what is known nowadays, one can wonder which places are antibiotic-

resistance-free. This contamination originates essentially from animals and humans. If 

a part of this contamination returns to humans is an issue yet to be clarified (Manaia, 

2017). 
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Figure 3.2. Antibiotic resistance dissemination pathways. 

 

 

3.1.9. Antibiotic resistance in humans and animals  

Prophylaxis and metaphylaxis, i.e. the use of therapeutic or sub-therapeutic doses of 

antibiotics in healthy animals to prevent infectious diseases, or to both healthy and 

infected animals are relevant contributions for the contaminant resistome. Although 

some antibiotics are restricted to the animal use (e.g. tylosin, apramycin, avoparcin), 

others are used in both food animals and the treatment of humans’ infections (e.g. 

gentamycin, tetracyclines, penicillins and sulfonamides) (Landers et al., 2012, 

Kemper, 2008). In addition, although some antibiotics are restricted to the veterinary 

use, they belong to the same general classes of those used in humans, thus, even if 

they are not the same exact compound their mode of action is the same or similar 

(Phillips et al., 2004). The major fraction of antibiotic consumption is associated with 

animal production, not only because more individual doses are used, but also because 

the therapeutic doses, which are proportional to the body weight, are higher for some 

animals than for humans. The influence of the antibiotic use on the enrichment of 

ARB in animals has been demonstrated. For example, in Denmark it was observed a 
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reduction, from 80% to 3%, in the levels of vancomycin resistant enterococci in 

poultry after the banning of avoparcin as growth promoter (Singer et al., 2003). 

Although the association of avoparcin, and other glycopeptides, with the prevalence 

of vancomycin resistance in livestock is one of the most studied, other associations 

have been demonstrated for other classes of antimicrobials, such as virginiamycin use 

and quinupristin-dalfopristin resistance; tylosin use and erythromycin resistance; 

avilamycin use and avilamycin resistance (Wegener, 2003, Cogliani et al., 2011, 

Bengtsson and Wierup, 2006). Some examples of co-selection were also documented, 

as the genetic linkage of the genes vanA and the macrolide resistance gene ermB in 

glycopeptide-resistant enterococci from porcine origin. Thus, the ban of avoparcin 

was not enough to decrease the prevalence of glycopeptide-resistant enterococci, 

being this decrease observed only after the ban of macrolide growth-promoters 

(Boerlin et al., 2001, Aarestrup, 2000). 

Recently the World Health Organization published a list of antibiotic-resistant 

"priority pathogens", including 12 groups of bacteria that pose the greatest threat to 

human health (WHO, 2017). The most critical groups given their potential to develop 

multidrug resistance phenotypes, include Acinetobacter baumannii, Pseudomonas 

aeruginosa, and different Enterobacteriaeae genera (including Klebsiella 

pneumoniae, Enterobacter spp., Serratia spp., Proteus spp., Providencia spp. and 

Morganella spp.). In the same list, and considered to be of high or medium risk, are 

Enterococcus faecium, Streptococcus pneumoniae, Staphylococcus aureus, 

Helicobacter pylori, Campylobacter, Haemophilus influenzae, Salmonella spp., 

Shigella spp. and Neisseria gonorrhoeae. Some of these bacteria are also important 

commensals or pathogens in animals. Indeed, animals can be vehicles of 

Acinetobacter baumannii, Enterobacteriaceae (e.g. Klebsiella pneumoniae), 

Enterococcus, Staphylococcus aureus, Helicobacter pylori, Campylobacter, 

Salmonella spp., and Shigella spp. (Cantas and Suer, 2014, Lahuerta et al., 2011, 

EFSA and ECDC, 2015, Damborg et al., 2016, Abdel-Raouf et al., 2014). Among 

these, Salmonella and Campylobacter are considered as the most frequent food-borne 

bacterial agents in Europe (EFSA and ECDC, 2015), while Acinetobacter baumannii 

have been more associated with companion animals (Damborg et al., 2016, Lupo et 

al., 2017, Ewers et al., 2017). In general, farm animals are recognized as important 

antimicrobial resistance reservoirs (Bywater et al., 2004, EFSA and ECDC, 2017), 

including resistance to some recent drugs as carbapenems (Fischer et al., 2013), that 
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are detected both in animals and humans (Gupta et al., 2003). Nevertheless, there are 

few studies establishing the direction of movement of resistance between human and 

livestock populations (Woolhouse et al., 2015). Indeed, the demonstration of 

transmission of ARB from animals to humans may be not straightforward.  

In 1976, Levy et al. (1976), maybe in one of the first reports, published a study 

demonstrating the dissemination of bacteria from animals to humans, observing the 

same tetracycline resistant E. coli strain in chickens and in the workers of the farm. 

Later studies, based on the whole genome sequencing (WGS), showed that the lineage 

CC97 of methicillin resistant Staphylococcus aureus (MRSA) was observed to enter 

the human populations from a livestock source on more than one occasion over the 

past 100 years (Spoor et al., 2013). In contrast, for the lineage ST5, globally 

disseminated in poultry, it was concluded that it was transmitted from humans 

(Lowder et al., 2009). However, other authors quantifying the occurrence of cross-

species transmission for the MRSA strain CC398, concluded that the transmissions 

from livestock-to-human were more frequent than from human-to-livestock over the 

evolutionary history of the strain (Ward et al., 2014). Similarly, Sørensen et al. (2001) 

studying the transmission of glycopeptide-resistant Enterococcus faecium, confirmed 

the risk associated with the consumption of meat products contaminated with resistant 

bacteria, showing that these bacteria ingested via chicken or pork meat lasted in 

human stool for up to 14 days.  

Homologous ARGs identified in humans and farm animals isolates provided 

evidences for the possible cross transfer of ARB between animals and humans. For 

example, the gene responsible for methicillin resistance (mecA) in S. aureus found in 

animal isolates (e.g. cattle, pigs, chickens) was also detected in isolates from farmers 

(Lee, 2003). Also in farms where apramycin was used as growth promoter, the gene 

aac(3)-IV, encoding resistance to aminoglycosides, was detected in E. coli isolates of 

swine, poultry and of farm workers (Li et al., 2015, Zhang et al., 2009b, Chaslus-

Dancla et al., 1991).  

Cephalosporins are extensively used for production of food animals and beta-lactam 

resistance has been used in the literature to illustrate antibiotic resistance 

dissemination between both potential reservoirs. For example, there are some 

evidences of possible cross-contamination of bacteria carrying enzymes conferring 

resistance against this type of antibiotic, such as the beta-lactamase CTX-M-14, 

across humans, pets and poultry in Asian countries (Ewers et al., 2012). In addition, 
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the CTX-M-15 subtype, observed to be spread by different Enterobacteriaeae, 

including a K. pneumoniae clone in humans, is also found in pets and horses (Ewers 

et al., 2014). Contrary to cephalosporins, carbapenems (a class of last resort 

antibiotics) are not used in livestock. However, carbapenemase encoding genes (e.g. 

the blaNDM, blaIMP, blaVIM and blaKPC genes) were already detected in isolates of 

livestock animals (Mollenkopf et al., 2017). Woodford et al. (2014) demonstrated that 

the ARB from swine and poultry animals carrying the blaVIM carbapenemase were 

also found in other farm animals (e.g. insects and rodents) being the transmission 

carried out through manure. Yet, studies on evidencing the transmission of 

carbapenem resistance from humans to animals are scarce the possible (Mollenkopf et 

al., 2017). Similarly, for the beta-lactamase NDM-1, which emerged recently as a 

major clinical threat that was spread via inter-continental dissemination, was never 

found an indication of animal-human transmission (Kumarasamy et al., 2010, 

Nordmann, 2011, Cabanes et al., 2012). Though, the gene blaNDM-1 was already found 

in E. coli isolates of companion animals, suggesting the possibility of inter-species 

transmission (Shaheen et al., 2013). 

Colistin is considered a last resort antibiotic, namely for NDM-1 producing bacteria. 

Originally described as being a chromosomally encoded resistance type, recently 

colistin resistance became transferable through the gene mcr-1, identified in human 

and animal E. coli isolates from China (Schwarz and Johnson, 2016, Liu et al., 2016). 

The higher prevalence of mcr-1-carrying bacteria in animals over humans suggests 

that this resistance gene has animal origin and spread to humans (Liu et al., 2016). 

Supporting this hypothesis is the extended use of polymyxins as animal growth 

promoters, for prophylaxis and therapy, which may have selected for plasmid-

mediated colistin resistance (Al-Tawfiq et al., 2017). Notoriously, recent reports 

highlighted the continuous spread of plasmid-mediated mcr-1 gene to imported food, 

urban rivers and to humans (do Monte et al., 2017, Arcilla et al., 2016, Al-Tawfiq et 

al., 2017). Another MCR subtype, the mcr-2 gene, has been identified only in 

livestock E. coli isolates, reinforcing the animal origin for plasmid-mediated 

resistance to colistin (Xavier et al., 2016).  

In a screen for the presence of 260 ARGs in different habitats, including wastewater, 

soil, human and livestock samples Li et al. (2015) observed that the most abundant 

and commonly distributed ARGs were the ones associated with antibiotics 

extensively used in human and veterinary medicine. These included the growth 
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promotors (e.g. aminoglycoside, bacitracin, β-lactam, chloramphenicol, macrolide-

lincosamide-streptogramin, quinolone, sulphonamide and tetracycline). Among the 99 

of out of 260 ARGs shared between human and young livestock faeces, it was 

possible to observed that some were more abundant in humans than in animals  (e.g. 

bacitracin resistance genes) while the opposite was observed for others  (e.g. 

macrolide-lincosamide-streptogramin, tetracycline, multidrug, sulphonamide and 

aminoglycoside resistance genes) (Li et al., 2015). The association between humans 

and domestic wastewater was also reported by Li et al. (2015), who found that 68 

ARGs (out of 260) encoding resistance to tetracycline, beta-lactam and 

aminoglycosides detected in human faeces samples and domestic raw wastewater 

showed high similarity. While it is clear that most of the ARGs detected in humans 

can reach the wastewater treatment plants and even persist after treatment, there are 

evidences that the dissemination in the environment may favour some, probably 

harboured by stable mobile genetic elements and/or ubiquitous bacteria (Munck et al., 

2015, Czekalski et al., 2014). Some ARGs, despite the low general prevalence, are 

good exemples of high persistence or dissemination potentail. For example, the gene 

blaKPC-2 gene carried by carbapenem resistant bacteria have been detected in the rivers 

receiving wastewater treatement plants dischargs (Yang et al., 2017, Picão et al., 

2013). In India, New Delhi, the blaNDM-1 gene was detected in drinking water bacteria 

(Achromobacter spp, Kingella denitrificans and Pseudomonas aeruginosa), after the 

observation of some cases of human contamination with Enterobacteriaceae and 

Acinetobacter baumannii isolates carrying this gene (Walsh et al., 2011). In summary, 

although some evidences are available, the impact of animal and environmental 

reservoirs onto the human health is still an issue deserving thorough research 

(Woolhouse et al., 2015, Phillips et al., 2004, Martinez, 2008). 

 

3.1.10. Final considerations 

This overview reinforces the need for an urgent implementation of the One-Health 

perspective, in which the health and well-being of the citizen, the safety of the food 

chain and the protection of the environment are comprehensively surveilled and 

controlled. Along with other contaminants and human-health threats, antibiotic 

resistance is a key issue in the One-Health priorities for the next decades.  
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Figures: 

 
Figure 3.2. Consumption of antibiotics for use in humans and food-producing animals A) by 

selected European Countries in 2012 and B) by selected classes of antibiotics for each 

European country. Data of consumption in tonnes was recovered from ECDC, EFSA and 

EMA report (ECDC/EFSA/EMA, 2015). Data from human consumption includes the 

antibiotics used in the community and hospitals. Data from food-producing animal’s 

consumption includes the use in pigs, cattle and broilers. The countries population size data 

are estimates from the World Bank for the year 2012 

(http://data.worldbank.org/indicator/SP.POP.TOTL).    
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