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Abstract: As the human population increases there is an increasing reliance on aquaculture to

supply a safe, reliable, and economic supply of food. Although food production is essential

for a healthy population, an increasing threat to global human health is antimicrobial resistance.

Extensive antibiotic resistant strains are now being detected; the spread of these strains could

greatly reduce medical treatment options available and increase deaths from previously curable

infections. Antibiotic resistance is widespread due in part to clinical overuse and misuse; however, the

natural processes of horizontal gene transfer and mutation events that allow genetic exchange within

microbial populations have been ongoing since ancient times. By their nature, aquaculture systems

contain high numbers of diverse bacteria, which exist in combination with the current and past use

of antibiotics, probiotics, prebiotics, and other treatment regimens—singularly or in combination.

These systems have been designated as “genetic hotspots” for gene transfer. As our reliance on

aquaculture grows, it is essential that we identify the sources and sinks of antimicrobial resistance,

and monitor and analyse the transfer of antimicrobial resistance between the microbial community,

the environment, and the farmed product, in order to better understand the implications to human

and environmental health.
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1. Introduction

1.1. Antimicrobial Use and Antimicrobial Resistance in Aquaculture

To feed the growing human population, global finfish and shellfish stocks (hereafter referred to

collectively as ‘fish’) have been substantially exploited, with estimates of up to an 80% reduction [1,2].

To reduce this depletion, our reliance on aquaculture has intensified due to its potential to provide

sustainable, safe, and reliable alternative food production systems. In 2014, 70.5 million tonnes of food

fish and 26.1 million tons of aquatic algae were produced via aquaculture systems. The aquaculture

production figures indicate a substantial increase in the relative contribution of aquaculture to total

fish consumption from 5% in 1962, to 49% in 2002 [1]. Further estimates predict that European

aquaculture production will reach 4 million tonnes by 2030 [1]. This global increase in production

has also resulted in a wide diversity of species being cultivated—currently, over 580 species in total

(consisting of 362 finfish and 62 crustaceans) [1,3]—with a wide range of growth and maximum

production conditions.

Mar. Drugs 2017, 15, 158; doi:10.3390/md15060158 www.mdpi.com/journal/marinedrugs

http://www.mdpi.com/journal/marinedrugs
http://www.mdpi.com
http://dx.doi.org/10.3390/md15060158
http://www.mdpi.com/journal/marinedrugs


Mar. Drugs 2017, 15, 158 2 of 16

Aquaculture systems vary in their levels of parameter control, but the main aim is to maximise

the speed of growth and intensity of production, while providing safe and sustainable products [4].

To enhance fish survival and market value, a number of key strategies are regularly employed:

extensive aquaculture, where predators are removed and competitors are controlled; semi-intensive,

where food is supplemented and enhanced; and intensive, where all food needs are supplied. Due to

the growing demands for finfish and shellfish, there has been a shift from extensive to semi-intensive

and intensive systems, as they can produce greater yields [5]. However, this intensification increases

stocking density and nutrient pollution, often leading to poor water quality issues. The combination of

high density and poor water quality increases the likelihood of pathogen outbreaks [6], which can, in

turn, have negative implications for the quality and rate of production. An outcome of these higher

disease rates in intensive farming is a reliance on antibiotics and other supplements, especially in

countries where regulatory limits may not be clearly defined or monitored closely [7,8].

Antimicrobial use in aquaculture is governed by a variety of factors including legislation and

regulation by the respective government organization, the particular pathogen present (and its

antimicrobial sensitivities), the treatment timing, the disease status of the host, and the system

parameters (salinity, temperature, photoperiod, etc.). Data on the amounts of antibiotics used in

aquaculture are scarce, as few countries monitor the quantity of antibiotics used [9]. However,

in general, the use of antibiotics in aquaculture depends on local regulations, which vary widely.

In some countries (specifically Europe, North America, and Japan), regulations on the use of antibiotics

are strict and only a few antibiotics are licensed for use in aquaculture. In Europe, for example, the

practice of non-therapeutic prophylactic use of antibiotics was banned in 2001 by the EU Veterinary

Medicinal Products Directive, as amended and codified in Directive 2001/82/EC [10–12]. In Norway,

stricter regulatory oversight of antimicrobial use, combined with increased vaccinations and excellent

stewardship has been credited, in part, for a 99% fall in antimicrobial use between 1987 and 2013,

despite output growing more than 20-fold [13,14]. However, 90% of the world aquaculture production

is carried out in developing countries, which lack regulations and enforcement on the use of

antibiotics [15], leading to high variability in antibiotic use. In salmon (Salmo spp.) aquaculture,

for example, antibiotic use ranges from ~0.02–0.39 g/tonne of harvested biomass in Scotland and

Norway, to ~660 g/tonne in Chile [16]. Although there is no evidence that antibiotics are routinely

used as growth promoters in aquaculture, as is the case in the industrial raising of livestock in some

countries [17], the prophylactic use of antibiotics in aquaculture has been commonplace in the past,

particularly in shrimp [18] and salmon aquaculture [19], and the difficulty of treating individual

affected finfish and shellfish means that metaphylactic use of antimicrobials to treat entire populations

is still commonplace [7,15,20,21].

Antibiotics are the first line treatment for bacterial infections, and therefore play an essential role

in modern medicine [22]. Antibiotic resistance is an ancient process and predates any clinical antibiotic

usage [23], however, the increase of extensive drug resistant (XDR) and multidrug drug resistant (MDR)

strains is a cause of immense concern. Bacteria are becoming resistant to a wide array of antibiotics as

a result of natural processes [23] and widespread anthropogenic activity [24–26]. Bacteria can acquire

antimicrobial resistance (AMR) either through mutation, or more likely horizontal gene transfer (HGT)

in the environment, via natural transformation, transduction, or conjugation [27–33]. The genetic

plasticity of the microbial community enables resistance genes to move quickly throughout different

environmental bacterial populations and communities. The resistome (a collection of all AMR genes in

a microbial community) in many different habitats has become an area of intense focus, with many

studies examining how AMR pathways spread and evolve [34–37].

Aquaculture systems and farms have been designated as “genetic reactors” or “hotspots for AMR

genes” where significant genetic exchange and recombination can occur, which can shape the evolution

of future resistance profiles [38,39]. It has been estimated that 90% of bacteria originating in seawater

are resistant to one or more antibiotics and up to 20% of the bacteria are resistant to at least five [40].
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Once bacteria have acquired AMR genes, they may exist in the environment for a long time, even after

the selection pressure ceases [41].

The prolonged use of antibiotics in aquaculture increases the selective pressure on bacterial

populations, even at concentrations of antibiotics well below the minimum inhibitory concentration

of the susceptible wild type population [42], and also increases HGT rates, including human

and fish pathogens. Due to antibiotics being relatively stable and non-biodegradable, residual

antibiotics can remain in commercialised fish and shellfish for consumption [7,8]. Done and Halden

(2015) [43] measured low but significant levels of tetracycline (oxy- and 4-epioxytetracycline), macrolide

(virginiamycin), and sulfonamide (sulfadimethoxine/ormetoprim) antibiotics in samples of farmed

trout (Oncorhynchus spp.), tilapia (Oreochromis spp.), and salmon from 11 countries including the

US, China, Mexico, Thailand, Scotland, and Canada. While the concentrations were in compliance

with US FDA regulations, it was suggested that the presence of these antibiotics might provide a

selection and enrichment mechanism for resistant bacteria [43]. Similarly, Wang et al. (2017) [44]

screened finfish and shrimp samples collected from across Shanghai City for 20 common antibiotics

(tetracyclines, fluoroquinolones, macrolides, β-lactams, sulfonamides, and phenicols). Antibiotic

residues were found in 52% of the samples (40–91% of the finfish sampled and 17% of shrimp), with

residues and their consumption accounting for 75% and 70% of the overall variance of estimated

antibiotic exposure for men and women, respectively [44]. Given that 10% of the aquatic products

sampled exceeded the maximum residue limits (MRL) for some antibiotics [44], it is clear that aquatic

products have the potential to pose multiple health and AMR selection risks in countries where MRLs

are not strictly enforced.

In addition to the use of antibiotics, other pharmaceuticals and metal-containing products are

often used in aquaculture to prevent fouling, and to feed and treat fish, in order to limit the spread

of infections [17]. For example, copper (Cu)-containing materials are often applied as anti-fouling

agents for farm cages and nets and in the chemical control of parasites [45]; some cages themselves

are made from Cu alloys [17], and high concentrations of cadmium, iron, lead [46], and mercury [47]

have been reported in some commercial fish feeds. The introduction of heavy metals into the natural

environment through aquaculture practices and other anthropogenic sources to the environment

(e.g., the use of cadmium in pesticides and fertilizers [48]), frequently results in metal concentrations in

water and sediments that exceed levels predicted to drive the co-selection of antibiotic resistance in the

marine environment [49]. Therefore, the exposure of bacterial communities in and around aquaculture

operations to the combination of heavy metals, antibiotics, and other co-selecting factors may further

increase the likelihood of selection and co-selection of antibiotic resistance [37,38,40]. For example,

previous studies on fish and eel aquaculture systems have found strains of Aeromonas with high levels

of resistance to antibiotics and heavy-metals [50], with multiple plasmids, integrons, and gene cassettes

for antibiotic resistance [51].

Fish are reservoirs of zoonotic pathogens that cannot only infect the animal host but can also

infect humans who are in contact with the aquaculture facility and via foodborne infections [52].

Common infections in aquaculture facility fish handlers include Aeromonas hydrophilia, Mycobacterium

marinum, Streptococcus iniae, Vibrio vulnificus, and Photobacterium damselae [53,54]. Although problematic

as zoonotic pathogens, these microorganisms may also contain and spread AMR genes such as

extended-spectrum beta-lactamases (ESBL) [5]. Faecal matter from Sparus aurata (Gilthead seabream)

was found to contain ESBL-resistance genes, including blaTEM-52, blaSHV-12, as well as cmlA, tetA,

aadA, sul1, sul2, and sul3 [55]. Furthermore, bacterial strains carrying resistance determinants in

commercial seafood products [56] include disease-causing pathogenic bacteria in humans [57,58],

thereby increasing the risk of spreading AMR from aquaculture to the consumer.

1.2. Increased Transfer of AMR Directly to the Environment through Open Systems

Antimicrobial agents are usually administered to fish, mixed with food, and doses can be

proportionally higher than those in livestock [13]. Not only can residues of antimicrobials remain in
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fish products, but undigested food and fish faeces containing unabsorbed antimicrobials and secreted

antimicrobial metabolites can remain in the water and sediment around fish farms for an extensive

period of time, depending on their concentrations and biodegradability [19,59]. Indeed, some studies

suggest that 70–80% of antibiotics given to fish are excreted into the water [17,20,60] and can further

alter the microbial communities present [61]. Such material can persist and select for AMR bacteria,

even at low concentrations [42], leading to major alterations in the biodiversity of the sediment and

water in the near proximity of open aquaculture systems, by replacing susceptible communities of

bacteria (and other microorganisms) with resistant ones ([13] and references therein). Not only is

the biodiversity altered in the surrounding sediments, but the resistome also increases in complexity,

with larger numbers of antibiotic resistance genes and increases in mobile genetic elements [40,62–65].

A schematic representation of these processes is shown in Figure 1.
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Figure 1. Pathways of antimicrobial resistance (AMR) genes from closed and open aquaculture systems

into the water and sediment environmental resistome. See text for details.

Sediments hold an active mix of bacterial communities, with evidence to suggest that they may

be a substantial reservoir of faecal pathogens [66] and antimicrobials [67]. Detection of numerous,

globally distributed, AMR genes in aquatic sediments have recently reported [32,36,68–70]. Various

AMR genes have been documented to be present in aquatic sediment, such as sul1, sul2, tetB, tetC,

tetM, tetO, tetW, qnrA, aadA, blaTEM, blaSHV, blaCTX-M, and blaNDM [59,71–73]. Moreover, Yang et al. [73]

examined marine sediment, and found numerous tetracycline resistance genes (mentioned above).

More importantly, several contigs sharing high identity with transposons or plasmids from human

pathogens were detected, indicating that the sediment bacteria recently contributed or acquired

resistance genes from pathogens [73]. Therefore, sediment systems are a significant environmental

matrix for genetic transfer and recombination, and sediment particles offer a key interface for complex

microbial community interactions, enabling AMR gene transfer [32,74].

Many studies have reported high frequencies of AMR in bacteria in the vicinity of open

aquaculture operations (for reviews, see Cabello, 2006 [7]; Cabello, et al., 2013 [20]), however, few

studies have been adequately designed to determine the actual impact of antimicrobial use on AMR

prevalence. As Smith (2008) [9] points out, there are often issues with the media and cut-off values

used for determining resistance frequencies, adequate control samples are often not included, and

innate resistances are generally not considered. Other factors that may increase the frequency of

AMR, such as organic enrichment, are often not considered and few studies investigate the spatial and



Mar. Drugs 2017, 15, 158 5 of 16

temporal footprint of resistance. Importantly, many studies were not originally designed to investigate

the linkage between the frequency of AMR bacteria and the administration of antimicrobials and do

not present data on the concentrations of antimicrobials in the water and sediments. However, it is

clear from a large body of laboratory and field evidence [18,59,75,76] that the use of antimicrobials

in aquaculture will result in the entry of some antimicrobial compounds and their residues into the

surrounding environment, which has the potential to exert selective pressure to increase the frequency

of AMR in environmental microbes. For example, Zhu et al., (2017) found that concentrations of two

major classes of antibiotics (tetracyclines and macrolides) were positively correlated with the total

abundance of AMR genes in estuarine sediments [76].

Of particular concern are the hormetic properties of antimicrobials, where higher concentrations

of antimicrobials in close proximity of aquaculture sites may select for resistant bacteria, while

sub-inhibitory concentrations of antimicrobial residues in surrounding water and sediments might

stimulate HGT and mutagenesis [77]. Molecular studies have shown that genes involved in AMR

in bacteria associated with aquaculture are similar to those that have been detected in terrestrial

bacteria associated with human and land-based animal disease [9], including in human uropathogenic

Escherichia coli [78]. Aquatic AMR bacteria are most likely to come into contact with terrestrial bacteria

and other potentially co-selective pollutants from storm-water runoff, contamination from agricultural

wastes, and discharges from sewage treatment plants, in the relatively shallow coastal waters of

estuaries and sheltered bays, where most open aquaculture systems are sited [79]. Tracking the flow

of AMR genes is challenging, however, as gene flow may not be directly from aquatic bacteria to

human pathogens, but may involve intermediaries such as other environmental bacteria or commensal

microbiota of animals or humans [19]. Regardless of the pathway, the transfer of AMR genes from

environmental microbes to fish, human, and animal pathogens would have a detrimental effect on

piscine (both wild and farmed) and human health, and this potential link between the aquatic and

terrestrial resistomes is of particular concern, as many of the antimicrobials authorised for use in farmed

fish (e.g., oxytetracycline, fluorfenicol, and amoxicillin) are all medically important for human use [13].

Even when antimicrobials not associated with antimicrobial therapy in humans are selected for use in

aquaculture, once the acquisition of AMR to one antimicrobial within a class occurs, cross-resistance is

often conferred [80].

1.3. AMR in Closed Aquaculture Systems

Closed containment aquaculture systems refer to systems that isolate the farming process from

the environment and control system parameters such as oxygenation, temperature, and photoperiods.

These range from single-pass flow-through water systems to comprehensive near zero-discharge

recirculating systems. As a consequence of process control and water recycling, closed systems are

often seen as a sustainable practice for intensive aquaculture, dramatically reducing the amounts of

waste, antibiotics, and chemical treatments reaching the environment. Closed flow-through systems

produce wastewater containing suspended solids and nitrogen, phosphorous, and high microbial

loads, which will either enter the municipal wastewater system after a number of treatment steps, flow

to constructed wetlands, or be treated to produce a sludge that can be added to land as a fertilizer

(Figure 1) [81–84]. This use of aquaculture sludge has numerous implications for the concentration

and spread of AMR genes onto food crops and into the soil system [85].

Near zero-discharge recirculating aquaculture systems (RASs) are designed to produce species at

high density and minimize environmental impact by effectively managing, collecting, and treating

wastes that accumulate during fish growth for both freshwater and marine systems. Under optimal

conditions, these systems do not require water replacement except to account for losses due to

evaporation. RASs rely on both mechanical and biological filtration processes to provide an efficient,

productive, and biologically secure environment [86–88]. Biological processes are driven by activities

within microbial biofilms that develop on integrated filtration media and tank surfaces, as well as on

the fish themselves, and are driven by the nutrient input. Thus, under ideal conditions, fish wastes
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(i.e., nitrogen in the form of excreted ammonia, and carbon and nitrogen derived from uneaten feed

and faecal matter) are eliminated by the presence of interacting physiological processes including

nitrification, denitrification, anammox, and methanogenesis [89]. Because system water is recycled and,

under optimal conditions, very little (if any) water is exchanged with the environment, it is conceivable

that antibiotics added in feed may accumulate throughout the system, promoting the growth of

AMR bacteria associated with the host, the sediment (waste solids), and the RAS biofilter community.

Li et al. (2017) [90] found that biofilms from RAS mixed bed biofilters are a reservoir for antibiotic

resistance genes, including tetO, qnrA, and tetE. Biofilms, however, are generally resistant to penetration

by antibiotics [90,91], which, makes the treatment of pathogens difficult [92]. While Bebak-Williams

(2002) [93] found increased levels of oxytetracycline residue in sediment, biofilter, and fish muscle

in a freshwater RAS after treatment with medicated feed, oxytetracycline levels decreased to nearly

undetectable levels with time after withdrawal of the drug. Very little is known about the occurrence of

AMR bacteria in RASs and those that have screened for AMR pathogens concluded that their presence

could be explained by the use of infected fish stocks [94,95]. Table 1 details some of the representative

antimicrobial resistance factors that have been detected in aquaculture facilities across the world.
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Table 1. Representative microbial antibiotic resistance determinants identified from aquaculture systems.

Antibiotic Class Antibiotic Resistance Gene Aquaculture System or Fish Species Reference

β-Lactam (e.g., Ampicillin, Amoxicillin)
blaTEM-52, blaSHV-12 Gilthead Seabream Sousa et al. [55]

blaTEM Fish farms, Pakistan and Tanzania Shah et al. [96]

Tetracycline (tetracycline,
oxytetracycline, chlortetracycline)

tetM, tetO, tetT, tetQ Fish farms, Tianjin, and Guangdong, China Gao et al. [64], Xiong et al. [65]
tetM, tetS Japanese and Korean coastal farms Kim et al. [97]

tetA, tetG
Chilean salmon Shah et al. [98]

Fish farms, Pakistan and Tanzania Shah et al. [96]
tetA Marine aquaculture, Spain and Portugal Rodriguez-Blanco et al. [99]

tetA, tetB, tetK Salmon aquaculture, Chile Buschmann et al. [19]

Sulfonamide, sulfamethizole
sul1, sul2, sul3

Fish farms, Tianjin, China; farmed freshwater fish,
Guangdong, China; Gilthead seabream

Sousa et al. [55], Gao et al. [64], Xiong et al. [65]

sul1, sul2 Chilean salmon; fish farms, Tanzania and Pakistan Shah et al. [96], Shah et al. [98]

Aminoglycoside (Streptomycin,
spectinomycin, neomycin)

aadA strA-strB
Chilean salmon, fish farms, Tanzania and Pakistan;

catfish farm, Vietnam; carp farms, Poland
Shah et al. [96], Shah et al. [98], Nguyen et al. [100],

Piotrowska et al. [101]
aad1 Gilthead Seabream Sousa et al. [55]

Amphenicol (chloramphenicol, florfenicol)

cmlA Gilthead Seabream Sousa et al. [55]
cat-1 Fish farms, Tanzania and Pakistan Shah et al. [96]
floR Salmon aquaculture, Chile Buschmann et al. [19]
catB Catfish farm, Vietnam Nguyen, et al. [100]

Quinolones (oxolinic acid, ciproflaxin)
qepA, oqxAB, qnrS, aac(6′)-Ib, qnrB, qnrD Farmed freshwater fish, Guangdong, China Shah et al. [98], Jiang et al. [102]

qnrA, qnrB, qnrS Salmon aquaculture, Chile Buschmann et al. [19]

Macrolides (erythromycin)
mefA Fish farms, Tanzania Shah et al. [96]

ermC, ermE, ermX, ermC Carp farms, Poland Piotrowska et al. [101]

Trimethoprim
dfrA1, dfrA5, dftA12 Chilean salmon; fish farms, Tanzania and Pakistan Shah et al. [96], Shah et al. [98]

dfrA12 Catfish farm, Vietnam Nguyen et al. [100]

Quinoxoline 1, 4-di-N-oxides
(carbadox, olaquindox, mequindox)

oqxA Salmon aquaculture, Chile Buschmann et al. [19]
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1.4. Integrated Fish Farming and “Waste as Feed”

In addition to the direct therapeutic application of antibiotics to aquaculture systems, integrated

fish farming is another potential source for antimicrobial residues and AMR bacteria in aquatic

environments in and around aquaculture farms. Integrated fish farming is a finfish or shellfish

production system that combines other agricultural/livestock farming operations and is practiced

widely throughout Asia and Africa. Finfish or shellfish are typically raised in ponds with units of

livestock, such as pigs, cattle, and poultry, located over or near a pond, allowing drainage of livestock

manure and excess feed into the pond as direct feed for fish and/or as fertiliser for phytoplankton

and other live fish feed [103]. The livestock are usually reared intensively, with antimicrobials used

as growth promoters and for prophylactic and therapeutic treatment [104]. Therefore, although

such systems are considered sustainable in many ways, they also pose potential food safety hazards

including transmission of AMR bacteria and faecal zoonotic pathogens, as well as accumulation of

antimicrobials and other chemical residues [105].

Very few studies have investigated the relationship between antibiotic contamination and AMR in

aquatic environments relating to human and agricultural activities within integrated farming systems.

Peterson et al. [80] studied integrated chicken-fish farms in Thailand and found a significant increase

over time in the resistance of Acinetobacter spp. to six different antimicrobials, with resistance to

oxytetracycline and sulfamethoxazole increasing from between 1% and 5% to 100% within 2 months

of a new fish production cycle. Of great concern was that when looking at the long-term effects of

integrated farming, AMR genes were particularly prevalent among Enterococcus spp. [80], some of

which are known to cause clinical infections in humans. Selection for AMR appeared to occur in the gut

of the chicken, with AMR higher in the chicken manure than for isolates from water-sediment samples.

Upon release into ponds, AMR bacteria from livestock manure may act as donors of AMR genes, or

their presence may be favoured due to selection pressure exerted by the presence of antimicrobials or

antimicrobial residues. Other studies have also shown that integrated agriculture/aquaculture systems

are reservoirs for antimicrobials and AMR genes [14,104,105]. Because ponds function as water storage

systems and are not subject to frequent exchange, AMR bacteria and antimicrobials accumulate in

pond water and sediments and there is adequate time for bacteria to develop resistance by promoting

HGT [106]. During water exchange and at harvest time, pond water is often released as a point source

into rivers, estuaries, or the sea [107], potentially disseminating AMR bacteria and antimicrobials into

the wider aquatic environment.

Recovery of fish-processing wastes for aquafeeds (“waste as feed”) has also been suggested as

a means of increasing the sustainability of aquaculture, by reducing dependence on wild fisheries

for fishmeal and fish oil. Currently, between 30% and 70% of the volume of fish biomass ends up

as wastes, depending on the type of fish processing level [108], so recycling waste as feed is an

attractive prospect. However, the use of fish-processing wastes, particularly those originating from

aquaculture, raises additional concerns about the transmission of AMR bacteria, as well as concerns

about the bioaccumulation of contaminants (including antimicrobials), and cross-species transmission

of pathogens. Although few studies have examined the effects of integrated fish farming or “waste

as feed” approaches on the occurrence of AMR, the findings of these studies raise great concerns

regarding the long term effects of antibiotic use in agriculture and aquaculture systems, and it is clear

that these methods of farming pose substantial risks to human and environmental health.

1.5. Probiotic Application

Probiotics were initially described by Parker (1974) [109] as “microbes or substances that improve

intestinal balance of a host animal”. However, a Food and Agriculture (FAO) and World Health

Organisation (WHO) joint report (2001) [110] refined the definition as “live microorganisms which,

when administered in adequate amounts, confer a health benefit on the host” [111]. This change in

definition reflects the increase in understanding of the complexity of the host microbiota interactions.

Kozasa (1986) [112] reported the first application of probiotics in aquaculture, using Bacillus toyoi spores
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as an additive in feed for yellowtail. Aquaculture probiotics can be acquired from a wide range of

sources—host or non-host derived cultures may be used; host derived probiotics are generally isolated

from fish digestive tracts, skin mucus, and gills, suggesting that they are part of the resident microbiota,

as well as from system water and component surfaces (associated with biofilms) [113]. Probiotics

generally refers to bacteria—both Gram-positive and Gram-negative members of diverse phyla (for

reviews see Adel et al. [114] and Pérez-Sánchez et al. [115])—and fungi (e.g., Aspergillus sp. [116]

and Saccharomyces spp. [115,116]), however, microalgae (e.g., Tetraselmis suecica, which is inhibitory

to Aeromonas and Vibrio spp.) have also been shown to possess probiotic characteristics [117].

The regimens and application methods can have a number of effects on AMR transfer within

aquaculture. The high doses of bacteria often added daily, could cause major shifts in the microbial

community present, possibly leading to an excess of AMR species within the aquaculture system.

The antibacterial effect exhibited by probiotics is due to a variety of factors including the

production of antibiotics, iron-scavenging siderophores, enzymes (e.g., proteases, amylases, and

lysozyme), hydrogen peroxide, organic acids (which in mammals may alter the host’s intestinal pH),

and bacteriocins [118]. Bacteriocins are proteinaceous toxins produced by a wide range of bacteria and

archaea and have a number of properties similar to antimicrobials that make them ideal candidates for

pathogen control: potency, mode of action, target cells receptors, size, and structure [119]. Although

their high selectivity make bacteriocins attractive alternatives to classical antibiotics, initial studies

indicate that bacteriocinogenic bacteria may harbour AMR genes [119]. Specific AMR determinants

carried on mobile genetic elements constitute a reservoir of resistance for potential food or gut

pathogens, thus representing a serious safety issue [120] and highlighting the importance of assessing

AMR susceptibility when prospecting bacteria for use as probiotics.

Probiotics may offer alternatives to antimicrobial compounds, however, microbes used as

probiotics are not exempt from acquiring antibiotic resistance genes via HGT. Given their shared

microbial environment in the gastrointestinal tract, there is a risk of probiotic microbes acquiring

antibiotic resistance genes from pathogenic microbes, and vice versa [120]; Munoz-Atienz (2013)

reported the presence of several antibiotic resistance genes in lactic acid bacteria of aquatic animal

origin that were intended for use as probiotics in aquaculture [121]. The long term implications of

adding high numbers of live bacterial populations to aquaculture systems that may still have high

levels of AMR genes and antimicrobials in situ, needs to be further examined.

2. Conclusions and Perspectives

The persistence and proliferation of AMR in the environment represents a global health crisis,

with a current estimate of 700,000 AMR deaths attributed annually and estimated to rise to 10 million

deaths per year in 2050 [121]. Furthermore, by 2050 AMR could cost $100 trillion in lost economic

output [122]. Therefore, it is critical that we better understand environmental hotspots for genetic

exchange of AMR genes such as aquaculture systems and determine how they might transfer to

clinically relevant strains.

In this review we have highlighted a number of critical areas that facilitate and promote

antimicrobial gene transfer in aquaculture systems. Some essential areas for further study include: the

role of probiotic microorganisms in HGT of antibiotic resistance genes; the ability of AMR genes to

transfer to the host organism; the role of waste when used as a food or a fertilizer as a potential source

of AMR genes and issues with cross species AMR factor interactions; and the resilience of AMR genes

in aquaculture systems. Globally, wide ranges of products are farmed in many types of aquaculture

systems operating under the control of a myriad of legislative policies. A consistent approach to AMR

control and food safety is required in order to reduce the threat of worldwide resistance. Although

considerable studies have been performed in other intensive food production areas such as pig and

poultry farming, there is currently a lack of extensive studies in aquaculture systems. International

efforts to better understand the transfer and stability of AMR are required to fully understand these

mechanisms and develop strategies for their mitigation.
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Since the use of antibiotics for disease inhibition and as growth promoters have been prohibited

in Europe and regulated in other countries, alternative strategies have been used to alleviate pathogen

activity including: vaccination [123]; immune stimulation using nutritional factors derived from

bacterial, algal, or animal (including hormones and cytokines) sources [124]; phage therapy [125]; and

quorum sensing disruption (affecting virulence) [126]. In addition, the disinfection of system water

may be managed with UV application [127] or, as is often the case for intensive systems, via ozone

treatment [127,128]. These alternative strategies combined with a better understanding of the effects

on the microbiome of the farmed host may provide alternative solutions to improve aquaculture health

and function, while reducing the potential for the spread of antimicrobial resistance.

Acknowledgments: Support was provided, in part, by grant Z5659004 from the USDA Northeast Regional
Aquaculture Center (NRAC) to H.J.S. L.L. was supported by a student bursary from the University of Portsmouth,
School of Biological Sciences and Faculty of Science. M.S.H. was supported, in part, by the University of
Portsmouth Research Development Fund.

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

References

1. Food and Agriculture Organization (FAO). The State of World Fisheries and Aquaculture; FAO: Rome, Italy, 2016.

2. Pauly, D.; Zeller, D. Catch reconstructions reveal that global marine fisheries catches are higher than reported

and declining. Nat. Commun. 2016, 7, 10244. [CrossRef] [PubMed]

3. Naylor, R.L.; Goldburg, R.J.; Primavera, J.H.; Kautsky, N.; Beveridge, M.C.M.; Clay, J.; Folke, C.; Lubchenco, J.;

Mooney, H.; Troell, M. Effect of aquaculture on world fish supplies. Nature 2000, 405, 1017–1024. [CrossRef]

[PubMed]

4. Tan, L.T.; Chan, K.G.; Lee, L.H.; Goh, B.H. Streptomyces bacteria as potential probiotics in aquaculture.

Front. Microbiol. 2016, 7, 79. [CrossRef] [PubMed]

5. Dawood, M.A.O.; Koshio, S. Recent advances in the role of probiotics and prebiotics in carp aquaculture:

A review. Aquaculture 2016, 454, 243–251. [CrossRef]

6. Chen, Y.; Zhu, X.; Yang, Y.; Han, D.; Jin, J.; Xie, S. Effect of dietary chitosan on growth performance,

haematology, immune response, intestine morphology, intestine microbiota and disease resistance in gibel

carp (Carassius auratus gibelio). Aquac. Nutr. 2014, 20, 532–546. [CrossRef]

7. Cabello, F.C. Heavy use of prophylactic antibiotics in aquaculture: A growing problem for human and

animal health and for the environment. Environ. Microbiol. 2006, 8, 1137–1144. [CrossRef] [PubMed]

8. Santos, L.; Ramos, F. Analytical strategies for the detection and quantification of antibiotic residues in

aquaculture fishes: A review. Trends Food Sci. Technol. 2016, 52, 16–30. [CrossRef]

9. Smith, P. Antimicrobial resistance in aquaculture. Rev. Sci. Tech. Int. Epiz. 2008, 27, 243–264. [CrossRef]

10. European Council, 2001a. Directive 2001/82/EC of the European Parliament and of the Council of 6th

November 2001 on the Community code relating to veterinary medicinal products. Off. J. Eur. Community

L-311 2004, 1–66.

11. European Council, 2001b. EC Enterprise Directorate General. Notice to Applicants: Vol 6B Presentation and

Content of the Dossier Part II G and H: Guidance on Data Relating to the Environmental Risk Assessment for Products

Containing or Consisting of Genetically Modified Organisms; European Council: Brussels, Belgium, 2001.

12. European Council, 2001c. EC Health and Consumer Protection Directorate General. Guidelines on the Assessment of

Additives in Animal Nutrition: Additives other than Micro-Organisms and Enzymes; European Council: Brussels,

Belgium, 2001.

13. O’Neill, J. Antimicrobials in Agriculture and the Environment: Reducing Unnecessary Use and Waste.

The Review on Antimicrobial Resistance. Available online: http://amr-review.org/sites/default/files/

Antimicrobials%20in%20agriculture%20and%20the%20environment%20-%20Reducing%20unnecessary%

20use%20and%20waste.pdf (accessed on 25 May 2017).

14. Norwegian Ministries. Norwegian Government’s National Strategy against Antimicrobial Resistance 2015–2020;

Norwegian Ministry of Health and Care Services; Publication number: I-1164. Available online:

https://www.regjeringen.no/contentassets/5eaf66ac392143b3b2054aed90b85210/antibiotic-resistance-

engelsk-lavopploslig-versjon-for-nett-10-09-15.pdf (accessed on 25 May 2017).

http://dx.doi.org/10.1038/ncomms10244
http://www.ncbi.nlm.nih.gov/pubmed/26784963
http://dx.doi.org/10.1038/35016500
http://www.ncbi.nlm.nih.gov/pubmed/10890435
http://dx.doi.org/10.3389/fmicb.2016.00079
http://www.ncbi.nlm.nih.gov/pubmed/26903962
http://dx.doi.org/10.1016/j.aquaculture.2015.12.033
http://dx.doi.org/10.1111/anu.12106
http://dx.doi.org/10.1111/j.1462-2920.2006.01054.x
http://www.ncbi.nlm.nih.gov/pubmed/16817922
http://dx.doi.org/10.1016/j.tifs.2016.03.015
http://dx.doi.org/10.20506/rst.27.1.1799
http://amr-review.org/sites/default/files/Antimicrobials%20in%20agriculture%20and%20the%20environment%20-%20Reducing%20unnecessary%20use%20and%20waste.pdf
http://amr-review.org/sites/default/files/Antimicrobials%20in%20agriculture%20and%20the%20environment%20-%20Reducing%20unnecessary%20use%20and%20waste.pdf
http://amr-review.org/sites/default/files/Antimicrobials%20in%20agriculture%20and%20the%20environment%20-%20Reducing%20unnecessary%20use%20and%20waste.pdf
https://www.regjeringen.no/contentassets/5eaf66ac392143b3b2054aed90b85210/antibiotic-resistance-engelsk-lavopploslig-versjon-for-nett-10-09-15.pdf
https://www.regjeringen.no/contentassets/5eaf66ac392143b3b2054aed90b85210/antibiotic-resistance-engelsk-lavopploslig-versjon-for-nett-10-09-15.pdf


Mar. Drugs 2017, 15, 158 11 of 16

15. Chuah, L.; Effarizah, M.E.; Goni, A.M.; Rusul, G. Antibiotic application and emergence of multiple antibiotic

resistance (MAR) in global catfish aquaculture. Curr. Environ. Health Rep. 2016, 3, 118–127. [CrossRef]

[PubMed]

16. Rodríguez, L.; Benjamín, P. Plan de Contingencia Sernapesca para la Industria del Salmón. Available online:

http://repositorio.uchile.cl/handle/2250/132847 (accessed on 25 May 2017).

17. Burridge, L.; Weis, J.S.; Cabello, F.; Pizarro, J.; Bostick, K. Chemical use in salmon aquaculture: A review of

current practices and possible environmental effects. Aquaculture 2010, 306, 7–23. [CrossRef]

18. Holmström, K.; Graslund, S.; Wahlstrom, A.; Poungshompoo, S.; Bengtsson, B.-E.; Kautsky, N. Antibiotic use

in shrimp farming and implications for environmental impacts and human health. Int. J. Food Sci. Technol.

2003, 38, 255–266. [CrossRef]

19. Buschmann, A.H.; Tomova, A.; Lopez, A.; Maldonado, M.A.; Henriquez, L.A.; Ivanova, L.; Moy, F.;

Godfrey, H.P.; Cabello, F.C. Salmon aquaculture and antimicrobial resistance in the marine environment.

PLoS ONE 2012, 7, e42724. [CrossRef] [PubMed]

20. Cabello, F.C.; Godfrey, H.P.; Tomova, A.; Ivanova, L.; Dolz, H.; Millanao, A.; Buschmann, A.H. Antimicrobial

use in aquaculture re-examined: Its relevance to antimicrobial resistance and to animal and human health.

Environ. Microbiol. 2013, 15, 1917–1942. [CrossRef] [PubMed]

21. Economou, V.; Gousia, P. Agriculture and food animals as a source of antimicrobial-resistant bacteria.

Infect. Drug Resist. 2015, 8, 49–61. [CrossRef] [PubMed]

22. Davies, D.S.; Grant, J.; Catchpole, M. The Drugs Don’t Work: A Global Threat; Penguin: London, UK, 2013.

23. D’Costa, V.M.; King, C.E.; Kalan, L.; Morar, M.; Sung, W.W.; Schwarz, C.; Froese, D.; Zazula, G.; Calmels, F.;

Debruyne, R.; et al. Antibiotic resistance is ancient. Nature 2011, 477, 457–461. [CrossRef] [PubMed]

24. Levy, S.B.; Marshall, B. Antibacterial resistance worldwide: Causes, challenges and responses. Nat. Med.

2004, 10, S122–S129. [CrossRef] [PubMed]

25. Davies, J.; Davies, D. Origins and evolution of antibiotic resistance. Microbiol. Mol. Biol. Rev. 2010, 73,

417–433. [CrossRef] [PubMed]

26. Kolter, R.; van Wezel, G.P. Goodbye to brute force in antibiotic discovery? Nat. Microbiol. 2016, 1, 15020.

[CrossRef] [PubMed]

27. Chamier, B.; Lorenz, M.G.; Wackernagel, W. Natural transformation of Acinetobacter calcoaceticus by plasmid

DNA adsorbed on sand and groundwater aquifer material. Appl. Environ. Microbiol. 1993, 59, 1662–1667.

[PubMed]

28. Wright, G.D. The antibiotic resistome: The nexus of chemical and genetic diversity. Nat. Rev. Microbiol. 2007,

5, 175–186. [CrossRef] [PubMed]

29. Iwasaki, W.; Takagi, T. Rapid pathway evolution facilitated by horizontal gene transfers across prokaryotic

lineages. PLoS Genet. 2009, 5, e1000402. [CrossRef] [PubMed]

30. Aminov, R.I. Horizontal gene exchange in environmental microbiota. Front. Microbiol. 2011, 2, 158. [CrossRef]

[PubMed]

31. Taylor, N.G.; Verner-Jeffreys, D.W.; Baker-Austin, C. Aquatic systems: Maintaining, mixing and mobilising

antimicrobial resistance? Trends Ecol. Evol. 2011, 26, 278–284. [CrossRef] [PubMed]

32. Stalder, T.; Barraud, O.; Casellas, M.; Dagot, C.; Ploy, M.C. Integron involvement in environmental spread of

antibiotic resistance. Front. Microbiol. 2012, 3, 119. [CrossRef] [PubMed]

33. Marti, E.; Variatza, E.; Balcazar, J.L. The role of aquatic ecosystems as reservoirs of antibiotic resistance.

Trends Microbiol. 2014, 22, 36–41. [CrossRef] [PubMed]

34. D’Costa, V.M.; McGrann, K.M.; Hughes, D.W.; Wright, G.D. Sampling the antibiotic resistome. Science 2006,

311, 374–377. [CrossRef] [PubMed]

35. Allen, H.K.; Donato, J.; Wang, H.H.; Cloud-Hansen, K.A.; Davies, J.; Handelsman, J. Call of the wild:

Antibiotic resistance genes in natural environments. Nat. Rev. Microbiol. 2010, 8, 251–259. [CrossRef] [PubMed]

36. Berendonk, T.U.; Manaia, C.M.; Merlin, C.; Fatta-Kassinos, D.; Cytryn, E.; Walsh, F.; Burgmann, H.;

Sorum, H.; Norstrom, M.; Pons, M.N.; et al. Tackling antibiotic resistance: The environmental framework.

Nat. Rev. Microbiol. 2015, 13, 310–317. [CrossRef] [PubMed]

37. Amos, G.C.; Gozzard, E.; Carter, C.E.; Mead, A.; Bowes, M.J.; Hawkey, P.M.; Zhang, L.; Singer, A.C.;

Gaze, W.H.; Wellington, E.M. Validated predictive modelling of the environmental resistome. ISME J. 2015,

9, 1467–1476. [CrossRef] [PubMed]

http://dx.doi.org/10.1007/s40572-016-0091-2
http://www.ncbi.nlm.nih.gov/pubmed/27038482
http://repositorio.uchile.cl/handle/2250/132847
http://dx.doi.org/10.1016/j.aquaculture.2010.05.020
http://dx.doi.org/10.1046/j.1365-2621.2003.00671.x
http://dx.doi.org/10.1371/journal.pone.0042724
http://www.ncbi.nlm.nih.gov/pubmed/22905164
http://dx.doi.org/10.1111/1462-2920.12134
http://www.ncbi.nlm.nih.gov/pubmed/23711078
http://dx.doi.org/10.2147/IDR.S55778
http://www.ncbi.nlm.nih.gov/pubmed/25878509
http://dx.doi.org/10.1038/nature10388
http://www.ncbi.nlm.nih.gov/pubmed/21881561
http://dx.doi.org/10.1038/nm1145
http://www.ncbi.nlm.nih.gov/pubmed/15577930
http://dx.doi.org/10.1128/MMBR.00016-10
http://www.ncbi.nlm.nih.gov/pubmed/20805405
http://dx.doi.org/10.1038/nmicrobiol.2015.20
http://www.ncbi.nlm.nih.gov/pubmed/27571977
http://www.ncbi.nlm.nih.gov/pubmed/16348943
http://dx.doi.org/10.1038/nrmicro1614
http://www.ncbi.nlm.nih.gov/pubmed/17277795
http://dx.doi.org/10.1371/journal.pgen.1000402
http://www.ncbi.nlm.nih.gov/pubmed/19266023
http://dx.doi.org/10.3389/fmicb.2011.00158
http://www.ncbi.nlm.nih.gov/pubmed/21845185
http://dx.doi.org/10.1016/j.tree.2011.03.004
http://www.ncbi.nlm.nih.gov/pubmed/21458879
http://dx.doi.org/10.3389/fmicb.2012.00119
http://www.ncbi.nlm.nih.gov/pubmed/22509175
http://dx.doi.org/10.1016/j.tim.2013.11.001
http://www.ncbi.nlm.nih.gov/pubmed/24289955
http://dx.doi.org/10.1126/science.1120800
http://www.ncbi.nlm.nih.gov/pubmed/16424339
http://dx.doi.org/10.1038/nrmicro2312
http://www.ncbi.nlm.nih.gov/pubmed/20190823
http://dx.doi.org/10.1038/nrmicro3439
http://www.ncbi.nlm.nih.gov/pubmed/25817583
http://dx.doi.org/10.1038/ismej.2014.237
http://www.ncbi.nlm.nih.gov/pubmed/25679532


Mar. Drugs 2017, 15, 158 12 of 16

38. Banquero, F.; Martínez, J.L.; Canton, R. Antibiotics and antibiotic resistance in water environments.

Curr. Opin. Biotechnol. 2008, 19, 260–265. [CrossRef] [PubMed]

39. Muziasari, W.I.; Parnanen, K.; Johnson, T.A.; Lyra, C.; Karkman, A.; Stedtfeld, R.D.; Tamminen, M.;

Tiedje, J.M.; Virta, M. Aquaculture changes the profile of antibiotic resistance and mobile genetic element

associated genes in Baltic Sea sediments. FEMS Microbiol. Ecol. 2016, 92, flw052. [CrossRef] [PubMed]

40. Martínez, J.L. Recent advances on antibiotic resistance genes. In Recent Advances in Marine Biotechnology

Vol 10: Molecular Genetics of Marine Organisms; Fingerman, M., Ed.; CRC Press: London, UK, 2003; pp. 13–32.

41. Tamminen, M.; Karkman, A.; Lohmus, A.; Muziasari, W.I.; Takasu, H.; Wada, S.; Suzuki, S.; Virta, M. Tetracycline

resistance genes persist at aquaculture farms in the absence of selection pressure. Environ. Sci. Technol. 2011, 45,

386–391. [CrossRef] [PubMed]

42. Gullberg, E.; Cao, S.; Berg, O.G.; Ilback, C.; Sandegren, L.; Hughes, D.; Andersson, D.I. Selection of resistant

bacteria at very low antibiotic concentrations. PLoS Pathog. 2011, 7, e1002158. [CrossRef] [PubMed]

43. Done, H.Y.; Halden, R.U. Reconnaissance of 47 antibiotics and associated microbial risks in seafood sold in

the United States. J. Hazard. Mater. 2015, 282, 10–17. [CrossRef] [PubMed]

44. Wang, H.; Ren, L.; Yu, X.; Hu, J.; Chen, Y.; He, G.; Jiang, Q. Antibiotic residues in meat, milk and aquatic

products in Shanghai and human exposure assessment. Food Control 2017, 80, 217–225. [CrossRef]

45. Schlenk, D.; Gollon, J.L.; Griffin, B.R. Efficacy of copper sulfate for the treatment of Ichthyophthiriasis in

Channel catfish. J. Aquat. Anim. Health 1998, 10, 390–396. [CrossRef]

46. Kundu, G.K.; Alauddin, M.; Akter, M.S.; Khan, M.S.; Islam, M.M.; Mondal, G.; Islam, D.; Mohanta, L.C.;

Huque, A. Metal contamination of commercial fish feed and quality aspects of farmed tilapia

(Oreochromis niloticus) in Bangladesh. Biores. Commun. 2017, 3, 345–353.

47. Choi, M.H.; Cech, J.J. Unexpectedly high mercury level in pelleted commercial fish feed. Environ. Toxicol. Chem.

1998, 17, 1979–1981. [CrossRef]

48. Bruins, M.R.; Kapil, S.; Oehme, F.W. Microbial resistance to metals in the environment. Ecotoxicol. Environ. Saf.

2000, 45, 198–207. [CrossRef] [PubMed]

49. Seiler, C.; Berendonk, T.U. Heavy metal driven co-selection of antibiotic resistance in soil and water bodies

impacted by agriculture and aquaculture. Front. Microbiol. 2012, 3, 399. [CrossRef] [PubMed]

50. Penders, J.; Stobberingh, E.E. Antibiotic resistance of motile aeromonads in indoor catfish and eel farms in

the southern part of The Netherlands. Int. J. Antimicrob. Agents 2008, 31, 261–265. [CrossRef] [PubMed]

51. Jacobs, L.; Chenia, H.Y. Characterization of integrons and tetracycline resistance determinants in Aeromonas

spp. isolated from South African aquaculture systems. Int. J. Food Microbiol. 2007, 114, 295–306. [CrossRef]

[PubMed]

52. Gauthier, D.T. Bacterial zoonoses of fishes: A review and appraisal of evidence for linkages between fish and

human infections. Vet. J. 2015, 203, 27–35. [CrossRef] [PubMed]

53. Haenen, O.L.M. Bacterial infections from aquatic species: Potential for and prevention of contact zoonoses.

Rev. Sci. Tech. 2013, 32, 497–507. [CrossRef] [PubMed]

54. Rivas, A.J.; Lemos, M.L.; Osorio, C.R. Photobacterium damselae subsp. damselae, a bacterium pathogenic for

marine animals and humans. Front. Microb. 2013, 4, 283. [CrossRef] [PubMed]

55. Sousa, M.; Torres, C.; Barros, J.; Somalo, S.; Igrejas, G.; Poeta, P. Gilthead seabream (Sparus aurata) as

carriers of SHV-12 and TEM-52 extended –spectrum beta-lactamases-containing Escherichia coli isolates.

Foodborne Pathog. Dis. 2011, 8, 1139–1141. [CrossRef] [PubMed]

56. Ryu, S.H.; Park, S.G.; Choi, S.M.; Hwang, Y.O.; Ham, H.J.; Kim, S.U.; Lee, Y.K.; Kim, M.S.; Park, G.Y.;

Kim, K.S.; et al. Antimicrobial resistance and resistance genes in Escherichia coli strains isolated from

commercial fish and seafood. Int. J. Food Microbiol. 2012, 152, 14–18. [CrossRef] [PubMed]

57. Chiu, T.H.; Kao, L.Y.; Chen, M.L. Antibiotic resistance and molecular typing of Photobacterium damselae subsp.

damselae, isolated from seafood. J. Appl. Microbiol. 2013, 114, 1184–1192. [CrossRef] [PubMed]

58. Kumar, S.; Lekshmi, M.; Parvathi, A.; Nayak, B.B.; Varela, M.F. Antibiotic Resistance in Seafood Borne

Pathogens. In Food Borne Pathogens and Antibiotic Resistance; Singh, O.V., Ed.; John Wiley & Sons: Hoboken,

NJ, USA, 2017.

59. Chen, H.; Liu, S.; Xu, X.R.; Liu, S.S.; Zhou, G.J.; Sun, K.F.; Zhao, J.L.; Ying, G.G. Antibiotics in typical marine

aquaculture farms surrounding Hailing Island, South China: Occurrence, bioaccumulation and human

dietary exposure. Mar. Pollut. Bull. 2015, 90, 181–187. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.copbio.2008.05.006
http://www.ncbi.nlm.nih.gov/pubmed/18534838
http://dx.doi.org/10.1093/femsec/fiw052
http://www.ncbi.nlm.nih.gov/pubmed/26976842
http://dx.doi.org/10.1021/es102725n
http://www.ncbi.nlm.nih.gov/pubmed/21158437
http://dx.doi.org/10.1371/journal.ppat.1002158
http://www.ncbi.nlm.nih.gov/pubmed/21811410
http://dx.doi.org/10.1016/j.jhazmat.2014.08.075
http://www.ncbi.nlm.nih.gov/pubmed/25449970
http://dx.doi.org/10.1016/j.foodcont.2017.04.034
http://dx.doi.org/10.1577/1548-8667(1998)010&lt;0390:EOCSFT&gt;2.0.CO;2
http://dx.doi.org/10.1002/etc.5620171013
http://dx.doi.org/10.1006/eesa.1999.1860
http://www.ncbi.nlm.nih.gov/pubmed/10702338
http://dx.doi.org/10.3389/fmicb.2012.00399
http://www.ncbi.nlm.nih.gov/pubmed/23248620
http://dx.doi.org/10.1016/j.ijantimicag.2007.10.002
http://www.ncbi.nlm.nih.gov/pubmed/18160266
http://dx.doi.org/10.1016/j.ijfoodmicro.2006.09.030
http://www.ncbi.nlm.nih.gov/pubmed/17173998
http://dx.doi.org/10.1016/j.tvjl.2014.10.028
http://www.ncbi.nlm.nih.gov/pubmed/25466575
http://dx.doi.org/10.20506/rst.32.2.2245
http://www.ncbi.nlm.nih.gov/pubmed/24547653
http://dx.doi.org/10.3389/fmicb.2013.00283
http://www.ncbi.nlm.nih.gov/pubmed/24093021
http://dx.doi.org/10.1089/fpd.2011.0866
http://www.ncbi.nlm.nih.gov/pubmed/21657938
http://dx.doi.org/10.1016/j.ijfoodmicro.2011.10.003
http://www.ncbi.nlm.nih.gov/pubmed/22071288
http://dx.doi.org/10.1111/jam.12104
http://www.ncbi.nlm.nih.gov/pubmed/23230901
http://dx.doi.org/10.1016/j.marpolbul.2014.10.053
http://www.ncbi.nlm.nih.gov/pubmed/25467872


Mar. Drugs 2017, 15, 158 13 of 16

60. Rigos, G.; Nengas, I.; Alexis, M.; Troisi, G.M. Potential drug (oxytetracycline and oxolinic acid) pollution

from Mediterranean sparid fish farms. Aquat. Toxicol. 2004, 69, 281–288. [CrossRef] [PubMed]

61. Huerta, B.; Marti, E.; Gros, M.; López, P.; Pompêo, M.; Armengol, J.; Barceló, D.; Balcázar, J.L.;

Rodríguez-Mozaz, S.; Marcé, R. Exploring the links between antibiotic occurrence, antibiotic resistance, and

bacterial communities in water supply reservoirs. Sci. Total Environ. 2013, 456–457, 161–170. [CrossRef]

[PubMed]

62. Capone, D.G.; Weston, D.P.; Miller, V.; Shoemaker, C. Antibacterial residues in marine sediments and

invertebrates following chemotherapy in aquaculture. Aquaculture 1996, 145, 55–75. [CrossRef]

63. Rico, A.; Oliveira, R.; McDonough, S.; Matser, A.; Khatikarn, J.; Satapornvanit, K.; Nogueira, A.J.;

Soares, A.M.; Domingues, I.; Van den Brink, P.J. Use, fate and ecological risks of antibiotics applied in

tilapia cage farming in Thailand. Environ. Pollut. 2014, 191, 8–16. [CrossRef] [PubMed]

64. Gao, P.; Mao, D.; Luo, Y.; Wang, L.; Xu, B.; Xu, L. Occurrence of sulfonamide and tetracycline-resistant bacteria

and resistance genes in aquaculture environment. Water Res. 2012, 46, 2355–2364. [CrossRef] [PubMed]

65. Xiong, W.; Sun, Y.; Zhang, T.; Ding, X.; Li, Y.; Wang, M.; Zeng, Z. Antibiotics, antibiotic resistance genes, and

bacterial community composition in fresh water aquaculture environment in China. Microb. Ecol. 2015, 70,

425–432. [CrossRef] [PubMed]

66. Martínez, J.L.; Coque, T.M.; Baquero, F. What is a resistance gene? Ranking risk in resistomes. Nat. Rev. Microbiol.

2015, 13, 116–123. [CrossRef] [PubMed]

67. Coyne, R.; Hiney, M.; O’Connor, B.; Kerry, J.; Cazabon, D.; Smith, P. Concentration and persistence of

oxytetracycline in sediments under a marine salmon farm. Aquaculture 1994, 123, 31–42. [CrossRef]

68. Chen, B.; Liang, X.; Huang, X.; Zhang, T.; Li, X. Differentiating anthropogenic impacts on ARGs in the Pearl

River Estuary by using suitable gene indicators. Water Res. 2013, 47, 2811–2820. [CrossRef] [PubMed]

69. Mao, D.; Luo, Y.; Mathieu, J.; Wang, Q.; Feng, L.; Mu, Q.; Alvarez, P.J.J. Persistence of extracellular DNA

in river sediment facilities antibiotic resistance gene propagation. Environ. Sci. Technol. 2013, 48, 71–78.

[CrossRef] [PubMed]

70. Devarajan, N.; Laffite, A.; Graham, N.D.; Meijer, M.; Prabakar, K.; Mubedi, J.I.; Elongo, V.; Mpiana, P.T.;

Ibelings, B.W.; Wildi, W.; et al. Accumulation of clinically relevant antibiotic-resistance genes, bacterial

load, and metals in freshwater lake sediments in central Europe. Environ. Sci. Technol. 2015, 49, 6528–6537.

[CrossRef] [PubMed]

71. Pei, R.; Kim, S.C.; Carlson, K.H.; Pruden, A. Effect of river landscape on the sediment concentrations of

antibiotics and corresponding antibiotic resistance genes (ARG). Water Res. 2006, 40, 2427–2435. [CrossRef]

[PubMed]

72. Czekalski, N.; Gascón Díez, E.; Bürgmann, H. Wastewater as a point source of antibiotic-resistance genes in

the sediment of a freshwater lake. ISME J. 2014, 8, 1381–1390. [CrossRef] [PubMed]

73. Yang, J.; Wang, C.; Shu, C.; Liu, L.; Geng, J.; Hu, S.; Feng, J. Marine sediment bacteria harbor antibiotic

resistance genes highly similar to those found in human pathogens. Microb. Ecol. 2013, 65, 975–981. [CrossRef]

[PubMed]

74. Kümmerer, K. Antibiotics in the aquatic environment-a review-part I. Chemosphere 2009, 75, 417–434.

[CrossRef] [PubMed]

75. Miranda, C.D.; Tello, A.; Keen, P.L. Mechanisms of antimicrobial resistance in finfish aquaculture

environments. Front. Microbiol. 2013, 4, 233. [CrossRef] [PubMed]

76. Zhu, Y.G.; Zhao, Y.; Li, B.; Huang, C.L.; Zhang, S.Y.; Yu, S.; Chen, Y.S.; Zhang, T.; Gillings, M.R.; Su, J.Q.

Continental-scale pollution of estuaries with antibiotic resistance genes. Nat. Microbiol. 2017, 2, 16270.

[CrossRef] [PubMed]

77. Linares, J.F.; Gustafsson, I.; Baquero, F.; Martínez, J.L. Antibiotics as intermicrobial signaling agents instead

of weapons. PNAS 2006, 103, 19484–19489. [CrossRef] [PubMed]

78. Tomova, A.; Ivanova, L.; Buschmann, A.H.; Rioseco, M.L.; Kalsi, R.K.; Godfrey, H.P.; Cabello, F.C.

Antimicrobial resistance genes in marine bacteria and human uropathogenic Escherichia coli from a region of

intensive aquaculture. Environ. Microbiol. Rep. 2015, 7, 803–809. [CrossRef] [PubMed]

79. Bostock, J.; McAndrew, B.; Richards, R.; Jauncey, K.; Telfer, T.; Lorenzen, K.; Little, D.; Ross, L.; Handisyde, N.;

Gatward, I.; et al. Aquaculture: Global status and trends. Philos. Trans. R. Soc. B 2010, 365, 2897–2912.

[CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.aquatox.2004.05.009
http://www.ncbi.nlm.nih.gov/pubmed/15276333
http://dx.doi.org/10.1016/j.scitotenv.2013.03.071
http://www.ncbi.nlm.nih.gov/pubmed/23591067
http://dx.doi.org/10.1016/S0044-8486(96)01330-0
http://dx.doi.org/10.1016/j.envpol.2014.04.002
http://www.ncbi.nlm.nih.gov/pubmed/24780637
http://dx.doi.org/10.1016/j.watres.2012.02.004
http://www.ncbi.nlm.nih.gov/pubmed/22377146
http://dx.doi.org/10.1007/s00248-015-0583-x
http://www.ncbi.nlm.nih.gov/pubmed/25753824
http://dx.doi.org/10.1038/nrmicro3399
http://www.ncbi.nlm.nih.gov/pubmed/25534811
http://dx.doi.org/10.1016/0044-8486(94)90117-1
http://dx.doi.org/10.1016/j.watres.2013.02.042
http://www.ncbi.nlm.nih.gov/pubmed/23521975
http://dx.doi.org/10.1021/es404280v
http://www.ncbi.nlm.nih.gov/pubmed/24328397
http://dx.doi.org/10.1021/acs.est.5b01031
http://www.ncbi.nlm.nih.gov/pubmed/25933054
http://dx.doi.org/10.1016/j.watres.2006.04.017
http://www.ncbi.nlm.nih.gov/pubmed/16753197
http://dx.doi.org/10.1038/ismej.2014.8
http://www.ncbi.nlm.nih.gov/pubmed/24599073
http://dx.doi.org/10.1007/s00248-013-0187-2
http://www.ncbi.nlm.nih.gov/pubmed/23370726
http://dx.doi.org/10.1016/j.chemosphere.2008.11.086
http://www.ncbi.nlm.nih.gov/pubmed/19185900
http://dx.doi.org/10.3389/fmicb.2013.00233
http://www.ncbi.nlm.nih.gov/pubmed/23986749
http://dx.doi.org/10.1038/nmicrobiol.2016.270
http://www.ncbi.nlm.nih.gov/pubmed/28134918
http://dx.doi.org/10.1073/pnas.0608949103
http://www.ncbi.nlm.nih.gov/pubmed/17148599
http://dx.doi.org/10.1111/1758-2229.12327
http://www.ncbi.nlm.nih.gov/pubmed/26259681
http://dx.doi.org/10.1098/rstb.2010.0170
http://www.ncbi.nlm.nih.gov/pubmed/20713392


Mar. Drugs 2017, 15, 158 14 of 16

80. Petersen, A.; Andersen, J.S.; Kaewmak, T.; Somsiri, T.; Dalsgaard, A. Impact of integrated fish farming on

antimicrobial resistance in a pond environment. Appl. Environ. Microbiol. 2002, 68, 6036–6042. [CrossRef]

[PubMed]

81. Cripps, S.J.; Bergheim, A. Solids management and removal for intensive land-based aquaculture production

systems. Aquac. Eng. 2000, 22, 33–56. [CrossRef]

82. Turcios, A.E.; Papenbrock, J. Sustainable treatment of aquaculture effluents-what can we learn from the past

for the future? Sustainability 2014, 6, 836–856. [CrossRef]

83. Gravel, V.; Dorais, M.; Dey, D.; Vandenberg, G. Fish effluents promote root growth and suppress fungal

diseases in tomato transplants. Can. J. Plant Sci. 2015, 95, 427–436. [CrossRef]

84. Martínez, J.L. Antibiotics and antibiotic resistance genes in natural environments. Science 2008, 321, 365–367.

[CrossRef] [PubMed]

85. Wellington, E.M.; Boxall, A.B.; Cross, P.; Feil, E.J.; Gaze, W.H.; Hawkey, P.M.; Johnson-Rollings, A.S.;

Jones, D.L.; Lee, N.M.; Otten, W.; et al. The role of the natural environment in the emergence of antibiotic

resistance in Gram-negative bacteria. Lancet Infect. Dis. 2013, 13, 155–165. [CrossRef]

86. Gelfand, I.; Barak, Y.; Even-Chen, Z.; Cytryn, E.; Van Rijn, J.; Krom, M.D.; Neori, A. A novel zero discharge

intensive seawater recirculating system for the culture of marine fish. J. World Aquac. Soc. 2003, 34, 344–358.

[CrossRef]

87. Zohar, Y.; Tal, Y.; Schreier, H.J.; Steven, C.R.; Stubblefield, J.; Place, A.R. Commercially feasible

urban recirculating aquaculture: Addressing the marine sector. In Urban Aquaculture; Costa-Pierce, B.,

Desbonnet, A., Edwards, P., Baker, D., Eds.; CABI Publishing: Cambridge, MA, USA, 2005; pp. 159–171.

88. Tal, Y.; Schreier, H.J.; Sowers, K.R.; Stubblefield, J.D.; Place, A.R.; Zohar, Y. Environmentally sustainable

land-based marine aquaculture. Aquaculture 2009, 286, 28–35. [CrossRef]

89. Schreier, H.J.; Mirzoyan, N.; Saito, K. Microbial diversity of biological filters in recirculating aquaculture

systems. Curr. Opin. Biotechnol. 2010, 21, 318–325. [CrossRef] [PubMed]

90. Li, S.; Zhang, S.; Ye, C.; Lin, W.; Zhang, M.; Chen, L.; Li, J.; Yu, X. Biofilm process in treating mariculture

wastewater may be a reservoir of antibiotic resistance genes. Mar. Pollut. Bull. 2017. [CrossRef] [PubMed]

91. Jefferson, K.K. What drives bacteria to produce a biofilm? FEMS Microbiol. Lett. 2004, 236, 163–173.

[CrossRef] [PubMed]

92. Blancheton, J.P.; Attramadal, K.J.K.; Michaud, L.; d’Orbcastel, E.R.; Vadstein, O. Insight into bacterial

population in aquaculture systems and its implication. Aquac. Eng. 2013, 53, 30–39. [CrossRef]

93. Bebak-Williams, J.; Bullock, G.; Carson, M.C. Oxytetracycline residues in a freshwater recirculating system.

Aquaculture 2002, 205, 221–230. [CrossRef]

94. Saavedra, M.J.; Guedes-Novais, S.; Alves, A.; Rema, P.; Tacão, M.; Correia, A.; Martínez-Murcia, A.

Resistance to β-lactam antibiotics in Aeromonas hydrophila isolated from rainbow trout (Onchorhynchus mykiss).

Int. Microbiol. 2010, 7, 207–211.

95. Krkošek, M. Host density thresholds and disease control for fisheries and aquaculture. Aquac. Environ. Interact.

2010, 1, 21–32. [CrossRef]

96. Shah, S.Q.; Colquhoun, D.J.; Nikuli, H.L.; Sorum, H. Prevalence of antibiotic resistance genes in the bacterial

flora of integrated fish farming environments of Pakistan and Tanzania. Environ. Sci. Technol. 2012, 46,

8672–8679. [CrossRef] [PubMed]

97. Kim, S.R.; Nonaka, L.; Suzuki, S. Occurrence of tetracycline resistance genes tet (M) and tet (S) in bacteria

from marine aquaculture sites. FEMS Microb. Lett. 2004, 237, 147–156. [CrossRef]

98. Shah, S.Q.; Cabello, F.C.; L’Abée-Lund, T.M.; Tomova, A.; Godfrey, H.P.; Buschmann, A.H.; Sørum, H.

Antimicrobial resistance and antimicrobial resistance genes in marine bacteria from salmon aquaculture and

non-aquaculture sites. Environ. Microb. 2014, 16, 1310–1320. [CrossRef] [PubMed]

99. Rodríguez-Blanco, A.; Lemos, M.L.; Osorio, C.R. Integrating conjugative elements as vectors of

antibiotic, mercury, and quaternary ammonium compound resistance in marine aquaculture environments.

Antimicrob. Agents Chemother. 2012, 56, 2619–2626.

100. Nguyen, H.N.K. Molecular characterization of antibiotic resistance in Pseudomonas and Aeromonas isolates

from catfish of the Mekong Delta, Vietnam. Vet. Microbiol. 2014, 171, 397–405. [CrossRef] [PubMed]

101. Piotrowska, M.; Rzeczycka, M.; Ostrowski, R.; Popowska, M. Diversity of antibiotic resistance among bacteria

isolated from sediments and water of carp farms located in a Polish nature reserve. Pol. J. Environ. Stud.

2017, 26, 239–252. [CrossRef]

http://dx.doi.org/10.1128/AEM.68.12.6036-6042.2002
http://www.ncbi.nlm.nih.gov/pubmed/12450826
http://dx.doi.org/10.1016/S0144-8609(00)00031-5
http://dx.doi.org/10.3390/su6020836
http://dx.doi.org/10.4141/cjps-2014-315
http://dx.doi.org/10.1126/science.1159483
http://www.ncbi.nlm.nih.gov/pubmed/18635792
http://dx.doi.org/10.1016/S1473-3099(12)70317-1
http://dx.doi.org/10.1111/j.1749-7345.2003.tb00072.x
http://dx.doi.org/10.1016/j.aquaculture.2008.08.043
http://dx.doi.org/10.1016/j.copbio.2010.03.011
http://www.ncbi.nlm.nih.gov/pubmed/20371171
http://dx.doi.org/10.1016/j.marpolbul.2017.03.003
http://www.ncbi.nlm.nih.gov/pubmed/28285703
http://dx.doi.org/10.1111/j.1574-6968.2004.tb09643.x
http://www.ncbi.nlm.nih.gov/pubmed/15251193
http://dx.doi.org/10.1016/j.aquaeng.2012.11.009
http://dx.doi.org/10.1016/S0044-8486(01)00690-1
http://dx.doi.org/10.3354/aei00004
http://dx.doi.org/10.1021/es3018607
http://www.ncbi.nlm.nih.gov/pubmed/22823142
http://dx.doi.org/10.1111/j.1574-6968.2004.tb09690.x
http://dx.doi.org/10.1111/1462-2920.12421
http://www.ncbi.nlm.nih.gov/pubmed/24612265
http://dx.doi.org/10.1016/j.vetmic.2014.01.028
http://www.ncbi.nlm.nih.gov/pubmed/24629778
http://dx.doi.org/10.15244/pjoes/64910


Mar. Drugs 2017, 15, 158 15 of 16

102. Jiang, H.X.; Tang, D.; Liu, Y.H.; Zhang, X.H.; Zeng, Z.L.; Xu, L.; Hawkey, P.M. Prevalence and characteristics

of β-lactamase and plasmid-mediated quinolone resistance genes in Escherichia coli isolated from farmed fish

in China. J. Antimicrob. Chemother. 2012, 67, 2350–2353. [CrossRef] [PubMed]

103. Little, D.C.; Edwards, P. Integrated Livestock-Fish Farming Systems; Food and Agriculture Organisation of the

United Nations: Rome, Italy, 2003.

104. Hoa, P.T.P.; Managaki, S.; Nakada, N.; Takada, H.; Shimizu, A.; Anh, D.H.; Viet, P.H.; Suzuki, S. Antibiotic

contamination and occurrence of antibiotic-resistant bacteria in aquatic environments of northern Vietnam.

Sci. Total Environ. 2011, 409, 2894–2901. [CrossRef] [PubMed]

105. Neela, F.A.; Banu, M.N.A.; Rahman, M.A.; Rahman, M.H.; Alam, M.F. Occurrence of antibiotic resistant

bacteria in pond water associated with integrated poultry-fish farming in Bangladesh. Sains Malays. 2014, 44,

371–377. [CrossRef]

106. White, P. Environmental consequences of poor feed quality and feed management. In On-Farm Feeding and

Feed Management in Aquaculture; Hasan, M.R., New, M.B., Eds.; FAO Fisheries and Aquaculture Technical

Paper No. 583; FAO: Rome, Italy, 2013; pp. 553–564.

107. Cao, L.; Naylor, R.; Henriksson, P.; Leadbitter, D.; Metian, M.; Troell., M.; Zhang, W. China’s aquaculture and

the world’s wild fisheries. Science 2015, 347, 133–135. [CrossRef] [PubMed]

108. Parker, R.B. Probiotics, the other half of the antibiotic story. Anim. Nutr. Health 1974, 29, 4–8.

109. Food and Agricultural Organization of the United Nations and World Health Organization. Health and

Nutritional Properties of Probiotics in Food Including Powder Milk with Live Lactic Acid Bacteria; World Health

Organization: Geneva, Switzerland, 2001.

110. Hill, C.; Garner, F.; Reid, G.; Gibson, G.R.; Merenstein, D.J.; Pot, B.; Morelli, L.; Canani, R.B.; Flint, H.J.;

Salminen, S.; et al. Expert consensus document: The International Scientific Association for Probiotics

and Prebiotics consensus statement on the scope and appropriate use of the term probiotic. Nat. Rev.

Gastroenterol. Hepatol. 2014, 11, 506–514. [CrossRef] [PubMed]

111. Kozasa, M. Toyocerin (Bacillus toyoi) as growth promotor for animal feeding. Microbiol. Aliment. Nutr. 1986,

4, 121–135.

112. Lazado, C.C.; Marlowe, C.; Caipang, A.; Estante, E.G. Prospects of host-associated microorganisms in

fish and penaeids as probiotics with immunomodulatory functions. Fish Shellfish Immunol. 2015, 45, 2–12.

[CrossRef] [PubMed]

113. Adel, M.; Lazado, C.C.; Safari, R.; Yeganeh, S.; Zorriehzahra, M.J. Aqualase®, a yeast-based in-feed probiotic,

modulates intestinal microbiota, immunity and growth of rainbow trout Oncorhynchus mykiss. Aquac. Res.

2017, 48, 1815–1826. [CrossRef]

114. Pérez-Sánchez, T.; Ruiz-Zarzuela, I.; Blas, I.; Balcázar, J.L. Probiotics in aquaculture: A current assessment.

Rev. Aquac. 2014, 6, 133–146. [CrossRef]

115. Iwashita, M.K.; Nakandakare, I.B.; Terhune, J.S.; Wood, T.; Ranzani-Paiva, M.J. Dietary supplementation

with Bacillus subtilis, Saccharomyces cerevisiae and Aspergillus oryzae enhance immunity and disease resistance

against Aeromonas hydrophila and Streptococcus iniae infection in juvenile tilapia Oreochromis niloticus.

Fish Shellfish Immunol. 2015, 43, 60–66. [CrossRef] [PubMed]

116. Newaj-Fyzul, A.; Austin, B. Probiotics, immunostimulants, plant products and oral vaccines, and their role as

feed supplements in the control of bacterial fish diseases. J. Fish Dis. 2015, 38, 937–955. [CrossRef] [PubMed]

117. Resende, J.A.; Borges, M.L.; Pacheco, K.D.; Ribeiro, I.H.; Cesar, D.E.; Silva, V.L.; Diniz, C.G.; Apolônio, A.C.M.

Antibiotic resistance in potentially bacteriocinogenic probiotic bacteria in aquaculture environments.

Aquac. Res. 2016, 1–7. [CrossRef]

118. Gillor, O.; Etzion, A.; Riley, M.A. The dual role of bacteriocins as anti- and probiotics. Appl. Microbiol.

Biotechnol. 2008, 81, 591–606. [CrossRef] [PubMed]

119. Imperial, I.C.V.J; Ibana, J.A. Addressing the antibiotic resistance problem with probiotics: Reducing the risk

of its double-edged sword effect. Front. Microbiol. 2016. [CrossRef] [PubMed]

120. Muñoz-Atienza, E.; Gómez-Sala, B.; Araújo, C.; Campanero, C.; Del Campo, R.; Hernández, P.E.; Herranz, C.;

Cintas, L.M. Antimicrobial activity, antibiotic susceptibility and virulence factors of lactic acid bacteria

of aquatic origin intended for use as probiotics in aquaculture. BMC Microbiol. 2013, 13, 15. [CrossRef]

[PubMed]

http://dx.doi.org/10.1093/jac/dks250
http://www.ncbi.nlm.nih.gov/pubmed/22809702
http://dx.doi.org/10.1016/j.scitotenv.2011.04.030
http://www.ncbi.nlm.nih.gov/pubmed/21669325
http://dx.doi.org/10.17576/jsm-2015-4403-08
http://dx.doi.org/10.1126/science.1260149
http://www.ncbi.nlm.nih.gov/pubmed/25574011
http://dx.doi.org/10.1038/nrgastro.2014.66
http://www.ncbi.nlm.nih.gov/pubmed/24912386
http://dx.doi.org/10.1016/j.fsi.2015.02.023
http://www.ncbi.nlm.nih.gov/pubmed/25703713
http://dx.doi.org/10.1111/are.13019
http://dx.doi.org/10.1111/raq.12033
http://dx.doi.org/10.1016/j.fsi.2014.12.008
http://www.ncbi.nlm.nih.gov/pubmed/25530581
http://dx.doi.org/10.1111/jfd.12313
http://www.ncbi.nlm.nih.gov/pubmed/25287254
http://dx.doi.org/10.1111/are.13047
http://dx.doi.org/10.1007/s00253-008-1726-5
http://www.ncbi.nlm.nih.gov/pubmed/18853155
http://dx.doi.org/10.3389/fmicb.2016.01983
http://www.ncbi.nlm.nih.gov/pubmed/28018315
http://dx.doi.org/10.1186/1471-2180-13-15
http://www.ncbi.nlm.nih.gov/pubmed/23347637


Mar. Drugs 2017, 15, 158 16 of 16

121. O’Neill, J. Antimicrobial Resistance: Tackling a Crisis for the Health and Wealth of Nations. The Review

on Antimicrobial Resistance. Available online: http://amr-review.org/Publications.html (accessed on

25 May 2017).

122. O’Neill, J. Antimicrobial Resistance Review: Government Response London: Wellcome Trust and Department

of Health. Available online: http://amr-review.org/Publications.html (accessed on 25 May 2017).

123. Gudding, R.; Van Muiswinkel, W.B. A history of fish vaccination: Science-based disease prevention in

aquaculture. Fish Shellfish Immunol. 2013, 35, 1683–1688. [CrossRef] [PubMed]

124. Ringø, E.; Olsen, R.E.; Gifstad, T.Ø.; Dalmo, R.A.; Amlund, H.; Hemre, G.I.; Bakke, A.M. Prebiotics in

aquaculture: A review. Aquac. Nutr. 2010, 16, 117–136. [CrossRef]

125. Silva, Y.J.; Costa, L.; Pereira, C.; Cunha, A.; Calado, R.; Gomes, N.C.; Almeida, A. Influence of environmental

variables in the efficiency of phage therapy in aquaculture. Microb. Biotechnol. 2014, 7, 401–413. [CrossRef]

[PubMed]

126. Zhao, J.; Chen, M.; Quan, C.S.; Fan, S.D. Mechanisms of quorum sensing and strategies for quorum sensing

disruption in aquaculture pathogens. J. Fish Dis. 2015, 38, 771–786. [CrossRef] [PubMed]

127. Summerfelt, S.T. Ozonation and UV irradiation—An introduction and examples of current applications.

Aquac. Eng. 2003, 28, 21–36. [CrossRef]

128. Powell, A.; Scolding, J.W.S. Direct application of ozone in aquaculture systems. Rev. Aquac. 2016, 1–15.

[CrossRef]

© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access

article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://amr-review.org/Publications.html
http://amr-review.org/Publications.html
http://dx.doi.org/10.1016/j.fsi.2013.09.031
http://www.ncbi.nlm.nih.gov/pubmed/24099805
http://dx.doi.org/10.1111/j.1365-2095.2009.00731.x
http://dx.doi.org/10.1111/1751-7915.12090
http://www.ncbi.nlm.nih.gov/pubmed/24841213
http://dx.doi.org/10.1111/jfd.12299
http://www.ncbi.nlm.nih.gov/pubmed/25219871
http://dx.doi.org/10.1016/S0144-8609(02)00069-9
http://dx.doi.org/10.1111/raq.12169
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Antimicrobial Use and Antimicrobial Resistance in Aquaculture 
	Increased Transfer of AMR Directly to the Environment through Open Systems 
	AMR in Closed Aquaculture Systems 
	Integrated Fish Farming and “Waste as Feed” 
	Probiotic Application 

	Conclusions and Perspectives 

