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Abstract

It is now well recognized that, to address the steep demand for fish products,
aquaculture is facing unequaled growth. Larger farms and higher densities of fish
usually rely on the use of pharmaceuticals to avoid disease outbreaks with
associated economic losses for the producers. It is therefore of vital importance to
understand the behavior of such compounds in aquaculture matrices and if residues
are present upon consumption. For this reason several works on antibiotic
accumulation are described in the present work.

The first chapter provides a contemporary review on integrated multitrophic
aquaculture systems (IMTAs), with focus on food safety issues that could be
associated with it. The principle behind IMTAs is that several species from different
trophic levels are co-cultured in proximity with each other, and the wastes from one
species are food for others (extractive species). However, as filter organisms capable
of filtering high amounts of nutrients from the surrounding waters, these extractive
species will also accumulate chemicals that are used in these systems, mostly used
to treat the main species of the system (usually finfish). An overview on the types of
aquaculture and types of organisms used in IMTAs can be found in the review, as
well as on pesticides, antiparasitics, antifoulings, persistent organic pollutants,
metals, and antibiotics that can be present in such systems and food matrices.

Chapter Il and Ill focused on the retention of several antibiotics by the two
main species produced in aquaculture in the Mediterranean region: Gilthead
seabream (Sparus aurata) and European seabass (Dicentrarchus labrax). Based on
their use in aquaculture, five antibiotics (sulfadiazine (SDZ), trimethoprim (TRI),
flumequine (FLU), oxolinic acid (OXO), and oxytetracycline (OTC)) were incorporated
into manufactured feeds, and their retentions in muscle tissues were analyzed.
Pharmacokinetics and drug retention can vary greatly depending on several factors
such as dosage regimen or mode of administration, but also with different species.
Fish were placed in tanks and were manually fed with medicated feed for 7 days.
Muscle samples from the dorsal area were then taken at several sampling points and
analyzed for the presence of SDZ, TRI, FLU, OXO, and OTC. Antibiotic analyses on
chapter Il were performed following a validated multi-class quantification method

developed by our working group, and in chapter lll, an extension of this validation
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for European seabass was presented. Concentrations in edible tissues through time
in European seabass were higher than the ones present in Gilthead seabream.
Nonetheless, both studies suggest that antibiotics can be present in edible tissues
longer than previously reported, with associated food safety concerns. For
seabream, with the exception of OTC, antibiotic concentrations were below the
maximum residue limit (MRL) established 3 days after the end of feeding period.
Contrarily, withdrawal times of 0, 2, and 5 days were proposed for FLU, OXO, and
SDZ administration in seabass, since concentrations found in edible tissues were
above the MRL established by the European Commission. Concentrations of OTC and
TRI were above the MRL until the end of the experiment, and considering the
elimination rates, even the 21 days of withdrawal time set for salmonids may be
insufficient.

Following a more sustainable approach to aquaculture, IMTA systems will
most certainly be the future in terms of fish and seafood production. In such
systems, seaweeds can be co-cultured with a double purpose: to act as a
bioremediator and mitigate the nutrient loading associated with fed aquaculture,
and to increase profitability of aquacultures while maintaining costs. Their capacity
to take up nutrients from the water also indicates seaweeds can accumulate
pharmaceuticals and thus pose a risk upon human consumption. Therefore, Ulva’s
potential to accumulate such contaminants, as well as its effects on the macroalgae
were assessed for the tetracycline oxytetracycline and the quinolone enrofloxacin
(ENR) in chapters IV and V, respectively. Following the recommended dosage for OTC
for aquaculture (55 mg kg™), Ulva organisms were exposed to two concentrations
(C1 0.040 and C2 0.120 mg L™) for 96h. Macroalgae presented high accumulation
rates of OTC with internal concentrations above the MRL established for fish for 24h
(for the highest dosage tested). Residues of OTC were still found in Ulva fronds at
the end of the trials, and although at low concentrations, the presence of
pharmaceuticals in extractive species used in IMTA systems must be considered with
new legislations in sight. The work presented in the final chapter shows that Ulva
can efficiently remove ENR from the water, indicating that it can be used for
bioremediation in IMTA systems. Further works need to be addressed in order to

better understand the detoxification mechanisms involved with accumulation of
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pharmaceuticals, since concentrations significantly decreased after 48 and 24 h (for
C1 and C2 treatments, respectively). Nonetheless, following the recommended
dosages for aquaculture, residues of ENR could be detected at the end of the trial, at
levels comparable to the limits established for fish. Our results suggest that
legislations on pharmacologically active substances must include these extractive

species, as they are gaining relevance in global diets.
Key words: accumulation; antibiotics; aquaculture; contamination; European

seabass; food safety; Gilthead seabream; IMTAs; pharmaceuticals; residues;

seaweed; sustainability; Ulva; withdrawal times.
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Resumo

Atualmente é reconhecido que, de modo a fazer face a grande procura de
pescado e seus derivados, o sector da aquacultura esta a sofrer um crescimento sem
precedentes. Aquaculturas maiores e com densidades de peixe elevadas, geralmente
recorrem ao uso de produtos farmacéuticos para evitar surtos de doenc¢a que podem
implicar perdas econdmicas significativas para os produtores. Assim, é importante
compreender o comportamento destes compostos nos produtos de aquacultura, e
se ainda existem residuos aquando do seu consumo. Neste contexto, a presente tese
descreve trabalhos desenvolvidos no ambito da acumulacdo de antibidticos em
matrizes de aquacultura.

O primeiro capitulo fornece uma revisdo atualizada sobre os sistemas de
aquacultura multitréfica integrada (IMTAs), com principal foco nas questdes de
seguranca alimentar associadas a estes sistemas. O principio fundamental dos IMTAs
é o de cultivar espécies de diferentes niveis tréficos em proximidade, funcionando os
desperdicios de uma espécie como alimento para as seguintes (espécies extrativas).
No entanto, como organismos filtradores capazes de filtrar elevadas quantidades de
nutrientes das 3aguas envolventes, estas espécies extrativas também podem
acumular produtos quimicos usados nestes sistemas. Uma visdo geral dos tipos de
aquacultura e tipos de organismos usados nos IMTAs pode ser encontrada nesta
revisdao, assim como de pesticidas, antiparasitdrios, anti-incrustantes, poluentes
organicos persistentes, metais pesados, e antibidticos que podem estar presentes
nestes sistemas e matrizes alimentares.

Os capitulos Il e Ill focam-se na retencdo de varios antibidticos nas duas
principais espécies produzidas em aquacultura na regido do Mediterrdneo: a
dourada (Sparus aurata) e o robalo (Dicentrarchus labrax). Tendo por base o seu uso
em aquacultura, cinco antibiodticos (sulfadiazina (SDZ), trimetoprim (TRI), flumequina
(FLU), acido oxolinico (OXO) e oxitetraciclina (OTC)) foram incorporados em racdes
experimentais, e a retencdo no musculo dos peixes foi analisada. A farmacocinética e
a retencdo de compostos pode variar consideravelmente dependendo de diversos
factores, tais como a dosagem ou o modo de administracdo, mas também de espécie
para espécie. Os peixes foram colocados em tanques e alimentados a mao com as

racdes medicadas durante 7 dias. Amostras de musculo da area dorsal dos peixes
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foram posteriormente retiradas a varios tempos de amostragem e analisadas para a
presenca de SDZ, TRI, FLU, OXO e OTC. As analises aos antibidticos no capitulo |
foram feitas com base num método de quantificacdo multi-classe desenvolvido pelo
grupo de trabalho, e no capitulo lll, uma extensdo dessa validacdo para robalo é
também apresentada. As concentracdes nos musculos ao longo do tempo foram
mais elevadas no robalo do que na dourada. No entanto, ambos os estudos sugerem
gue os antibidticos podem estar presentes em tecidos comestiveis durante mais
tempo do que o que estd reportado, podendo implicar um risco para a saude
humana. Para a dourada, com excecdo da OTC, as concentracOes de antibidticos
encontravam-se abaixo do limite maximo de residuo (MRL) 3 dias apds o final do
periodo de medicacdo. Pelo contrario, tempos de retirada de 0, 2 e 5 dias foram
propostos para a administracdo de FLU, OXO, e SDZ em robalo, uma vez que as
concentracdes encontradas nos tecidos estavam acima do limite legal estabelecido
pela Comissdo Europeia. As concentracdes de OTC e TRI estiveram acima do MRL até
ao final da experiéncia, e tendo em conta as taxas de eliminacdo calculadas, mesmo
os 21 dias de tempo de retirada estipulado para salmonideos pode ser insuficiente.
Seguindo uma abordagem mais sustentavel para a aquacultura, os IMTAs
serdo certamente o futuro em relacdo a producdo de pescado e seus derivados.
Nestes sistemas, as macroalgas podem ser co-cultivadas com uma dupla funcdo:
atuar como biorremediadores mitigando a elevada quantidade de nutrientes
associada a aquacultura dependente de racdo, e ao mesmo tempo aumentar o lucro
sem que aumentem os custos de produc¢do. A sua capacidade para captar nutrientes
da 4gua é um indicador que as macroalgas podem também acumular produtos
farmacéuticos, representando assim um risco para consumo humano. Assim o
potencial da macroalga Ulva em acumular tais contaminantes, bem como os efeitos
gue estes podem causar, foram avaliados tanto para a tetraciclina oxitetraciclina
como para a quinolona enrofloxacina (ENR), nos capitulos IV e V, respetivamente.
Com base na dosagem de OTC recomendada para aquacultura (55 mg kg), discos de
Ulva foram expostos a 2 concentragdes (C1 0.040 e C2 0.120 mg L) durante 96h. A
macroalga apresentou taxas elevadas de acumula¢do de OTC, com concentracdes
internas acima do MRL estipulado para peixe durante 24h (para a dosagem mais

alta). Residuos de OTC foram quantificados nos tecidos de Ulva no final dos ensaios,
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e apesar das concentracOes baixas, a presenca de compostos farmacéuticos em
espécies extrativas usadas em IMTAs tem de ser considerada com novas legislacdes
em vista. O trabalho apresentado no ultimo capitulo demonstra que a Ulva pode
remover com eficiéncia ENR da agua, o que indica que pode ser usada para
biorremediacdo em IMTAs. Sera necessario desenvolver novos ensaios laboratoriais
de modo a perceber melhor os mecanismos de detoxificacdo que estdo envolvidos
na acumulacdo de farmacos, uma vez que as concentragdes diminuiram
significativamente depois de 48 e 24 h (para os tratamentos Cl e C2,
respetivamente). No entanto, seguindo as dosagens recomendadas para
aquacultura, residuos de ENR puderam ser detectados até ao final dos ensaios, a
niveis comparaveis aos limites estabelecidos para peixe. Os resultados obtidos
sugerem que a legislacdo para substdncias farmacologicamente ativas deve incluir
também estas espécies extrativas, uma vez que elas estdo a ganhar relevancia nas

dietas globais.

Palavras chave: acumulacdo; antibidticos; aquacultura; contaminacdo; dourada;

farmacos; IMTAs; macroalga; residuos; robalo; seguranca alimentar;

sustentabilidade; tempos de retirada; Ulva.
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Chapter |

Integrated multitrophic aquaculture systems — potential risks for food safety

Abstract

Background: The demand for fish and fish products is now higher than ever, and the
aquaculture sector is evolving in order to face such demand. However, several
problems such as nutrient loading or excessive use of resources can be associated
with the intensification of aquaculture systems. Integrated multitrophic aquaculture
systems (IMTAs) refer to the co-culture of different species belonging to different
trophic levels, and offer a sustainable approach to aquaculture development. In
these systems, organic and inorganic extractive species will feed on other species
waste or on uneaten feed nutrients, acting as bioremediators.

Scope and Approach: The extractive capacity that these organisms have to take up
nutrients from the water also means they will accumulate chemicals that are often
administered in intensive productions. The present review describes a vast number
of substances that can be found in IMTAs, either intentionally administered or
resulting from cross contamination, and subsequently accumulated in species reared
afterwards in these systems. The presence of such chemicals in organisms produced
in IMTAs raises several food safety and human health concerns, which need to be
addressed.

Key findings and conclusions: Although IMTAs still face many challenges in terms of
large scale production, legislations are not yet ready to comprise co-cultivation of
multiple species in proximity. Also, maximum residue limits already existent for fish
must be set for other organisms also produced in IMTAs in order to protect
consumer’s health. An increase in extractive species consumption (e.g. seaweeds)
has been noticed during the past few years, and as IMTAs gain importance as a

sustainable production method, food safety issues must be tackled.

Key words: IMTA; sustainable; aquaculture; contamination; accumulation; food

safety.
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General overview of aquaculture industry

World fish production has been consistently growing over the last few
decades. Either driven by the steep increase in human population or the fact that
capture fisheries production became relatively stable since the 1980s. Presently,
aquaculture production reached a peak value of $232 Billion (FAO, 2018). With world
fish consumption per capita increasing from 9.0 kg in 1961 to 20.2 kg in 2015, it is
now higher than that of meat from pig, poultry, bovine and ovine combined,
according to FAQO’s (2018) latest report on The State of World Fisheries and
Aquaculture. In 2015, fish accounted for 20% of the total protein intake to 3.2 billion
people, but this can easily reach 50% in countries like Cambodia, Bangladesh,
Indonesia, and most of small island developing states (Béné et al., 2015; FAO, 2018;
M. D. Smith et al., 2010). Fish often represents a cheaper alternative to other animal
protein sources, but for some populations it is part of traditional cultures and is
often preferred. Asia is by far the largest consumer of fish accounting for 70% of the
149 million tones consumed in 2015, while Europe and United States were
responsible for 20% of fish consumption.

Fish and seafood provide not only omega-3 fatty acids, but also significant
levels of micronutrients including vitamins and minerals. It represents a fundamental
nutritional component of easily digestible proteins, where 150g can provide up to
60% of the daily requirement for an adult (FAO, 2018). High consumption of seafood
has been widely associated with an improvement in human health, reducing the risk
of several diseases such as coronary heart disease, high blood pressure, and some
types of cancer (Lund, 2013). These factors contribute to the high global demand of
not only fish but also other aquaculture products such as bivalves and macroalgae, a
growing tendency for the upcoming years.

Traditional aquacultures, predominant during the end of the 20" century and
characterized by the relatively small size of the farms and low stock densities, are no
longer capable to face the demand for fish products (Edwards, 2015). In order to
meet such demands, aquaculture systems faced unparalleled growth (Sapkota et al.,
2008), and became a much more intensive industry, with larger farms, higher
densities, and new technologies applied to production (Goldburg et al., 2001). This

development allowed aquaculture to overtake the contribution of wild fish for total
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human fish consumption for the first time in 2013 (FAO, 2018). According to FAO, in
2018, global aquaculture production corresponded to 80 million tonnes of fish food
and 30.1 million tonnes of aquatic plants. Among fish food, 67.6% were finfish,
21.4% mollusks, and 9.8% crustaceans. China has been the major producer of farmed
seafood in the last decades, followed by countries like India, Indonesia, Vietnam,
Bangladesh, Egypt and Norway. Mostly due to China’s contribution, Asia accounted
for 89.4% of the total aquaculture production in 2016. Europe is responsible for 3.7%
of the global production, corresponding to 2.9 million tonnes (FAO, 2018), most of
which is attributed to salmon production in Norway - approximately 46% of total
production in Europe (European Environment Agency, 2018). Nonetheless, this
number is expected to increase, since aquaculture is considered a strategic sector in

the EU’s Blue Growth Strategy (European Environment Agency, 2018).

Types of aquaculture

Fish farming can range from extensive to intensive systems, considering its
feeding regime and density, and can be either land-based or water based, depending
on their location and architecture (FAO, 2014; Funge-Smith & Phillips, 2000; Ottinger
et al., 2016). Aquacultures can also be divided into freshwater (rivers and lakes),
brackish water (estuaries, lagoons, and fjords), or marine aquacultures (coastal areas
and open sea) (Bostock et al., 2010; Ottinger et al., 2016).

The principle behind extensive aquaculture is that fish are not artificially fed
(Read & Fernandes, 2003; Troell et al., 2017) and the density tends to be extremely
low (under 1kg m™). This is achieved by allowing the entrance of replacement water
in the system, which contains some lower trophic level organisms present in the
water column, sufficient to feed the farmed species. This implies very low
maintenance of the system, but this also means that productivity is low. When fish
food requirements are not met in this type of system, artificial feed can be used to
complement the nutritional needs of the farmed species. These later are addressed
to as semi-extensive aquacultures and they present a higher productivity than
extensive ones (Troell et al., 2017).

In semi-intensive systems farmed fish rely very little on natural food sources.

Instead, fish is fully sustained by artificial pellets and grow in relatively medium
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densities, higher than in both extensive and semi-extensive systems. Since water is
not treated and the water exchange is not sufficient to clear waste products, fish
densities must be maintained relatively low. On the other hand, intensive systems
are capable of producing very high densities of fish, which can reach 200 kg of fish
per m> of water. Feeding can be made twice a day or almost continuous during
daylight hours, with a huge nutrient loading associated with it. With the
development of more intense aquaculture systems, there are several environmental
problems that need to be taken into account (Read & Fernandes, 2003). According to
FAO (FAOQ, 2018), the farming of fish artificially fed already accounts for much higher
volumes than the ones produced from unfed species, increasing the pressure on the
surrounding ecosystems due to nutrient loading.

In regard to location and architecture, most traditional aquacultures are still
carried in conventional ponds. These rudimentary systems are usually located in
estuaries or deltas and water exchange is periodic and dependent on tides (Read &
Fernandes, 2003). Abiotic factors like temperature or precipitation can heavily
influence fish production in these systems and this is why fish densities are kept so
low. Raceways or flow-through open systems are basically upgraded conventional
ponds, where water availability is not a limiting factor since these systems consist in
tanks or channels that have both an inlet and outlet of water in permanence
(Ottinger et al., 2016). On a more technological end of land-based aquaculture are
the Recirculating Aquaculture Systems (RAS). Fish densities here are usually high
since the water quality is continuously monitored and maintained, with almost 90%
of the water volume reused under controlled light and temperature (van Rijn, 2013).
Such systems still involve high capital investment due to the several units comprising
mechanical, biological, and chemical filtration. Besides land-based aquacultures, fish
can be grown in offshore cages. These floating structures create a closed
compartment for fish, and are usually located in places that offer protection against
harsh conditions of the open ocean (like fjords, for example). The water inside these
cages is fully equilibrated with surrounding waters, and waste products or excessive

feed material are continuously dissipated directly into the water bodies.
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Environmental pressures from aquaculture production

With global population reaching almost 10 billion people in 2050, according
to the UN World Population Prospects, there will be an increase in global demand
for fish. Capture fisheries production in 2016 presented a small decrease comparing
to previous years, and the tendency is for fisheries to grow at a very small rate, or
even stabilize (FAO, 2018), so aquaculture production will continue to increase. One
of the major concerns associated with the intensification of aquaculture is the
environmental impact of fish farms in coastal regions (Goldburg et al., 2001; Ottinger
et al., 2016; Peng et al., 2013; Troell et al., 2017). Such impacts will vary greatly with
the type of species cultured and the type of aquaculture activity, with more intensive
practices showing higher impacts on the surroundings of the production sites. Policy
makers must understand the systems utilized and the resources upon which an
aquaculture depends (Deutsch et al., 2007; Read & Fernandes, 2003).

One of the major impacts of aquaculture in general is the nutrient loading
associated with production of fish. It is vastly known that aquaculture production
causes the release of high amounts of metabolic waste products like excreta and
uneaten food and this will impact the surrounding systems (Granada et al., 2016;
Grigorakis & Rigos, 2011; Islam, 2005; Ottinger et al., 2016; Read & Fernandes,
2003). Up to 95% of the nitrogen and 85% of the phosphorus introduced in
aquaculture systems as feed may be lost to the environment (Zhou et al., 2006). In
cage aquacultures, for example, the continuous and direct discharge of solid or
particulate materials, such as feces or uneaten food, will most probably lead to
sedimentation on the sea floor beneath the cages (Islam, 2005; Naylor & Burke,
2005). The magnitude of such wastes can have a vast impact, and even using high
amounts of water to remove excessive nutrients might not be sufficient, potentially
leading to eutrophication, which can look insignificant at a global scale, but is highly
impacting locally (Burford et al., 2003; Carrasquilla-Henao, Ocampo, Gonzalez, &

Quiroz, 2013; Edwards, 2015; Naylor & Burke, 2005; Zhou et al., 2006).

Integrated Multitrophic Aquaculture Systems
There is no food production sector nowadays completely sustainable from an

energy and biodiversity point of view. They require energy and water, but also
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generate waste (Diana, 2009; Troell et al., 2017). Water pollution associated with the
industrialization of aquaculture has increased and negative ecological impacts on the
surrounding environments are already noticed (Ottinger et al., 2016). There are,
however, farming methods more sustainable than others. For example, culturing
more than one species in the same water is often better than monocultures. But
polycultures, despite an increase of the profitable margins due to diversification of
products and with less risks than monocultures (Chopin et al., 2012), do not mitigate
some of the environmental impacts often associated with large-scale aquaculture.
One farming method that offers many advantages is the integrated
multitrophic aquaculture (IMTA). Contrarily to polycultures, where several species
can be cultured together but all belong to the same trophic level, IMTAs include
species from different trophic levels, and can minimize environmental impacts of
aquaculture while delivering economic benefits, promoting the ecological approach
to aquaculture (FAO, 2014; Granada et al., 2016; Kleitou et al., 2018; Troell et al.,
2003; 2009). Integrated multitrophic aquaculture can thus be defined as “a practice
in which by-products from one species are recycled to become inputs for another”
(FAQ, 2014). The concept of integrated aquaculture has been used in the last decade
to somehow mitigate the excessive nutrient/organic loading generated by intensive
aquacultures, especially in Asia (Neori et al., 2004), but nowadays works as a
response to the global demand for seafood while assisting the sustainable expansion
of aquaculture in coastal and marine ecosystems (FAO, 2009a; Neori et al., 2004;
Troell et al., 2009). In fact, this concept was already adopted by Ryther and
colleagues (Ryther, Dunstan, Tenore, & Huguenin, 1972) back in 1972, precisely to
address eutrophication issues from the nutrients coming from aquaculture systems.
In order to maximize the efficiency of an IMTA, the community assembling
should include, aside from a main species such as finfish or shrimp with their own
dedicated feed, both filter and deposit-feeders, i.e. secondary species capable of
benefit from a larger spectra of the organic particles size, reducing environmental
impacts of the organic load, and optimizing yields with the diversification of products
(Figure 1) (Barrington et al., 2009; Cubillo et al., 2016; Ren et al., 2012). Organic and
inorganic extractive species such as shellfish and seaweeds play a major role in

IMTA, reducing the waste released by the fed aquaculture component. This
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ecological function (extraction) contributes to the reduction of nutrient loading by
retaining and consuming the suspended small particulate organic matter (POM)
(Alexander & Hughes, 2017; Barrington et al., 2009; Chopin, 2006; Edwards, 2015;
FAO, 2018; Kleitou et al., 2018; Martinez-Espifieira et al., 2015; Troell et al., 2003;
2009; van Rijn, 2013). What is commonly addressed as waste is, in fact, raw
biological material used to feed lower trophic level organisms. Furthermore, what
used to be an environmental problem, now adds value for culturing biomass in
proximity with each other, as they are connected by nutrient and energy transfer

through water (Barrington et al., 2009; Chopin, 2006).

FED AQUACULTURE

*** Particulate Dissolved * .
** organic inorg_anic
* * matter nutrients @

ORGANIC EXTRACTIVE SPECIES

Figure I.1 — Representation of a possible IMTA system, with fed species and both organic and
inorganic extractive species, as well as deposit feeder species.
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Integrated multitrophic aquaculture systems usually consist in culturing fed
species with extractive species, but can include aquaponics, fractionated
aquacultures, integrated agriculture-aquaculture systems, integrated fisheries-
aquaculture systems, algal ponds or integrated peri-urban aquaculture systems,
ranging from open water to land based farms (Barrington et al., 2009; Troell et al.,
2017; van Rijn, 2013). The crucial aspect is that the appropriate organisms are
chosen based on their functions in the ecosystem, and the idea of IMTAs is that,
besides environmental sustainability, these systems can provide economic
diversification. Each species acts not only as natural biofilters, but also has their own
commercial value, increasing the overall aquaculture value (Barrington et al., 2009;
Chopin, 2006; Granada et al., 2016; Troell et al., 2009; 2017). In 2016, extractive
species production was responsible for 49.5% of total world aquaculture production,
which is an impressive number considering that they were not the main focus of the
production to start with (FAO, 2018). The design of an efficient and profitable
multitrophic aquaculture is an ecological engineering application of a sustained
knowledge on species ecological functions and processes (Troell et al., 2009). It is
important to have in mind the density, nature and seasonal cycles of all species
involved, under the risk of starvation of the secondary species in the case of
asynchronous cycles (Ren et al., 2012). The inclusion of local species is also highly
advisable, as it decreases transport costs, as well as it reduces the risk associated
with the introduction of non-indigenous species. Also, neighboring species are
already adapted to the environment where aquacultures are sited, and therefore, it
will imply less adjustment. Apart from these features, culture feasibility and social
potential should also be regarded when choosing the secondary species to be
included in the IMTA design (Ren et al., 2012). For instance, bivalves that are grown
in traditional aquacultures are usually cultivated in non-fed regimes, which is often
limited by the naturally available nutrients and light annual cycles (Lander et al.,
2012). The growth of bivalves in a fed multitrophic context provides a continuous
supply of organic matter, with an optimized secondary production through the use
of wasted feed and feces from the primary target species (Lander et al., 2012). As an
example, for cage-reared salmon, predictions say that 20% of the feed is wasted

(and from the eaten portion, 26% is voided as feces (Lander et al., 2012)), which
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could represent an important source for secondary extractive species. Taking into
account that feed corresponds close to 60% of finish aquaculture operation
expenses (Chopin et al., 2012), any waste reduction and recovery is highly desirable,
both for environmental and economic reasons. A value of 18-26 billion €/year was
estimated for mitigation services provided by the production of bivalves in

aquaculture, only for the European Union (Ferreira et al., 2009).

Organisms cultivated in IMTAs

Fish production still holds the highest share in world aquaculture production,
attaining 54.1 million tonnes out of the total 110.2 million tonnes registered in 2016
(FAO, 2018). However, this represents roughly half of the global aquaculture
production, with aquatic plants (mainly seaweeds) representing 27% of the total
production, according to the latest report on The State of World Fisheries and
Aquaculture (FAO, 2018). Mollusks (17.1 million tonnes), crustaceans (7.9 million
tonnes) and other aquatic animals (< 1 million tonnes) represent the rest of the
global production. In 2016, nearly 600 species were farmed in aquaculture, either for
food, pharmaceutical or ornamental use. From these, 269 are finfish. Carps are the
most widely farmed finfish, with Ctenopharyngodon idellus, Hypophthalmichthys
molitrix, Cyprinus carpio, and Hypophthalmichthys nobilis integrating the top 5 of the
major species produced in world aquaculture, together with the Nile tilapia,
Oreochromis niloticus (Bostock et al., 2010; FAO, 2018). All of the top major species
are freshwater species, which is expected, since freshwater is the main source of
farmed finfish (Naylor & Burke, 2005; Ottinger et al., 2016; Troell et al., 2014). Aside
from this, some regional areas favor more specific species as is the case of the
Mediterranean region for example, where two salt water species (Sparus aurata and
Dicentrarchus labrax) lead the gross production (Federation of European
Aquaculture Producers, 2016; Valente et al., 2011), or the case of Norway, where

Salmo salar is by far the major species produced (FAO, 2018).
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Invertebrate species with potential for IMTA production

The invertebrate species used in IMTA should exhibit simultaneously an
efficient nutrient removal ability and intrinsic economic value. In traditional
aquaculture, the number of invertebrate species in production is substantial: the
FAO reports at least 109 mollusks, 64 crustacean and 9 species from different
taxonomical groups in production during 2016 (FAO, 2018). Nevertheless, only a
fraction of these has been used and tested in IMTA. Several groups of invertebrates
may not be relevant for human consumption, although some of those do have
economic interest. For instance, invertebrates may be incorporated in feed for
primary species (Kibria & Haque, 2018), therefore performing a feedback circuit for
nutrients and energy. This translates into several economic advantages such as
reduction of feeding cost and reduction of the organic matter load of aquaculture
ponds to neighboring areas. Other species may reach different markets, such as bait
for fisheries, ornamentals or as food for aquarium species (FAO, 2018; Fernandez-

Gonzalez et al., 2018).

Mollusks

As extractive organisms that are able to filter organic particles, mollusks are
the most tested organisms in IMTA context (Granada et al., 2016), and they belong
to a vast group of organisms capable of providing both an economic and a mitigation
value. Mussels (mytilidae) such as Mytilus edulis or M. trossulus are particularly
effective in coastal temperate areas and present high potential to be used as
secondary species in IMTAs (Ren et al., 2012; Sara et al., 2009). Subtidal mussel
populations are often associated with continuous growth, and its aquaculture
production in suspended structures is globally disseminated. Their capacity to filter
not only plankton but also uneaten fish food increases the possibility of a continuous
growth during all year, decreasing the grow-out period for a crop to have
commercial value. Lander et al (2012) tested M. edulis growth at different distances
from salmon aquaculture cages and suggested that growth of the mussels closest to
cages optimized its growth, avoiding the effects of winter food shortage (GK Reid et
al., 2010). Salmon production can be easily adapted to accommodate structures or

rafts where mussels can grow attached.
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Chopin and colleagues (2012) presented an IMTA concept where the mussels
M. edulis, M. trossulus and M. galloprovincialis, the scallop Patinopecten yessoensis
or the oyster Crassostrea gigas could be used as the suspension feeders’
component. Other bivalve species that can contribute to the overall functioning of
an IMTA is the unionidae Diplodon chilensis, which is able to reduce chlorophyll a,
phosphate and ammonia loads in salmon ponds, while the oistreocidea Saccostrea
commercialis seems able reduce the suspended solids load and N and P compounds
in the water (Granada et al., 2016). The mytilidae Perna canaliculus has also been
used as model species in some IMTA studies (Ren et al., 2012). Nevertheless, all
bivalve species that can be cultured may present potential to be used in these
multitrophic systems: this include genera such as Haliotis, Pecten, Argopecten,
Placopecten, Chloromytilus or Tapes (FAO, 2009b). The inclusion of snails
(gastropoda) in IMTA, despite its reduced use in human diet, can represent a
feedback resource, being used as feed for primary species. For instance, Kibria and
Haque (2018) used Viviparus bengalensis both as secondary species and feed for
different species of carps and catfish, with highly positive results. Furthermore, while
finfish farms can be frequently associated with the use of several chemicals, mollusk

production is usually chemical free (Goldburg et al., 2001).

Crustaceans

Some groups of crustaceans are highly valued, and can be produced
intensively in aquaculture. Nevertheless, their production is usually dependent on
artificial feed, and therefore, in IMTA, they are usually considered as primary species
(Chopin, 2015; FAQ, 2009b). Similar to finfish production, some impacts have already
been reported, such as habitat degradation, threatening ecosystem integrity, and
directly competing for food and habitat with natural populations (Paez-Osuna,
2001). Some crustacean species successfully cultured in IMTA are shrimps, prawns,
crabs and lobsters. For instance, the integrated growth of shrimp species such as
Penaeus merguiensis, P. indicus, P. monodon or Metapenaeus ensis in rice fields in
Vietham proved to be an efficient combination, while increasing income for the
traditional rice farmers (FAO, 2009b). Some crustacean species are already farmed in

traditional polyculture ponds in Indonesia and Southeast Asia (shrimps like the
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Penaeus vannamei, P. stylirostris, P. monodon or crabs such as Scylla sp.), but they
also have a high potential for use in IMTAs, similarly to Panulirus sp., Homarus
americanus and H. gammarus (FAO, 2009b). Simultaneously, small amphipods that
naturally grow on aquaculture facilities can be harvested and used as natural food
for farmed species, representing an extra source of income or at least a reduction in

feeding expenses (Fernandez-Gonzalez et al., 2018; Guerra-Garcia et al., 2016).

Sea cucumbers

Sea cucumbers (holothurians) are gaining interest both in traditional
aquaculture and in IMTA systems. While disregarded in Europe and United States,
the production increase of these species is being fueled by a demand in Japan and
many parts of Asia (Granada et al., 2016), where some species can have a retail price
up to USS200 per kg. These are detritus feeders that complement the size particle
range consumed by filter feeders such as bivalves. The use of species from both
groups can be combined in order to achieve higher removal efficiency. Holothurians
are able to consume up to 70% of the settling organic material (Ren et al., 2012),
removing substantial amounts of organic carbon and nitrogen wastes from fish
production (Cubillo et al., 2016). Sea cucumbers have low mortality and high growth
rates, with fast revenue potential (3 to 4 years to reach market size), and are

therefore good candidates as secondary species in IMTA context.

Polychaetes

In an IMTA context, annelid polychaetes may represent an important asset.
While presenting reduced interest for human nutrition, their economic potential can
lean on the use for aguarium hobbyists, as ornamentals (FAO, 2009b; Granada et al.,
2016). They can also represent food sources for other animals, incorporated in feeds
for primary species in aquaculture, while some species are commonly used as bait in
recreational fisheries (Brown et al., 2011; FAO, 2009b). Also, some species’ mucus
can be bioactive with potential for the biotechnological industry (FAO, 2009b;
Granada et al., 2016). Nevertheless, their use in IMTAs is not fully implemented yet,
and mostly restricted to research activities. These organisms can perform several

ecological functions that contribute to the overall environmental equilibrium and
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sustainability in aguaculture facilities, including biofiltration and sediment aeration,
with intervention on nutrient biogeochemical processes and dynamics (Brown et al.,

2011; Granada et al., 2016).

Other groups of invertebrates

There are also other groups of organisms that are able to contribute to an
ITMA system. Sterling and colleagues (2016) tested the deposit feeder sea urchin
Strongylocentrotus droebachiensis around cultured Mytilus sp. and verified that the
presence of urchin was able to reduce fouling intensity while increasing growth. The
anti-fouling function is an environmental friendly alternative to copper-based
antifouling coatings and is allied with an increasing economic interest on the species
(FAO, 2009b). Other sea urchin species that can present similar potential are
Echinometra lucunter, Loxechinus albus, Lytechinus variegatus, Paracentrotus lividus,
or Psammechinus miliaris (FAO, 2009b; Sterling et al., 2016).

Sponges (Demospongiae - Porifera) are able to filter large volumes of water,
retaining large organic particles including pathogens, and therefore contribute to the
improvement of water quality in aquaculture ponds (Granada et al., 2016). Some
examples of species already tested and with proved potential for IMTA are Dysidea
avara, Chondrosia reniformis, Chondrilla nucula, and Spongia officinalis. The
incorporation of different groups, even with reduced economic interest, in such
systems increases the number of ecological interactions and therefore these
artificially engineered communities can have higher resilience to stressful events,
insuring producers against total losses.

The use of invertebrates as secondary species in IMTAs is proving their
potential to simultaneously reduce some of the environmental impacts of
aquaculture while adding economic value to the operation (Granada et al., 2016).
Invertebrates represent a fundamental link between trophic compartments that
otherwise would be difficult to connect. While removing fine POM by filter feeders
or larger particulates by deposit feeders, invertebrates also make dissolved nutrient

fractions available to be absorbed by seaweeds (Hannah et al., 2013).
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Seaweeds

The connection among different trophic levels starts at the nutrient zone
where fed species are cultured, enriching water with nutrients both in the
particulate and dissolved forms, which then flows to the areas where extractive
species are reared (Barrington et al., 2009; Chopin, 2006). Next, nutrients in the form
POM are filtered by invertebrate species and finally, dissolved inorganic nutrients
(e.g. ammonium and phosphate) are removed by primary producers, mainly
seaweeds (Barrington et al., 2009; Chopin, 2006).

Seaweeds (macroalgae) are primary producers that represent an ecologically
important group serving many relevant functions that include an extensive
contribution to the primary production of estuarine ecosystems, a role in nutrient
cycling by converting inorganic forms of energy into biomass, which will then be
transferred to the higher levels of the trophic web (Leston et al., 2011; Torres et al.,
2008). The high surface area to volume ratio and high affinity for nutrients,
especially nitrogen and phosphorus, favor a rapid nutrient uptake, translated into
increased growth and production rates, leading to very large biomass buildup
(Leston et al., 2011; Neori et al., 2004). Such characteristics represent a valuable
resource in IMTA systems, and therefore, seaweeds are used as extractive species
for dissolved inorganic nutrients, acting as bioremediators in these aquacultures
(Chopin et al., 2001; Neori et al., 2004; Sanderson et al., 2008; Zhou et al., 2006). The
fact that China has been using seaweed as bioremediator is one of the main reasons
coastal eutrophication is not so critical, since the 10 million tonnes of seaweeds
harvested annually are capable of retrieving hundreds of thousands of tonnes of
phosphorous and nitrogen from the water (Edwards, 2015). Moreover, the role of
such species is not limited to biofiltering, as seaweeds constitute a commodity with
commercial value. The most recent FAO report states that 30.1 million tonnes of
aquatic plants (representing USD 11.7 billion) were reared in 2016, and the vast
majority comprised seaweeds (FAO, 2018). These impressive figures translate the
rapid growth in seaweed farming, which was of 13.5 million tonnes in 1995. The
commercial uses for seaweed are also responsible for this steep growth. In many
countries, especially in East and Southeast Asia, algae are an important part of the

human diet (with a focus on Undaria pinnatifida, Porphyra spp. and Caulerpa spp.),
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and are quickly becoming a global trend. This is due to their nutritional value with
high content of micronutrient minerals (e.g. iron, calcium, iodine, potassium, and
selenium), vitamins (particularly A, C, and B-12), fibers, fatty acids (the only non-fish
sources of natural omega-3) and antioxidant properties (FAO, 2018; Fleurence, 1999;
Maehre et al., 2014; Paiva et al., 2014). Seaweeds are also farmed for agar, alginate
and carrageenan extraction for use as thickener agents, which have many uses in the
food, pharmaceutical, and cosmetic industries (Edwards, 2015; Fleurence et al.,
2012). Other important uses for seaweed include animal feed, fertilizers, and even

biofuel (FAO, 2018; Leston et al., 2016).

Nonetheless, there are serious concerns related to the use of extractive
species reared in IMTA systems. Their appealing characteristics may represent at the
same time a drawback. Due to the filtration capacity of these organisms, they may
be able to also accumulate substances other than nutrients, including contaminants
such as metals and pharmaceuticals. The use of chemicals in aquaculture is
necessary to control disease outbreaks and ensure animal welfare and depending on
the route of administration, dosages required and length of treatment, such
pharmaceuticals may be present in high concentrations in aquaculture effluents
(Alvarez-Mufioz et al., 2015; Kiimmerer, 2009a; Leston et al., 2016). Depending on
the use for these species, contaminant accumulation may pose a threat. For
instances, algae are included in fish feeds as meals, or in other words, air or sun-
dried algae are ground into powder and added to the other ingredients to form
pellets. But seldom are they submitted to pre-treatment before incorporation, which
means there is a potential risk of integrating contaminants in the feed. Moreover,
direct consumption of invertebrates or algae cultivated as extractive species may

pose a risk to human health, if these contaminants are present.

Chemical contaminants in aquaculture

The intensification of aquaculture is often associated with a heavy use of
chemicals in this industry, since enclosed conditions and stress can predispose
organisms to disease, resulting in economic losses for the producers (Armstrong et

al., 2005; Burridge et al., 2010; Buschmann et al., 2009; Cabello, 2006; Cole et al.,
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2009; Haya, 2001; Read & Fernandes, 2003; Romero et al., 2012; Sapkota et al.,
2008; Weston, 2000). This, together with the lack of information given to farmers,
may lead to an indiscriminate use of contaminants (Graslund et al., 2003).
Antimicrobials, antiparasitics, antifoulings and pesticides are often used in
aquacultures to avoid deterioration of general quality, with several routes of
administration such as incorporation in feeds, intravenous, bath treatments or
applied to the infrastructures, either therapeutically or prophylactically (Burridge et
al., 2010; Rodgers & Furones, 2009; Sapkota et al., 2008). Additionally, commercial
feeds used in aquaculture can also represent a source of environmental chemical
contaminants such as persistent organic pollutants (POPs) and metals. Similarly to
nutrient loading, this chemical input may impact aquaculture’s surrounding
environments (Burridge et al., 2010; Granada et al., 2016; Ottinger et al., 2016).
Aquaculture operations release, continuously or periodically, discharges that may
contain such contaminants. Although dependent on the chemical’s properties and
the application method, up to 50% of the veterinary medicines used in aquacultures,
on average, can end up in aquaculture surroundings and in the environment (Rico &
Van den Brink, 2014; Sarmah et al., 2006), with potential effects not only to non-
target organisms (Granada et al., 2016; Ji et al., 2012; Leston et al., 2014; Sarmah et

al., 2006) but also affecting human supply (Justino et al., 2016).

Pesticides, antiparasitics and antifoulings

As new technologies and alternatives emerge, there is a tendency to
decrease the administration of chemicals that have been used during the last
decades. However, the rapid development of aquacultures is still a major challenge
in terms of chemical use. Salmon aquaculture, for example, is often susceptible to
sea lice and ectoparasites contamination (Burridge et al., 2010). Parasitic diseases
may not cause death to organisms, but can lead to an increase in production costs or
to a decrease in the product quality (Granada et al., 2016) and rejection by markets
due to non-conformity. Thus, control of such infestation often relies on antiparasitic
compounds, which despite being prescribed, usually end up released into the
surrounding environment, affecting other species that are co-cultured in the same

system. Some of the most common antiparasitic agents used are organophosphates,

18



Chapter |

hydrogen peroxide, avermectins, and pyrethroids (Burridge et al., 2010; Danaher et
al., 2006; Haya et al., 2005; Lees et al., 2008). Such chemicals can be given in feed or
via bath treatment, but runoff from adjacent agricultural sites represents an
important source of not only pesticides but also fertilizers in IMTA systems (Bosma &
Verdegem, 2011; Sapkota et al., 2008).

Fouling is a phenomenon visible on every surface that is submersed in
seawater, and consists in colonization of the surfaces first by bacteria and unicellular
organisms and then by multicellular eukaryotes. Aquaculture suffers significantly
from its effects, and aside from putting in risk organisms health, equipment can fail
when fouling is not controlled (Bazes et al.,, 2006; Sterling et al., 2016). Seaweed
cultivation, for example, is highly affected since fouling organisms may reduce light
availability and productivity. Continuous cleaning of the surfaces is labor intensive
and costly, so preventive chemical methods such as sodium hypochlorite or copper-
based coatings are used to treat seawater, cages and equipment used (Bazes et al.,
2006; Braithwaite & McEvoy, 2005; Fletcher, 1995).

Integrated multitrophic systems can capitalize biofoulers, since these
organisms also have an important role as bioengineers and microhabitat creators.
While adding three-dimensional structures to otherwise flat surfaces (Robinson et
al., 2011), these organisms will increase the potential for recapture and recycling of
excessive nutrients. Some fouling invertebrates (particularly sessile bivalves) have
commercial interest, since they are able to reduce the amount of pathogenic
elements thus reducing the need for chemical treatments (Chopin et al., 2012).
Incorporating other grazer organisms such as sea urchins in IMTAs might mitigate
some of the fouling problems, but environmental friendly antifouling agents must

also be considered (Braithwaite & McEvoy, 2005).

Persistent organic pollutants

Similar to wild fish, their farm-raised counterparts may be exposed to
polychlorinated dibenzo-p-dioxins and dibenzofurans (PCDD/Fs) and polychlorinated
biphenyls (PCBs) arising from industrial and urban effluents, surface water runoff,
contaminated sediments and air deposition. However, various studies revealed that

PCDD/F and PCB concentrations and profiles in farmed fish tissues are correlated
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with those in aquaculture feed (Berntssen et al., 2016; Perugini et al., 2013). These
persistent organic pollutants (POPs) can represent a permanent threat to public
health due to their broad spectrum of toxicity. These compounds have high chemical
stability and tend to bioaccumulate in fatty tissues of living organisms because of
their lipophilic nature, leading to biomagnification throughout the food web.

The composition and formulation of commercial feed employed in
aquaculture can influence the quality of the raised fish. About 65% is composed by
fish meal and oil, providing high amount of protein, essential fatty acids, vitamins
and minerals to fish (Suominen et al.,, 2011). The inclusion of fish oil, usually
obtained from small pelagic fish and trimmings from commercial fishery products for
retail, unintentionally adds compounds accumulated in lipids (Russell et al., 2011).
Thus, it is not surprising that feed may represent the main source of POPs for farmed
fish (Maule et al., 2007; Suominen et al., 2011).

The presence of POPs in commercial feed applied in aquaculture may also
have negative impacts in the ecosystem. Uneaten feed and large fecal particles may
accumulate in sediments in the vicinity of aquaculture facilities, where they can be
consumed by detritus-eating animals. Moreover, primary producers may take up
contaminants accumulated in these organically rich sediments. Small particles of
waste can remain in suspension and then be consumed by filter-feeding organisms.
Therefore, PCDD/Fs and PCBs originated from feeds can be accumulated by
organisms outside aquacultures and, consequently be transferred along the food
chain (Cheney et al., 2019; Russell et al., 2011; Wang et al.,, 2011). In the IMTA
context, this environmental impact caused by the presence of POPs in commercial
feed can be mitigated, but the contaminants present in the uneaten feed and feces
can be bioaccumulated by organic extractive and inorganic extractive species,
potentially reentering the food chain supply.

In order to minimize the potential hazards that aquaculture practices can
pose to public and ecosystem health, different strategies have been developed to
reduce the concentration of POPs in commercial feed (Berntssen et al., 2016; Ginés
et al., 2018; Kawashima et al., 2009; Ngstbakken et al., 2015; Sprague et al., 2010;
Usydus et al., 2009). For example, the replacement of fish oil with vegetal oil can

substantially reduce the load of POPs in commercial feed. Other approaches involve
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the decontamination of fish oil and fishmeal, the improvement of pellet integrity
with subsequent slow breakdown rates, and the optimization of feeding systems and

protocols.

Metals

Elements may alter their chemical form, but they cannot be degraded over
time, meaning that they are environmentally persistent and may bioaccumulate in
biota (Vandermeersch et al., 2015). Metals and metalloids are naturally present in
the aquatic environment as a result of various geochemical processes. However,
anthropogenic activities can be an additional source of these elements. Aquaculture,
in particular, can enrich aquatic sediments via copper-based antifoulants and
commercial feed (e.g. Burridge et al., 2010; Farmaki et al., 2014; Liang et al., 2016).
Copper-based antifouling paints are widely applied to aquaculture cages and nets to
prevent the development of epibiota that decrease water quality, durability of the
structures and reduce their flotation. Consequently, copper leaches into the water
and accumulates in sediments nearby aquaculture sites (Burridge et al., 2010).
Metals such as copper, zinc, iron and manganese are present in feed pellets either as
constituents of the fishmeal or are added to fulfill mineral requirements (Squadrone
et al.,, 2016). These essential trace elements have nutritional functions and
contribute to maintaining a good health status in humans and animals, even though
exposure above certain threshold concentrations have the potential to be toxic to
biota. On the contrary, cadmium, lead, arsenic, and mercury are relevant for
environmental and seafood safety since they have no biological functions and their
intake can lead to adverse health effects (Squadrone et al., 2016). Whereas the use
of fish oil for the manufacture of commercial feed is the main source of POPs for
farmed fish (Russel et al.,, 2011), fishmeal can be responsible for the main
contribution of these priority metal pollutants to feed (Rodriguez-Hernandez et al.,
2017). Additionally, the location of aquaculture facilities in areas where metal
naturally occur or with high anthropogenic pressure can increase the contamination
of farmed seafood.

The potential risk that metals released through aquaculture practices may

pose to the aquatic environment and human health was reported in various studies
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(e.g. Kalantzi et al., 2013; Liang et al., 2016; Russell et al., 2011; Squadrone et al.,
2016). In contrast, to date, little information is available regarding the metal content
of IMTA-produced organisms and the dynamics of trace elements between species in

the system (Ratcliff et al., 2016).

Antibiotics

An antibiotic is, according to FAO’s report on the Responsible use of
antibiotics in aquaculture (FAO, 2005), a “drug of natural or synthetic origin that has
the capacity to kill or to inhibit the growth of micro-organisms”. Antibiotics are used
as chemotherapeutic agents, but one of the problems associated with their use is
that the same properties causing the desired effects on target organisms are also the
same properties causing adverse effects to non-target organisms (Kiimmerer, 2009a;
Leston et al., 2013). The steep growth in aquaculture production led to an increase
of antibiotic administration in these systems, with approximately 80% of the
antibiotics used ending up in the environment (Cabello et al., 2013; Lalumera et al.,
2004; Sapkota et al., 2008), since only a portion is absorbed or metabolized by the
organisms. Furthermore, it is known that antibiotics have been extensively used in
aquacultures for years, either in preventive or therapeutic dosages. Although there
is a tendency to stop antibiotic use on a prophylaxis base with more strict
regulations being applied, the majority of aquaculture production can take place in
countries where such regulations are not followed, or are not so effective (Burridge
et al., 2010; Cabello et al., 2013; Cole et al., 2009; Defoirdt et al., 2011). Also, effects
may not occur in non-target organisms, but antibiotic resistance can be developed
due to the long-term use of these pharmaceuticals, even at sub-therapeutic dosages,
causing a big environmental impact on aquaculture’s surroundings (Armstrong et al.,
2005; Cole et al., 2009; Kummerer, 2004; Kimmerer, 2009b; TusSevljak et al., 2012).
For example, in the US, most of the fish farms where antibiotics might be used have
pond-like and tank structures, and after harvest they are not fully drained, leading to
accumulation of high levels of drugs that will affect newly growing fish since they can
be exposed to residues and resistant bacteria (Serrano, 2005). In China, negative
effects to coastal waters and aquatic environments are already acknowledged (Cao

et al., 2007; Peng et al., 2013).
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The irresponsible use of such pharmaceuticals has been addressed by a
number of international government agencies, since it can represent potential risks
to public health (BIO Intelligence Service, 2013). The emergence of bacterial
resistance is currently one of the main concerns in terms of human safety, since
disease resistance can be transferred to humans through animal products (Defoirdt
et al., 2011; Granada et al., 2016; Schnick, 2001). Antibiotic resistance is developed
either through mutations in bacterial DNA or horizontal gene transfer mechanisms
(Sapkota et al., 2008). Furthermore, the use of a specific antibiotic may increase not
only levels of resistance to that specific molecule but to many others, by cross-
resistance (Kummerer & Henninger, 2003; Kiimmerer, 2009b). Sapkota and
colleagues (2008) reported the presence of antibiotic-resistant bacteria in 13 out of
the 15 top aquaculture producing countries, and these bacteria can be found at
surrounding sites for longer periods of time after antibiotic administration (Cabello
et al.,, 2013). Resistance genes have already been reported for Vibrio spp.,
Photobacterium spp., Edwardsiella spp., Citrobacter spp., and Aeromonas spp.
(Granada et al., 2016; Naviner et al., 2011), with important consequences for human
health safety. Although a well planned IMTA system will suffer less from potential
pathological episodes, eventual antibiotics that are applied to one trophic level may
pass to other trophic levels being co-cultured in the same system. This can lead to
the presence of such contaminants in organisms that were not intended to take up
antibiotics in the first place.

One of the most used antibiotics in aquacultures worldwide is oxytetracycline
(Alday-Sanz et al., 2012; Rigos & Smith, 2013; Sapkota et al., 2008). Its broad
spectrum activity makes it effective against different types of bacteria and some
anaerobic organisms (Burridge et al., 2010; Serrano, 2005; Xuan et al., 2010). It is not
only widely prescribed for use in aquaculture, but also in pigs, cattle or poultry
production (De Liguoro et al., 2003; Kuhne et al.,, 2000; Sarmah et al., 2006;
Sunderland, 2003; Thurman et al., 2002). Together with tetracyclines, quinolones are
also among the most prescribed classes of antibiotics, and these act by passing the
bacterial cell through passive diffusion via water-filled protein channels (Bermudez-
Almada & Espinosa-Plascencia, 2012; Samuelsen, 2006). Enrofloxacin, for example, is

one of the main antibiotics administered in aquaculture systems worldwide (FAO,
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2005; Liu et al., 2017; Quesada et al., 2013; Trouchon & Lefebvre, 2016). Oxolinic
acid and flumequine are used to treat infections mainly from Piscirickettsia salmonis,
Aeromonas salmonicida, and Vibrio bacteria (Burridge et al., 2010) and present very
good assimilation rates when administered via medicated feed (Samuelsen, 2006;
Samuelsen & Bergh, 2004). This makes them widely used in Europe, although being
prohibited in the United States, Canada and Scotland. Quinolones can be used both
as human or veterinary medicines, and presence of antibiotic resistance to these
compounds in aquaculture products may directly affect human health (Schnick,
2001). Other antibiotic class with a big share in aquaculture is the sulfonamides,
especially if used in combination (also known as potentiated sulfonamides), like
Tribissen® which has in its composition 20% sulfadiazine and 80% trimethoprim.
They are effective against both gram-positive and gram-negative bacteria and their
cost is relatively low (Sapkota et al., 2008; Suzuki & Hoa, 2012), reasons for being
highly prescribed.

The presence of antibiotics in edible tissues from fish is highly dependent on
several aspects, such as dosage regimen or administration routes, as well as species
and sizes, water salinity or even temperature (Hansen & Horsberg, 2000; Ishida,
1992; Rigos & Smith, 2013; Samuelsen, 2006). These factors will not only influence
the presence of residues in fish but also in other extractive species co-cultured
within the same IMTA system. Also, with several species being co-cultured together
sharing the same system, antibiotics used in finfish will potentially be taken up by
extractive species (Leston et al., 2013; Rosa et al., 2019), increasing the risk of food

allergies or antibiotic resistance by ingesting these organisms.

Legislation

The guarantee of Food Safety, especially in Europe, in line with a high level of
consumers protection and human health concerns, is currently one of the most
important topics (European Commission, 2000) that captured worldwide attention.
According to the European Commission, all consumers should be aware of all
properties of their food such as how it is produced, processed, packaged, labeled,
and sold. In terms of food-producing animals, it is of extremely importance the

improvement of conditions in which the animals are produced and that minimum
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welfare requirements are accomplished. Those important standards should be put
into practice within EU member states and third countries from where EU imports.
The implementation of safety policies implies several mandatory actions such as an
effective control system to evaluate the EU standards of food safety and quality,
animal health, welfare and nutrition as well as plant health, and this complexity may
have a significant impact on innovation (Alexander et al., 2015).

Concerns related with food safety in general and in particular with
aquaculture products are mainly related with biological and chemical safety
(Bondad-Reantaso et al., 2008; FAO, 1999). Among biological hazards that can pose
risks to public health are bacteria, virus, parasites, prions and biotoxins. The
knowledge of pathogen sources and having control plans to manage biological risks
through food and animal feed chain, along with an efficient hygiene policy, is
considered an important tool to prevent food crises situations. Chemical
contamination, such as the presence of pesticides and veterinary medicine residues,
can have great impact in food production. The use of veterinary medicines is legal in
food-producing animals and essential in the modern animal-food producing industry,
only to prevent and cure diseases, although such substances can leave residues in
food obtained from these animals. Each country has established regulations on the
use of antibiotics on aquaculture, but the European Union has, nonetheless, banned
some compounds from aquaculture practices, for food safety reasons (namely
malachite green, nitrofurans and chloramphenicol). Also, pesticides and other
contaminants can be found when animals are exposed to them, but rarely in levels
that can become unsafe for consumers.

Considering veterinary drug residues, antibiotics are nowadays one of the
main concerns since, when associated with an inappropriate usage, can have
negative effects for consumers, one of them being the development and
dissemination of antibiotic resistance through animals to humans. This problem is
not only a chemical safety issue but also a great biological concern with the
dissemination of resistance strains of bacteria (European Commission, 2017a;
2017b). To protect human health from undesirable residues of veterinary drugs in
food from animal origin, a specific control was defined by official EU documents that

have been set, and continuously improved, in the last decades. In 1996, the Directive
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96/23/EC (EC Council Directive 96/23/EC) turned the control of food producing
animals and their products through monitoring the presence of residues of
veterinary medicines mandatory. EU member states are required to implement
monitoring plans to detect the use of illegal compounds and the abuse of authorized
ones. An equivalent level of food safety should be guaranteed also from non-EU
countries from which the EU imports food products. The division of veterinary
medicines into two groups was also defined in the same directive: prohibited
substances and allowed compounds, with corresponding established maximum
residue limit (MRL). These limits were defined after toxicological studies and bearing
the minimum level of exposure possible for consumers in mind. For non-authorized
substances and to harmonize analytical performance within member states control,
a minimum required performance limit (MRPL) was set in accordance with specific
guidelines from European Reference Laboratories (Community Reference
Laboratories Guidance Paper, 2007) and the Commission Directive 2005/34/EC (EC
Decision 2005/34/EC). In this document is settled that the MRPL concentration is the
maximum to be accepted to be present in imported food, although this
concentration is not related with toxicological data but only with analytical
performance. In the specific case of antibiotics, most of them have MRL established,
since they can be used in food-producing veterinary practices (although entirely
forbidden as animal growth promoters since 2006 (EC Regulation 1831/2003)). The
procedures regarding the establishment of MRLs on pharmacologically active
substances and their classification are defined in the EU Council Regulation
470/2009/EC (EC Regulation 470/2009) repealing the previous Council Regulation
(EEC) No 2377/90 (EC Council Directive 96/23/EC). The complete list of
pharmacologically active substances and their MRLs in different food matrices of
animal origin are listed in the Commission Regulation 37/2010 (EC Regulation
37/2010). However, unlike fish and other farmed species, which have specific
legislation regarding the maximum levels of residues allowed in edible tissues, such
regulations are inexistent for seaweeds for example. Macroalgae production has
been expanding impressively, mainly in Indonesia (FAO, 2014) due to its vast areas
with excellent conditions for cultivation and the knowledge for cultivation. Seaweeds

are also gaining importance in human diets and, to prevent unintentional
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contamination and inadvertent intake of unwanted substances, algae should be
routinely analyzed before incorporation in any products intended for human and
animal consumption, both direct and indirectly, and legislations updated accordingly.

In relation to other chemical hazards, in 2005, the Regulation 396/2005/EC
(EC Regulation 396/200) established the maximum residue levels for pesticides in
food. In 2006, the Regulation 1881/2006/EC (EC Regulation 1881/2006) defined the
maximum levels of metals (lead, mercury and cadmium) as well as polyaromatic
hydrocarbons in fish muscle, crustacean and mollusks, in accordance with the
Council Regulation 315/93/EC previously set as the basic principles on contaminants
in food (EC Regulation 315/93). Maximum levels for PCDD/Fs, dioxin-like PCBs and
PCBs in fishery products are also established in the Regulation 1259/2011 (EC
Regulation 1259/2011).

Knowing that fish consumption has increased, thus making aquaculture an
important economic activity (FAO, 2014; 2018) with vast impact in the environment
and human safety, an accurate control more directed to this economical field should
be in place. Although legislation for food-producing animals are established there
are still some gaps concerning other matrices such as water, algae, sediments and
other species such as marine invertebrates. Besides improvements in IMTA
production, the regulatory system deserves equal attention, and is often disregarded
(Asche, 2017; Osmundsen et al., 2017). It seems only logical that new legislation
frameworks consider IMTA systems, since there is a lack of dedicated aquaculture
policy for co-cultivation of multiple species in proximity (Alexander et al., 2015;

Kleitou et al., 2018).

Conclusions

There is no doubt that IMTA systems can be environmentally responsible and
deliver higher profit margins. However, despite their enormous potential, IMTAs are
still under development in most countries, at least at full commercial scales. While
the increased complexity of these systems brings advantages and falls under the
EU’s Blue Growth Strategy, it also slows down its development as a producing sector.
The integration of extractive species is seen as beneficial since they can assimilate

and reutilize nutrients that would eventually impact surrounding systems, but
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production issues such as systems maintenance or harvesting methods must be
addressed in order to be cost effective. On the other hand, specific legislations for
these complex systems must be created, with special focus on residues and
contaminants, since these compounds will be present not only in fed species
receiving treatment, but also on extractive species being co-cultured. Antibiotics for
example, can be ingested in small concentrations through longer periods of time,
resulting in antibiotic resistance, a major threat to human health. Thus, further work
is needed to increase knowledge on the assimilative capacity of different extractive
species. With global markets changing with an increase on the consumption of other
organisms such as mussels or macroalgae, food safety issues may arise from their

production in IMTA systems.
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General aim and thesis outline

The intensification process that aquaculture has been facing during the last
decade often relies on a heavy use of chemical compounds, in order to avoid disease
outbreaks in fish growing at high densities. According to the Food and Agriculture
Organization of the United Nations (FAO), “Food security exists when all people, at
all times, have physical, social and economic access to sufficient, safe and nutritious
food which meets their dietary needs and food preferences for an active and healthy
life”. While aquaculture contributes to the sense of food security, providing
nutritious food to people, there is a need for this food to be safe. In this context, the
purpose of the present work was to enhance the knowledge on the accumulation of
such pharmaceuticals, namely antibiotics, in several aquaculture matrices and
address its potential impacts. The studies presented were based on experimental
trials, simulating scenarios of aquaculture productions. Accordingly, several specific
objectives were outlined in order to contribute to a better understanding of this
situation:

- Evaluation of carcass retention of selected antibiotics by two main fish
species reared in the Mediterranean region aquacultures (Gilthead seabream
and European seabass);

- Investigation of the stability of selected compounds in seawater;

- Assessment of the impacts of selected compounds on the seaweed Ulva sp.;

- Increasing the information on the uptake of antibiotics by seaweed at two
different concentrations;

- Address the uptake of selected antibiotics in target IMTA organisms and add
information about public safety issues upon consumption.

Chapters Il and Ill address antibiotic retention in muscle samples from
Gilthead seabream and European seabass, respectively. Finally, in chapters IV and V,
the accumulation of oxytetracycline and enrofloxacin on the seaweed Ulva sp. is
studied. A general discussion and final conclusions is presented at the end, summing
up the work developed within the scope of this thesis, as well as future research

following this work.
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Evaluation of antibiotics residues in farmed Gilthead seabream (Sparus aurata)

after administration through medicated feed

Abstract

The use of antibiotics in aquaculture is a well-known fact and merits the focus
of the scientific community. In the present study, five drugs (oxytetracycline,
sulfadiazine, trimethoprim, oxolinic acid and flumequine) were selected to assess
their retention in muscle tissues from Gilthead seabream (Sparus aurata). Fish were
placed in 150 L tanks at 18° C, and fed for 7 days with experimental diets containing
two concentrations of each antibiotic (ranging from 5.51 to 131.16 mg kg). Edible
tissues were then analyzed through a validated multi-class quantification method
(UHPLC-MS/MS). The results indicate that sulfadiazine concentrations were the
highest immediately after the feeding period and decreased towards day 3.
Flumequine was only detected on the first day with concentrations below the MRL.
Both trimethoprim and oxolinic acid concentrations were below the MRLs 3 days
after the feeding period was over (oxolinic acid was not detected in muscle samples
at day 14 for prophylaxis and day 28 for both treatments). Oxytetracycline residues
in muscle tissues were the highest through time, with concentrations above the MRL
for 7 days (Cgay7 of 111.2 and 157.2 pg kg™ for both dosages). Results suggest that
these antibiotics can be present in Gilthead seabream muscle samples for longer
periods than previously reported, when realistic conditions are tested. With the
exception of oxytetracycline, concentrations were below the MRLs established 3
days after the feeding trial was over meaning that adverse effects related to human
consumption are not likely. Nevertheless, allergic reactions or resistance to
antibiotics can be developed if low concentrations of such compounds are ingested

on a frequent basis, as is the case of the Mediterranean diet.

Key words: Gilthead seabream; antibiotics; medicated feed; retention; withdrawal

times.



Introduction

Fish continues to be one of the most traded food commodities worldwide,
with increasing consumption per capita from an average of 9.9 kg in the 1960s to
19.2 kg in 2012 (FAO, 2014). In order to face the demand for seafood products and
also driven by the fact that wild life stocks are reaching their limits (Goldburg and
Naylor, 2005), aquaculture systems have experienced unprecedented growth
(Sapkota et al., 2008), with much more intensive cultivation methods (Goldburg et
al., 2001). Concomitantly, infectious diseases pose a risk to production since they
may cause problems to animal welfare as well as significant stock losses (Romero et
al., 2012), regardless of the hygienic conditions (Rigos et al. 2010). In order to
prevent and solve disease outbreaks in culture ponds, the use of antibiotics among
other chemicals is characteristic in these intensified methods (Romero et al., 2012;
Sapkota et al., 2008). Fish farmers tend to rely on the most cost effective method,
which is oral administration through formulated feeds, with the drug either
incorporated into food pellets or coated on the outside of the pellet, making this
administration route the most used in aquaculture production.

Among the antibiotics used in aquacultures worldwide, oxytetracycline was the
most administered drug in top producing countries, followed by oxolinic acid and
chloramphenicol, present in 69 % of the countries examined by FAO (versus 92 %
that use oxytetracycline) (Sapkota et al., 2008). Oxytetracycline is part of the
tetracyclines family and is considered by many authors the most used antibiotic in
aquaculture (e.g. Alday-Sanz et al., 2012; Rigos and Smith, 2013). It presents broad
spectrum activity effective against diseases caused by Gram-positive and Gram-
negative bacteria and even against some anaerobic organisms (Burridge et al., 2010;
Serrano, 2005). This antibiotic is widely prescribed in the treatment of fish, poultry,
pigs and cattle, and was reported in 11 out of 15 of the top aquaculture producing
countries (Sapkota et al., 2008). Flumequine and oxolinic acid were two of the most
frequently administered antibiotics in Norwegian aquaculture (Ellingsen et al., 2002),
but their importance on human medicine has led to their prohibition in aquaculture
in the United States, Scotland and Canada (Burridge et al., 2010). They present low
minimum inhibitory concentrations for most fish pathogens and show good tissue

penetration when administered orally in medicated feed (Martinsen and Horsberg,
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1995; Samuelsen, 2006). Sulfonamides are another class of antibiotics administered
in aquaculture although at a lower extension, but the combination of sulfadiazine
and trimethoprim (as potentiated sulfonamides) is used in one third of the main
producing countries (Sapkota et al., 2008). Both compounds are heavily used as
veterinary drugs due to their low cost and wide range against Gram-positive and
Gram-negative bacteria (Suzuki and Hoa, 2012).

Gilthead seabream (Sparus aurata) is according to the Federation of European
Aquaculture Producers the most farmed species in the Mediterranean region, with
an estimated production of 129,000 tons (Valente et al., 2011). Together with
seabass, these species account for the gross production in Southern Europe,
representing 94 % of marine fish aquaculture production, attaining a value of
300,000 tons in 2015 (FEAP, 2016). Several diseases such as pasteurellosis or the
most common vibriosis are common in the production of these species and, are in
most cases, treated with antibiotics. Improving production conditions in terms of
hygiene and good disinfection can help prevent such problems, but antibiotics are
still commonly used.

The present work aimed to increase the available information on carcass
retention of Gilthead seabream in response to antibiotics supplemented in
manufactured diets, using a validated multi-residue detection method for
oxytetracycline (OTC), sulfadiazine (SDZ), trimethoprim (TRI), oxolinic acid (OXO),
and flumequine (FLU); and to increase the knowledge on dose dependency, by using

both prophylactic and therapeutic concentrations.

Materials and methods
Materials and reagents used

Oxytetracycline, sulfadiazine, trimethoprim, oxolinic acid and flumequine used
in formulation of experimental diets were purchased from Sigma-Aldrich (Madrid,
Spain). All reagents used in the extraction method were of analytical grade (or HPLC
grade for solvents used in the mobile phase). The internal standards used were
demethyltetracycline for tetracyclines, sulfameter for sulfonamides and

trimethoprim, and lomefloxacin for quinolones,; also provided by Sigma-Aldrich.
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An UHPLC system coupled to a triple quadrupole tandem mass spectrometer was
used for chromatographic separation and MS detection for the quantification in
muscle samples. The column used in the system was a reverse-phase Acquity HSS T3
2.1 x 100 mm, 1.8 um particle size. Mobile phase consisted in ultrapure water
acidified with 0.1 % formic acid (solvent A) and acetonitrile (solvent B). The gradient
used flowing at a rate of 0.45 ml min* was as follows: 97 % to 40 % (A) in the initial 5
min, from 5 to 9 min the solvent A was reduced to 0 %, maintained for 1 min and
then back up to 97 % (A) in 1 min; from 10 to 12 min the system maintained the
original composition, with 97 % of solvent A and 3 % of solvent B. The mass
spectrometer detector was a Xevo TQ MS — Acquity UPLC system (Waters, Milford,
MA, USA), and data were analyzed using the Masslynx 4.1 software also by Waters.

For antibiotic quantification in feed, an Agilent 1100 Series LC system (Agilent
Technologies, Palo Alto, CA, USA) coupled to a triple quadrupole tandem mass
spectrometer Sciex API 2000 (Applied Biosystems, Foster City, CA, USA) was used.
Data were analyzed by Sciex Analyst software. Chromatographic separation was
achieved with an Agilent Zorbax XDB C18 2.1 x 100 mm, 3.5 um particle size column
with an Agilent Zorbax XDB C8 4 x 2.1 mm, 5 um guard column. Mobile phase
composition was the same, with the gradient going from 97 % (A) to 10% and then

finishing again at 97 %, with a total run time of 11 min.

Experimental diets

A control diet was formulated according to the nutritional requirements of
juvenile seabream. Main ingredients were ground (< 250 um), mixed in a horizontal
helix ribbon mixer (Mano, 100 L capacity, CPM, San Francisco, USA) and dry pelleted
using a laboratory pellet press (CPM, C-300, San Francisco, USA) with a 2.4 mm die.
Diets were stored at 5 °C until posterior utilization. Samples of each diet were taken
for proximate composition. Two composite samples of each experimental diet were
taken and chemical analyses performed according to the method described by AOAC
(1990). Samples were then pooled and moisture content was determined (105 °C for
24 h). Samples were analyzed for crude protein (N x 6.25, Leco Nitrogen analyser,
Model FP-528, Leco Corporation, St. Joseph, USA), crude lipid content by petroleum

ether extraction (Soxtherm Multistat/SX PC, Gerhardt, Koenigswinter, Germany; 40-
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60 °C), gross energy in an adiabatic bomb calorimeter (Werke C2000, IKA, Staufen,
Germany). The basal diet was formulated to be isonitrogenous, isolipid and
isoenergetic and presented 96.9 % dry matter (DM), 43.8 (% DM) crude protein, 16.9
(% DM) crude fat, and 22.4 MJ kg™* DM gross energy.

This basal mixture was used as the basis to create 8 experimental diets. The
same formulation was used but antibiotics (Oxytetracycline, OTC; Oxolinic Acid,
OXO; Flumequine, FLU; Sulfadiazine, SDZ; Trimethoprim, TRI) were added as
premixes in the form of powders during the manufacturing process. These diets
differ from each other in concentration (two) and type (four) of antibiotic
incorporated into each, corresponding to either prophylactic (P) or therapeutic (T)
dosages (Table 1).

Experimental diets were formulated taking into account the most used
antibiotics in aquaculture and dosages set accordingly, and duplicates of each one

were analyzed for antibiotic exact concentration.

Experimental conditions

The experimental trial was conducted by trained scientists following category C
recommendations from the Federation of European Laboratory Animal Science
Associations (FELASA) and the European Directive 2010/63/EU of European
Parliament and of the Council of European Union on the protection of animals used
for scientific purposes.

This trial was performed at the Experimental Research Station (Vila Real,
Portugal) at the University of Tras-os-Montes e Alto Douro (UTAD) facilities.
Juveniles of S. aurata presented an average weight of 75.5+1.1 g and were randomly
distributed into 9 fiberglass tanks (1 for CTRL diet + 4 for OTC, MIX, OXO, FLU
prophylactic diet + 4 for OTC, MIX, OXO, FLU therapeutic diet) of 150 L water
capacity each, with 26 fish in each tank. The tanks are part of a circulating saltwater
system unit with partial renewal of water and temperature control. Water oxygen,
temperature and quality were regularly monitored. Mean water temperature was
17.8+0.6 °C during the experimental feeding period and oxygen saturation was over
90 %. Ammonia, pH, nitrites, and nitrates were maintained within the recommended

limits for the species. A 12:12 h light:dark cycle was applied during the trial. Fish
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were acclimated to experimental conditions for 15 days, during which time all fish
received the control-based (CTRL) diet to apparent visual satiety.

During a 7-day feeding period, fish were fed manually with experimental diets
twice a day (9:00 and 17:00), and received a similar daily portion, which varied form
1.3 % to 1.5 % body weight per day. After this feeding period with medicated diets,
fish were fed with CTRL diet during the rest of the experiment time. Three fish from
each tank were sacrificed with a sharp blow to the head, and muscle samples (dorsal
area) were collected from each dietary treatment at days O, 3, 5, 7, 14 and 28.
Samples of muscle tissue were frozen in liquid nitrogen and stored at -80 °C until

further use.

Antibiotic analyses

The extraction and analyses of antibiotics in muscle tissues was conducted
according to the validated multi-class quantification method developed by our group
(Freitas et al., 2014). Limits of detection and quantification for each compound were
determined as Xo+K.op and Xo+1000, respectively (Relacre, 2000). Sparus aurata
muscle samples from the dorsal area were weighed (2.0 + 0.09 g) and homogenized
in 15 mL Falcon tubes. A solution of internal standards with 10 pg mL™ was added
(20 pL), vortex mixed and allowed to stand in the dark for at least 10 min.
Afterwards, a simple solvent extraction was performed by vortex mixing and shaking
the sample with 5 mL of acetonitrile and 1 mL of 0.1 M EDTA using a Reax shaker for
20 min, followed by a centrifugation at 3100 g for 15 min. The supernatant was
transferred to a new tube and evaporated to dryness under a gentle stream of
nitrogen at 40 °C. The residue was dissolved with 400 pL of 0.1 % formic acid, filtered
through a 0.45 um PVDF Mini-uniprep™ and injected into the UHPLC-MS/MS under
MRM-optimized conditions for each compound (for details on the Multiple Reaction
Monitoring acquisition conditions for each antibiotic used, see Freitas et al. 2014).
Quantification of antibiotics concentrations in feed were performed by weighing
~1.0 g of sample, followed by a simple extraction with 50:50 water:acetonitrile.
Confirmation was made running triplicate samples in the UHPLC system described

above, and the measured concentrations can be found in table 1.

38



Table 11.1 - Formulation of diets used in the experiment. Ingredients are expressed in percentage of
the total formulation and antibiotic concentration in mg kg'1 (mean values + SE). The following
dosages were prepared, for prophylactic and therapeutic treatments, respectively: Diet CTRL - no
antibiotic; Diet OTC - 37.5 mg OTC kg* (P) and 75 mg OTC kg™ (T); Diet MIX — 110 mg SDZ kg™ (P) and
22 mg TRI kg™ (P), 220 mg SDZ kg™ (T) and 44 mg TRI kg (T); Diet OXO — 6 mg OXO kg™ (P) and 12 mg
OXO0 kg'1 (T); Diet FLU - 6 mg FLU kg'1 (P) and 12 mg FLU kg'1 (T). Please refer to footnote for
information on components.

Diet
. CTRL oTC MIX OXO0 FLU
Ingredients (%)
P T P T P T P T
Fishmeal 70 LT 10
Fishmeal 65 20
Corn gluten 11
Soybean meal 16
Rapeseed meal 7
Sunflower meal 5
Wheat meal 6
Pea starch 6
Fish oil 15
Vit & Min Premix" 1
Lutavit E50° 0,1
Hinsesj 0,5
Betaine 0,5
Soy lecithin 0,5
Binder" 0,5
Antioxidant’ 0,2
L-Lysine 0,5
DL-Methionine 0,2

Antibacterials (mg kg'l)

Oxytetracycline - 21 16,49 - - - - - i,

(0,43) (1,12)

Sulfadiazine - _ ) 70,02 131,16 i i ] )

(2,58)  (5,52)

Trimethoprim - R i} 20,96 39,76 i ] ) ]

(1,05)  (1,67)

N . 7,04 14,06
Oxolinic Acid - - - ) ) I :
xolinic Aci (0,03)  (1,39)

6,38 17,91

Fl [ - - - - . i i
umequine (1,07)  (0,83)

! Mineral and vitamins premix. Covered nutritional requirements of seabream (Supplied by SPAROS Lda. Olh3o, Portugal)
? Vitamin E acetate; Premix, Portugal
* Hydrolyzed Yeast; Premix, Portugal
* Guar gum; Sorgal, Portugal
® Rosamox — rosemary extract, Kemin; Italy
Data treatment
The results of the antibiotic concentrations in Gilthead seabream for muscle

tissues were reported as mean * SE. The elimination time curve was analyzed by a
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non-linear regression analysis (Microsoft® Excel Analysis Toolpak), assuming a first-
order kinetics with the equation C(t)=Coe'Bt. The elimination half-life (t;) of
antibiotics for muscle was calculated by t;,=In2/B, where B is the elimination rate
constant, obtained from the elimination curve equations (Baggot, 1997). Area under
the curve (AUC) was determined following the trapezoidal rule, and was

extrapolated to infinity (Ritschel, 1986).

Results

Mean concentrations of sulfadiazine, trimethoprim, flumequine, oxolinic acid
and oxytetracycline retained in fish muscle tissues for three replicates at each
sampling day and for both concentrations used are present in table 2. Antibiotic
analyses were performed after experimental conditions were finished.

Except for FLU, antibiotics showed similar patterns of presence and
degradation through time, with first-order elimination kinetics best describing the
antibiotics tested (R? values for prophylactic and therapeutic dosages, respectively,
are 0.6161 and 0.5531 for TRI, 0.5606 and 0.6449 for SDZ, 0.7537 and 0.5828 for
0OXO0, 0.9163 and 0.8654 for OTC). Flumequine was only detected immediately after
the feed administration period, with an average concentration of 13.6 ug kg for
prophylactic and 36.0 ug kg™ for therapeutic dosages at day 0. Such concentrations
are below MRL limits established for finfish (600 pg kg™), and only corresponded to
0.2 % of the initial concentration present in the administered pellets. Trimethoprim
also presented very low percentages of antibiotic retention in muscle tissues, with
0.48 and 0.71 % for prophylactic and therapeutic dosages, respectively. Oxolinic acid
concentrations in muscle samples at day O corresponded to 2.00 and 2.11 % of the
initial concentrations present in feed. Sulfadiazine and oxytetracycline presented the
highest percentages of carcass retention on day 0, with 5.20 and 6.57 % of the feed
concentration for SDZ and 4.63 and 6.22 % for OTC, for prophylactic and therapeutic

doses, respectively.

40



Table 11.2 - Antibiotic concentrations in Gilthead seabream (S. aurata) muscle samples (ug kg'l).
Concentrations obtained following oral administration for Prophylactic and Therapeutic treatments
(mean values + SE, n = 3). Values in bold indicate concentrations above the MRL established by the
Commission Regulation (EU) No 37/2010.

sDz TRI FLU
LOD LOQ LOD LOQ LOD LOQ
1.20 4.00 0.10 0.21 0.70 2.37
Sampling P T P T P T
day
0 3640.4 £+ 810.0 8616.6 +3441.3 101.5+1.9 281.6 + 46.2 13.6 £9.2 36.0+10.5
3 94.2 + 26.0 246.0 £ 123.8 25.2+7.2 33.2+11.7 <LOD <LOD
5 156+1.1 65.7 £ 8.5 15.7+1.3 489 +16.8 <LOD <LOD
7 19.3+1.0 18.4+£6.9 183 +2.0 13.5+25 <LOD <LOD
14 94+1.2 15.0+£2.3 18.2+1.7 18.7+4.0 <LOD <LOD
28 42+0.3 4.4 +0.5 8.1+0.2 10.0+£2.2 <LOD <LOD
MRL 100 MRL 50 MRL 600
(o) (o] OTC
LOD LOQ LOD LOQ
0.74 2.45 5.00 8.00
Sampling day P T P T
0 140.7 £ 29.8 296.5+116.1 255.3 +36.8 1026.4 £ 47.5
3 5.6+1.29 11.1+£0.8 216.8 + 26.2 395.0 + 64.8
5 1.5+0.1 25+£1.0 141.7 £ 32.6 232.4 + 81.0
7 1.4+0.6 0.7+0.3 111.2+34.2 157.2 + 27.5
14 <LOD 0.7+0.3 37.8+8.0 63.8+8.2
28 <LOD <LOD 23.0+x1.0 34.6 £10.6
MRL 100 MRL 100
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Table 11.3 - Calculated pharmacokinetic parameters of orally administered antibiotics in Gilthead
seabream (S. aurata) at 18 °C.

sDZ FLU 0X0 oTC

p T P T p T p T p T

Dosage 110 220 22 44 6 12 6 12 37,5 75
(mgkg™)
Feed

concentration 70,02 131,16 20,96 39,76 6,38 17,91 704 14,06 551 16,49
(mgkg™)
Cday0

(g ko) 3640,4 8616,6 1015 2816 13,6 36,0 140,7  296,5 2553  1026,4

Antibiotic 520 6,57 048 071 021 0,20 200 2,11 463 6,22
day0 (%)
AUCo ...

. 6492,9 146013 3450,1 32642 - - 2531 5266 70512 108765
(Mg hmL")

(Cr:qeLa;e_”gc_f) 0,0108 0,090 00061 00122 - . 0,0278  0,0267 0,0008  0,0015

Elimination 1230 57060  0,0640  0,0860 - - 03360 0,1860 0,0890  0,1100
rate constant

t1 4,01 3,36 10,83 8,06 - - 2,06 3,73 7,79 6,30

Sulfadiazine concentration in edible tissues remained higher than the MRL
(100 pg kg™ for at least 3 days after the feeding period for the therapeutic dose, and
the mean concentrations were the highest detected among all antibiotics. The other
compound tested — trimethoprim — only presented concentrations higher than the
MRL established (50 pg kg™) on the last day of feed administration, decreasing 4 and
8 times their concentration from day 0 to 3, for prophylactic and therapeutic doses,
respectively. Oxolinic acid presented the same behavior, significantly decreasing
from 140.7 pg kg™ (prophylactic) and 296.5 ug kg™ (therapeutic) to 5.6 pg kg™ and
11.1 pg kg from day O to day 3. Oxytetracycline presented concentrations higher
than the MRL established for at least one week after medicated feed administration,
with concentrations higher than 100 ug kg™ for both dosages tested. As expected,
AUC from zero to infinity of SDZ was the highest of the antibiotics tested with a value

of 14601.3 pg kg™ d?, since the feed pellets were the most concentrated (versus
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10876.5 pg kg d* for OTC in therapeutic dose; see table 3). Considering the
prophylactic treatment, OTC presented the highest values of AUC from zero to
infinity, despite having lower initial concentrations than SDZ present on the
medicated feed (7051.2 and 6492.9 pg kg™ d™, respectively). Such values are due to
OTC high retention in muscle samples through time. Despite presenting values lower
than the MRL established for most of the days sampled, on the last sampling day,
only FLU and OXO on the prophylactic dose were below the limit of detection. As
expected, fish fed with CTRL diet did not present any antibiotic concentrations in

muscle tissues in all samples analyzed.

Discussion

Although feeds were formulated to have dosages ranging from 6to 220 mgkg™,
we observed that measured concentrations of antibiotics in feed ranged from 5.51
to 131.16 mg kg. The highest differences were observed in SDZ and OTC diets,
where concentrations were 70.02 and 131.16 mg kg’ for 110 and 220 mg kg*
dosage, respectively, for SDZ and 5.51 and 16.49 mg kg for 37.5 and 75 mg kg*
dosage, respectively, for OTC. Diets were formulated in order to present the best
homogeneity possible, therefore adding the drug in the beginning of the mixing
process. Heat and humidity involved in the pelleting process could possibly degrade
some compounds to a certain degree (Daniel, 2009). This process allowed
nevertheless the correct mixture of the compounds, and despite concentrations
being lower than expected, concentrations were similar in all replicates analyzed for
confirmation.

Flumequine was only present in the initial sampling time (day 0), with very low
concentrations in Gilthead seabream muscle. The concentration administered was
too low to establish the pharmacokinetics of the antibiotic through time, both for
prophylactic and therapeutic dosages. Plakas and co-authors (2000) detected lower
residue concentrations of FLU in channel catfish muscle in comparison to liver,
where concentrations were ~4x higher, which could indicate higher concentrations
also in liver in the present study. Moreover, concentration peaks in all major tissues
analyzed were observed 12-24 h after administration, and half-lives of 22 h were

registered for oral dosing. The results obtained were in accordance with other
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studies for FLU pharmacokinetics in seawater species, with the antibiotic rapidly
decreasing to half of its initial concentration on Atlantic salmon muscle tissues
during the first hours of administration (e.g. 17.6-21.3 h and 1.3 h following oral
administration (Elema et al., 1994; Rogstad et al., 1993)), and 3.1 h following
intravenous administration (Martinsen and Horsberg, 1995). Furthermore, Rogstad
and colleagues (1993) stated that more than 98 % of the administered dose of FLU
was distributed within a period of 10 h. Nevertheless, these authors have detected
FLU up to 5 days after administration, contrarily to the results obtained in the
present work, which could be explained by the fact that they used oral doses 4 times
higher than in the present study. Also, Tyrpenou and colleagues (2003) obtained
half-lives of 22.14 and 21.43 h at 18 and 24 °C, respectively, but the presence of FLU
was detected 168 h after feed administration, which again might be related to the
concentrations used (~6x higher than prophylactic dosage used). This rapid depletion
in fish muscle was previously described, for Gilthead seabream (Malvisi et al., 1997),
with FLU concentrations below limit of quantification 48 h after the end of
medication. These results were also observed in other study on Gilthead seabream,
with FLU reaching levels below the limit of detection at the 2" and 4% day after
administration, for 19.5 and 14 °C, respectively (Romero Gonzalez et al., 2010). It has
also been suggested that skin and bones can act as sink for quinolones, slowly
releasing it to other tissues during longer periods of time (Malvisi et al., 1997). Our
results indicate that, considering FLU, shorter sampling times should be considered
in order to determine the pharmacokinetics of this chemical. Changing the sampling
times might also increase the R’ values of the first-order kinetics model since we
could observe a more gradual decrease in residues concentration through time.
Regarding oxolinic acid, it was detected up to day 7 for prophylactic and day 14
for therapeutic dosages. Despite presenting initial concentrations similar to
flumequine, oxolinic acid was present in fish tissues during longer periods, although
in concentrations much lower than the MRL established by the Commission
Regulation 37/2010. The highest values detected in fish muscle were similar to
previous studies on Gilthead seabream (Rigos et al., 2003a). In a study comparing
the pharmacokinetics after intravenous and oral administration, Rigos and co-

authors (2002) did not detect OXO in the 128 h after oral administration. However,

44



concentrations were significantly different considering administration routes (AUC
values of 134.99 and 26.75 ug h™ mL* for intravenous and oral, respectively), with
OXO being detected in muscle only when i.v. administration was followed. The
decrease in OXO concentration from day 0 to day 3 followed the same accentuated
decrease, even after a multiple 10 day in-feed administration, as in other work on
the same species (Rigos et al., 2003a). Furthermore, the presence of OXO in muscle
tissues might be conditioned by the unfavorable pH in the digestive tract of marine
fish (Daniel, 2009; Rigos et al., 2002).

Levels of sulfadiazine remained above the MRL for 3 days, contrarily to a
previous study following a multiple dosing for 5 days (Rigos et al., 2013). According
to Rigos and co-authors (2013), sulfadiazine did not present an accumulative drug
profile, decreasing its concentration even during the medication period, as reported
in a similar work assessing the presence of sulfadimethoxine and ormetoprim
residues in Gilthead seabream (Papapanagiotou et al., 2002). The realistic
concentrations used in the present work were sufficient to maintain relatively high
SDZ levels, while previous studies showed a much faster depletion of SDZ in edible
tissues of Gilthead seabream (below limit of quantification after 1 (Papapanagiotou
et al., 2002) and 4 days (Rigos et al., 2013) following administration). Trimethoprim is
frequently used together with SDZ as potentiated sulfonamides, acting in synergy
and blocking two sequential steps in the synthesis of bacterial folic acid (Romero et
al., 2012). For this reason, studies on the depletion of trimethoprim per se in fish
tissues are scarce, but resistance to this antibiotic is present in wastewaters and
sewages sludge all over the world (Kimmerer, 2009). Also, TRI concentrations are
usually measured in association with other sulfonamides, lacking specific
information on the retention of this antibiotic in edible fish tissues.

Results obtained with trimethoprim and oxytetracycline might indicate that
concentrations measured in muscle samples at the 1°* day depended on the initial
dosage administered (therapeutic concentrations led to ~40 % higher percentage of
retention at day 0, while no differences were found in FLU and OXO treatments for
example). Studies addressing only one concentration in Gilthead seabream (Malvisi
et al.,, 1996; Rigos et al., 2003b; Rigos et al., 2011; Tyrpenou et al., 2003) are not

sufficient for comparison, since our study suggests that higher dosages can lead to
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higher percentages of antibiotic retained in edible tissues and should therefore
increase the withdrawal times for these antibiotics. A recent review made by Rigos
and Smith (2013) stated that such dose dependency, although easily found in
crustaceans, is not well established for fish, taking into account existing studies.
However, pharmacokinetic parameters can vary according to dose regimen, with
multi or single oral dosage presenting different parameters, and even among
seabream species differences can be registered (Rigos et al., 2003b; Rigos et al.,
2004; Rigos and Smith, 2013). Further studies on the depletion of antibiotics in fish
muscle tissues should be addressed using different dosages in order to establish the
existence of such correlation.

Sparus aurata plays a major role in the economics of Mediterranean countries
such as Portugal, Spain and Greece, and information on the carcass retention of
antibiotics is imperative. Furthermore, it has been demonstrated that antibiotics
presence in edible tissues can change if we consider different fish species, sizes,
temperatures, freshwater or seawater and experimental protocols such as
administration routes and dosage regimen (e.g. Hansen and Horsberg, 2000; Ishida,
1992; Rigos and Smith, 2013; Rigos et al., 2002; Rigos et al., 2003b; Rigos et al., 2004;
Rigos et al., 2011; Rigos et al., 2013; Samuelsen, 2006), being of vital importance to
address the parameters for such high-value species, and following the administration
method most common in aquaculture. In a similar work, Romero Gonzalez and co-
authors (2010) addressed the depletion of antibiotics in Gilthead seabream. Overall,
our results are in accordance with previous studies, but concentrations of OTC and
OXO were detected in muscle tissues for longer periods. Also, the study of different
concentrations used is of vital importance in order to understand alterations of the
pharmacokinetic parameters.

Legislation is not always available some countries, and withdrawal times for
different antibiotics are scarce. Potentiated sulfonamides are part of the approved
aquaculture drugs with respective withdrawal times, where Romet-30®, a
combination of sulfadimethoxine/ormetoprim is labeled with an withdrawal time of
42 days for salmonids and 3 days for catfish. Despite giving shorter withdrawal times
for catfish due to skin removal, these periods are not sufficient for residues

degradation. According to our results, sulfadiazine when used for therapeutic
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treatment is still present in edible tissues in concentrations higher then the MRL
established by the Commission Regulation (EU) No 37/2010.

Oxytetracycline, as one of the most used antibiotics worldwide for
aquaculture, has some indications from the US Food and Drug Administration
Agency, stating that “Withdrawal times vary with indication as follows: for marking
skeletal tissue in Pacific salmon, 7 days; for disease control in salmonids, 21 days;
catfish, 21 days; lobster, 30 days” — information on Terramycin ® 200 for Fish.
Although without information for basses, our results suggest that even following the
withdrawal times prescribed, oxytetracycline residues will be present up to fish sale
or consumption. Moreover, the Pacific salmon indication of withdrawal time is 7
days, which according to the present results show levels of OTC above the maximum
residue limit allowed by legislation.

Oxytetracycline concentrations in feed were the lowest of the prophylactic
dosages and second lowest of the therapeutic dosages. Nevertheless, concentrations
detected in muscle samples were above the MRL up to 7 days after the end of the
feeding period, with a clearance value of 0.0008 and 0.0015 pg+h mL™" for
prophylactic and therapeutic dosages, respectively. Even when concentrations in
muscle samples are below the MRLs established, drug residues can still be detected

through longer periods of time.

Conclusion

The present study provides updated and reliable data on the retention of
antibiotics, with conditions similar to aquaculture practices, since most studies
addressing oral administration use forced feeding, which can reduce oral
bioavailability and loss of appetite, as well as stress in animals. The relatively low
concentrations used in the medicated feed were chosen according to the real
dosages used in medicated pellets. With the exception of FLU, concentrations were
detected and measured in edible tissues for longer periods than previously reported
in other studies. MRLs are established to prevent consumer intake to exceed the
toxicological values of chemicals used in feed and food products, but the presence of
residues in foodstuff can generate problems of allergy and resistance in humans.

Accordingly, withdrawal times are set so that residues are not present above the
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MRLs when products are sold or consumed. In areas such as the Mediterranean,
where fish consumption is a major source of animal protein, caution should be taken
in order to minimize exposure to antibiotics. Understanding the pharmacokinetics of
each individual species with the most used feeding method in aquaculture is vital to

understand exposure pathways to these contaminants.
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Chapter lll

Tissue depletion of five antibiotic residues in farmed European seabass

(Dicentrarchus labrax)

Abstract

Concerns about antibiotic use led to stricter legislations and overall better
practices in aquaculture production. However, depletion time periods in tissues vary
greatly with different antibiotics, fish species or experimental setup. In the present
work, five drugs (sulfadiazine (SDZ), trimethoprim (TRI), flumequine (FLU), oxolinic
acid (OX0) and oxytetracycline (OTC)) were incorporated into medicated feed, and
their retention in European seabass muscle tissues assessed. Juveniles were placed
in 300 L tanks at 18° C and were manually fed with medicated feeds for a 7 day
period (two concentrations per antibiotic, ranging from 6 to 220 mg kg™, which were
based on previous studies on the occurrence of these antibiotics). Residues were
analyzed through a multi-class quantification method (UHPLC-MS/MS). Data on
residues concentration through time followed a one-compartment model, with TRI
concentrations above the established Maximum Residue Level (MRL) throughout the
experiment. Similarly, OTC concentrations at the highest dose were also above 100
ug kg™t up to 14 days after the medication period. Results obtained for TRI might
indicate the presence of a dose dependency for this antibiotic. FLU concentrations in
muscle samples were the lowest through time (Cga,7 0f 279.70 and 386.63 ug kg™, for
prophylactic and therapeutic treatments, respectively). Half-life values of 14.37,
10.87, 5.36, 7.20 and 27.22 hours (prophylactic treatment), and 20.95, 8.41, 5.61,
11.22 and 17.99 hours (therapeutic treatment), were determined for SDZ, TRI, FLU,
OXO and OTC, respectively.

Withdrawal times of 0, 2 and 5 days were determined for FLU, OXO and SDZ,
but sampling times for OTC and TRI should be longer, since antibiotic concentrations
were above the MRL 14 days after the end of the feeding period with medicated
feed. Therefore, special attention should be given since they are the most used
antibiotics in aquaculture and European seabass plays a major part in human
nutrition in the Mediterranean region.

Key words: Seabass; Medicated feed; Withdrawal times; Retention; Residues.
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Tissue depletion of five antibiotic residues in farmed European seabass (Dicentrarchus labrax)

Introduction

Aquaculture provides 20% of animal protein to almost 3 billion people,
according to FAQ’s latest report on The State of World Fisheries and Aquaculture
(FAO, 2014). Traditional aquacultures that were characterized by low stock densities
and small farm sizes are no longer viable and intensive aquaculture systems have
experienced unprecedented growth (Sapkota et al., 2008). The last 2 editions of The
EU Fish Market place seabass as the main commercial marine fish species of 2013
and 2014, with the unit price reaching a 10-year peak of 100 million euros (EUMOFA,
2015; 2016). Together with Gilthead seabream, farmed seabass is one of the most
consumed species in the Member States surrounding the Mediterranean (EUMOFA,
2016). It is one of the major species in terms of economic value for the
Mediterranean region, where fish consumption per capita in 2030 is expected to be
roughly the double of the EU-15 average (Failler, 2007).

With traditional aquacultures being replaced by more intensive systems, a
higher number of fish is growing together in more confined spaces. This increases
the risk of problems with animal welfare and can lead to stock losses, since disease
outbreaks and infections become common (Rigos et al., 2010; Romero et al., 2012).
The intensification of farming methods turned the use of chemicals such as
pesticides, disinfectants, antifungals and other pharmaceuticals, like antibiotics,
regular in these industries (Cabello, 2006; Romero et al., 2012; Sapkota et al., 2008),
ultimately ending up as pollutants following several paths (Veach & Bernot, 2011).
These contaminants can ultimately bioaccumulate in fish, following two routes of
uptake: from water via gills and skin, or via the ingestion of medicated feed.
Following uptake, xenobiotics are firstly distributed to high perfusion tissues, and
then to the low perfusion tissues like muscle and skin (Streit, 1998). In aquacultures,
antibiotics are often administered orally via medicated feeds, since it is the most
cost effective method to treat a large number of fish (Rodgers & Furones, 2009).
Drugs can be either incorporated into feed pellets through a premixture, or coated
on the outer layer of the pellets (Samuelsen, 2006; Sapkota et al., 2008; Sekkin &
Kum, 2011). One problem associated with in-feed administration of antibiotics is
that fish have to be actually feeding in order for it to be effective, especially if we

consider that ill fish have a tendency to stop eating (Daniel, 2009).
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For decades, concern about antibiotic use in aquaculture was practically
inexistent, lacking legislation and guidelines on their use. Nowadays, stricter
legislation on food safety is turning aquaculture into a safer production method.
Following Regulation (EC) No 470/2009 on the procedures for the establishment of
residue limits in foodstuffs, the Commission Regulation (EC) No 37/2010 was
adopted, and Maximum Residue Limits were set for pharmacologically active
substances in foodstuffs of animal origin (EC Regulation 37/2010). More recently,
Commission Regulation (EU) 2017/880 was created, mediating the extrapolation of
MRLs from one or more species to other species where MRLs are not set (EC
Regulation 2017/880). Also, when no suitable products are available for treatment of
fish diseases, other products approved for use in food producing species can be
prescribed, following the cascade system (Cascade, 2013). In these cases, the
standard withdrawal period set in the EU for fish has been set at 500 degree-days.
Antibiotic use is dependent on veterinary prescription in most countries, so one
could assume that their use in aquaculture is decreasing. However, while global
tendency is to stop the administration of these compounds for prophylaxis, the vast
majority of global aquaculture production takes place in countries with few or no
effective regulations (Defoirdt et al., 2011). Nonetheless, antibiotics are still
commonly used as prophylactic treatment (Cabello et al., 2013; Mesalhy et al., 2014;
Rico et al., 2012).

According to the European Regulation, there are currently 28
pharmacologically active substances with a therapeutic classification of anti-
infectious agents that can be used for finfish production (EC Regulation 37/2010).
There is, however, incomplete information regarding antibiotic use in aquaculture,
since national regulatory agencies fail to collect this information (Cabello et al.,
2013). Some authors contemplate only 7 antibiotics as approved for aquaculture use
in Europe (BIO Intelligence Service, 2013; Rodgers & Furones, 2009). Considered by
many the most administered antibiotic in aquaculture (e.g. Alday-Sanz et al., 2012;
Reda et al., 2013; Rigos & Smith, 2013), OTC is widely used due to its broad spectrum
activity, being effective against diseases caused not only by Gram-positive and Gram-
negative bacteria (Xuan et al., 2010) but also by some anaerobic organisms (Burridge

et al., 2010; Serrano, 2005). According to a review made by Sapkota and colleagues

53



Tissue depletion of five antibiotic residues in farmed European seabass (Dicentrarchus labrax)

(2008), OTC is used in 92% of the top 15 aquaculture producing countries, with OXO
coming second together with chloramphenicol (which is now banned due to its
potential risks (Wongtavatchai et al., 2004). In 2015, OTC was still addressed as the
top antibiotic when it comes to the treatment of fish diseases (Done and Halden,
2015). Oxolinic acid and FLU are used to treat fish mainly against infections from
Piscirickettsia salmonis, Aeromonas salmonicida and Vibrio bacteria (Burridge et al.,
2010). These quinolones present good assimilation when administered via
medicated feed (Samuelsen, 2006; Samuelsen & Bergh, 2004) and are still used in
Europe even though they are prohibited in the United States, Scotland and Canada.
Sulfonamides in combination, or potentiated sulfonamides, are also vastly used in
aquaculture (for example Tribissen®, which is composed by 80% SDZ and 20% TRI)
due to their low cost and wide range against both Gram-positive and Gram-negative
bacteria (Sapkota et al., 2008; Suzuki & Hoa, 2012). As set in the Commission
Regulation (EU) No 37/2010 on pharmacologically active substances and their
classification regarding maximum residue limits in foodstuffs of animal origin, MRLs
for OTC, SDZ, TRI, OXO and FLU are 100, 100, 50, 100 and 600 ug kg™ respectively (EC
Regulation 37/2010).

Despite the data available for antibiotic use, caution should be taken since
this data can be biased towards countries where legislations are strong and tracking
information is good (Sapkota et al., 2008). On the other hand, antibiotic presence in
edible tissues is strongly dependent on administration routes and dosage regimen,
not to mention different fish species and sizes, water temperatures and salinity
(Hansen & Horsberg, 2000; Ishida, 1992; Rigos & Smith, 2013; Rigos et al., 2002a,
2002c, 2004b, 2013; Samuelsen, 2006). Within this view, the present work aims to
increase information on the carcass retention of European seabass (Dicentrarchus
labrax), in response to feeds supplemented with oxytetracycline, sulfadiazine,
trimethoprim, oxolinic acid, and flumequine, under accurate conditions used in
aquacultures. Also, knowledge about dosage dependence will be obtained by using

both prophylactic and therapeutic concentrations.
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Materials and methods
Materials and reagents used

The reagents used in the tissue extraction method of antibiotics were all of
analytical grade (HPLC grade for solvents used in the mobile phases). Acetonitrile,
methanol and formic acid were purchased from Merck (Darmstadt, Germany), and
ethylenediamine tetra acetic acid (EDTA) from Sigma-Aldrich (Madrid, Spain). As
internal standards, demethyltetracycline was used for OTC, sulfameter for SDZ and
for TRI, and lomefloxacin for FLU and for OXO. All standards and internal standards
used in the formulation of the feeds were purchased from Sigma-Aldrich (Madrid,

Spain).

Medicated feeds

Medicated feeds were developed from an initial control diet (CTRL; table 1),
similar to a commercial feed, formulated according to the nutritional requirements
of juvenile seabass. Main ingredients were ground (<250 pm), mixed in a horizontal
helix ribbon mixer (Mano, 100 L capacity, CPM, San Francisco, USA) and dry pelleted
using a laboratory pellet press (CPM, C-300, San Francisco, USA) with a 3.2 mm die.
Feeds were stored at 5 °C until posterior utilization. Samples of each feed were
taken for proximate composition. Feeds were analyzed in duplicates as described by
AOAC (2016), for crude lipid content by petroleum ether extraction (Soxtherm
Multistat/SX PC, Gerhardt, Koenigswinter, Germany; 40-60 °C), crude protein (N x
6.25, Leco Nitrogen analyser, Model FP-528, Leco Corporation, St. Joseph, USA) and
gross energy in an adiabatic bomb calorimeter (Werke C2000, IKA, Staufen,
Germany).

Based on this control formulation, eight medicated feeds were created, by
adding antibiotics, as premixes in the form of powders, during the manufacturing
process. Feeds were formulated to be isonitrogenous (50.5+0.7% crude protein),
isolipidic (15.9+0.4% crude fat) and isoenergetic (22.7+0.1 MJ kg™ DM gross energy).
These feeds vary from each other both in concentration and type of antibiotic
incorporated into each, corresponding to an hypothetical prophylactic (P) and

therapeutic (T) dosages. Medicated feeds were formulated based on the most used
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antibiotics in aquaculture, with dosages set based on previous studies on such

pharmaceuticals in the Mediterranean region aquacultures.

Table lll.1 — Diet composition

Ingredients (%) CTRL diet
Fishmeal Diamante LT* 35.0
Soy protein concentrate (Soycomil) 13.0
Wheat gluten? 6.0
Corn gluten? 10.0
Soybean meal 48* 7.5
Rapeseed meal 5.0
Wheat meal 5.9
Pea starch 4.0
Fish oil® 12.0
Vit & Min Premix PV01° 1.0
Binder’ 0.3
Antioxidant powder (Paramega) 0.2
Sodium propionate 0.1

1- Peruvian fishmeal LT: 71% crude protein (CP), 11% crude fat (CF), EXALMAR, Peru.

2 -VITEN: 85.7% CP, 1.3% CF, ROQUETTE, France.

3 - Corn gluten feed: 61% CP, 6% CF, COPAM, Portugal.

4- Solvent extracted dehulled soybean meal: 47% CP, 2.6% CF, SORGAL SA, Portugal.

5- COPPENS International, The Netherlands.

6-Mineral and vitamins premix. Covered nutritional requirements of seabass (Supplied by SPAROS Lda. Olhdo, Portugal).
7- Guar gum; Sorgal, Portugal.

Trial conditions

Trained scientists performed all experimental trials following category C
recommendations from FELASA (Federation of European Laboratory Animal Science
Associations; (Guillen, 2012), as well as the European Directive 2010/63/EU on the
protection of animals used for scientific purposes.

The study was conducted at the Experimental Research Station (Vila Real,
Portugal) of the University of Tras-os-Montes e Alto Douro (UTAD) facilities.
Juveniles of D. labrax with an initial average body weight of 50.1+0.9 g were
randomly distributed into 9 fiberglass tanks of 300 L water capacity each (30 fish per

tank) that were part of a circulating saltwater system unit with partial renewal of

water. Mean water temperature was 17.9+0.5 °C and oxygen saturation was over
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90% throughout the experimental feeding period. Ammonia, pH, nitrites and nitrates
were maintained within the recommended limits for this species. Fish were
acclimated to experimental conditions for 15 days with a 12:12 h light:dark cycle and
during this time all fish received CTRL feed to apparent visual satiety. After this
period, fish were fed manually with the medicated feeds twice a day (9:00 and
17:00) for 7 days, receiving a similar daily ration that varied from 1.3 to 1.5% body
weight per day. Three fish from each tank were sacrificed with a sharp blow to the
head and muscle samples from the dorsal area collected at days 0, 1, 7, 8, 9, 10, 12
and 21. Sampling at day 7 was done 12 h after the last feeding with medicated feed.
Sampling times 8a and 8b corresponds to 24 and 36 h after medication period,
respectively. Samples were frozen in liquid nitrogen and stored at -80 °C until

analysis.

Antibiotic residues analyses

The extraction and analyses of antibiotics in muscle samples were performed
after an extension of the previous method validated for Sparus aurata muscle tissue
by our group (Freitas et al., 2014). Validation parameters for D. labrax can be found
in table 2, with values in accordance with the limits defined by European
Commission Decision n? 657/2002 (EC, 2002). Briefly, D. labrax muscle samples were
taken from the dorsal area of the fish (2.0 + 0.14 g) and homogenized in 15 mL
Falcon tubes. Internal standards were added (20 pL from a 10 pg mL™ solution) and
allowed to stand in the dark for at least 15 min. A simple solvent extraction was
performed by vortex mixing and shaking the sample with 5 mL of acetonitrile and 1
mL of 0.1 M EDTA using a Reax shaker for 20 min, followed by a centrifugation at
3100 g for 15 min. The supernatant was transferred to a new tube and evaporated
to dryness under a gentle stream of nitrogen at 40 °C. The residue was redissolved
with 400 pL of 0.1% formic acid, filtered through a PVDF mini-uniprep™ and injected
into the UHPLC-MS/MS under Multiple Reaction Monitoring optimized conditions for
each of the analyzed compound. Chromatographic separation and MS detection for
guantification in fish muscle samples was achieved with an UHPLC system coupled to
a Xevo TQ MS — Acquity UPLC system (Waters, Milford, MA, USA) triple quadrupole

tandem mass spectrometer. This system is constituted by a vacuum degasser, an
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autosampler and a binary pump equipped with an analytical reverse-phase column
Acquity HSS T3 2.1 x 100 mm, 1.8 um particle size. Mobile phase consisted in
ultrapure water acidified with 0.1% formic acid (solvent A) and acetonitrile (solvent
B), at a flow rate of 0.45 mL min™ and the gradient program was as follows: from
97% to 40% (A) in the first 5 min, and then down to 0% in the next 4 min. Proportion
was changed to the initial one in 1 min and maintained for 2 more minutes. Total run

time was 12 min. Data were analyzed using Masslynx 4.1 software by Waters.

Table 111.2 — Extension of the method validation

Compound MRL CCa ccp Repeatability Reproducibility Recovery LOD LOQ
ugkg™ pgkg?  pgkg™ %RSD %RSD % ugkg” ugkg™

Sulfadiazine 100 115.42 130.83 5.46 8.18 109.14 5.46 8.18

Trimethoprim 50 115.14 130.28 12.50 18.75 102.49 2.90 9.60
Oxytetracycline 100 117.18 134.36 5.78 8.67 96.57 3.21 10.70

Flumequine 600 628.86 657.72 14.35 21.52 82.35 0.18 0.59

Oxolinic acid 100 111.57 123.14 11.84 17.75 102.79 0.32 1.08

Data treatment

Antibiotic concentrations in European seabass muscle tissues were reported
as mean * SE, and the elimination rates were analyzed for best fit to a one or two-
compartment pharmacokinetic model by a non-linear regression analyses and least
square fitting (Ritschel, 1976); Graphpad Prism® 6 Software). A first-order

elimination kinetics was assumed, and the exponential equation C(t)=Coe'[3t

used,
where B is the elimination rate constant. Elimination half-life (t1/2) of antibiotics for
muscle was calculated by t;/,=In2/B (Baggot, 1977). Area under the curve (AUC) was
determined following the trapezoidal rule directly on the measured concentrations
(Ritschel, 1976); Graphpad Prism® 6 Software). Elimination characteristics of

antibiotics were calculated by using values from day 7 onwards since it was the last

day of medication.
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Results

Antibiotic analyses were performed after the trial was over. Data on the
residues through time could be satisfactorily fit to a one-compartment model (R? >
0.85), showing similar patterns of presence and degradation in muscle samples
through time. The calculated pharmacokinetic parameters for all antibiotics in
European seabass muscle samples are present in Table 3. As expected, SDZ
presented the highest AUC values (64828 and 106591 pg+d mL™* for P and T,
respectively) since medicated pellets presented the highest dosage among all
antibiotics. Contrarily, FLU presented the lowest AUC values (1505 and 1960 pg-d
mL™), followed by OXO (with 5513 and 6955 pg+d mL™?), being the ones with lowest
dosages in medicated feed. AUC values in TRl and OTC treatments increased from
10999 to 68732 pg+d mL™ and from 4868 to 32448 ug-d mL™, respectively, when
we doubled the initial concentration in medicated feed. Flumequine treatments
presented the highest elimination rates (3.1020 and 2.9630 for P and T,
respectively), leading to a fast decrease of concentrations through time. Half-life

values varied from 5.36 h in FLU to 27.22 h in OTC treatments.

Table lIl.3 — pharmacokinetic parameters

sDZ TRI FLU 0X0
P T P T P T P T P
Dosage 110 220 22 44 6 12 6 12 37.5
(mgkg)
C day7
(g ko) 10375.91 15351.65 1864.43 11458.70 279.70 386.63 1449.67 1680.40 616.95
a"t'b'z;:)c day7 9.43 6.98 8.47 26.04 4.66 3.22 2416 1400  1.65
AUC,...
. 64828 106591 10999 68732 1505 1960 5513 6955 4868
(ng.dmL")
((::f :fg.cf; 00017 00021 0.0020 00006 0.0040 00061 0.0011 0.0017 0.0077
Eliminationrate | .oh (7947 15310 19790 31020 29630 23090 14830 0.6111
constant (d)
t1s (h) 14.37 2095  10.87 8.41 5.36 5.61 720 1122 27.22

oTC

T

75

5683.17

7.58

32448

0.0023

0.9249

17.99
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Degradation pattern of SDZ, TRI, FLU, OXO and OTC in muscle samples can be
found in Figure 1, for both concentrations tested, at each sampling day (mean + SE).
Both TRI (P and T dosage) and OTC (T dosage) presented values higher than the MRL
established (50 and 100 pg kg™, respectively) until the end of the experimental trial
(105.50 and 156.30 pg kg™ for TRI and 232.35 ug kg™ for OTC at day 21). Samples
taken immediately after the medication period was over presented 8.47 and 26.04%
of TRI initial pellet concentration, and 1.65 and 7.58% of OTC initial pellet
concentration (P and T dosages, respectively). Flumequine presented the lowest
values in muscle samples through time, with concentrations below the MRL
established (600 pg kg*) immediately after the end of the medication period (Cgay7 Of
279.70 and 386.63 ug kg, for P and T, respectively), which corresponded to 4.66
and 3.22% of the initial feed concentration. Sulfadiazine presented high percentages
in muscle samples during the medication period, only decreasing to values below the
MRL (100 pg kg™) 5 days after the end of medication period (30.72 and 5.70 pg kg™
for P and T, respectively). Oxolinic acid concentrations in muscle samples were
below the MRL (100 pg kg™) 36 h after the end of medication period. All antibiotics
tested were present in seabass muscle samples up to 14 days after the end of
medicated feeding period: FLU concentrations were 2.15 and 2.75 pg kg™, OXO
concentrations were 4.45 and 5.00 pg kg”, SDZ concentrations were 30.72 and 8.33

ug kg™, for P and T dosages, respectively. OTC concentration for P dosage was 76.00

ug kg™
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Figure Ill.1 — Antibiotic concentrations in European seabass muscle samples through time.
Concentrations obtained following oral administration for Prophylactic and Therapeutic treatments

3). The MRLs established by the Commission Regulation (EU) No 37/2010 are

(mean values * SE, n

plotted as dashed lines.
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Discussion

Dosages used were selected based on several works in order for them to be
realistic. Concentrations of FLU and OTC were selected based on a study on
antibiotics used in aquaculture in Italy (Lalumera et al., 2004). By direct comparison
with sulphamerazine, also addressed in that study, we established the therapeutic
dosage for SDZ at 220 mg kg™ . Since the usual proportion of TRI usage on
potentiated sulfonamides is 1/5 in relation to sulfonamides, a dosage of 44 mg kg™
was selected for TRI. Oxolinic acid dosage was set based on a document by the
European Medicines Agency (2005) for food producing species, which recommended
12 mg kg as the dosage for finfish. Antibiotic use as prophylactic treatment is
becoming more and more outdated, although some of them are still used in this
context (Cabello et al., 2013; Mesalhy et al., 2014; Rico et al., 2012), and therefore
we decided to assess the retention of half the dosages recommended for each
antibiotic addressed in the present study.

In general, antibiotic concentrations found in muscle samples were higher
than previously reported (Table 4). In a similar work with Gilthead seabream,
concentrations of the same antibiotics 14 days after the medication period was over
were much lower than reported in the present study (Rosa et al.,, 2018).
Concentrations of FLU were the lowest detected through time, with concentrations
below the MRL (600 pg kg™) during all the experiment. This was expected since the
dosage established for FLU was the lowest (6 and 12 mg kg). However, following
the same dosage, OXO concentrations in muscle were above the MRL established
(100 pg kg™) 24 h after the end of medication period. Despite being less noticeable
in muscle tissues than in liver for example, concentrations of FLU were higher than
OXO in a study with Atlantic salmon (Rogstad et al., 1993). Such differences between
tissues were also observed by Plakas and colleagues (2000), where concentrations
=4x higher were detected in liver, in channel catfish samples. Similarly, a previous
work made by our group for Gilthead seabream also detected higher concentrations
of OXO than FLU through time (Rosa et al., 2018), but in general concentrations were
lower than in the present work, rapidly decreasing below detection levels (3 days for
FLU and 7 and 14 for OXO, P and T treatments, respectively). Despite the low

concentrations of FLU through time, concentrations of 2.15 and 2.75 ug kg™ (for P
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and T, respectively) were still detected 14 days after the medication was over, unlike
works for similar species such as Gilthead seabream (Malvisi et al., 1997; Rosa et al.,
2018; Tyrpenou et al.,, 2003). Considering the dosage used for FLU and the
elimination half-lives determined we could assume that if the dosages were higher
we would have found higher concentrations in muscle samples through time. In a
study following FLU intravascular injection, t;;; values tend to be higher (10.71 h
versus 5.36 and 5.61 h obtained in the present work, even with similar dosages
(Rigos et al., 2002d)). Nonetheless, comparable half-life values were determined in
European seabass for other quinolones such as danofloxacin (Vardali et al., 2017) or
enrofloxacin (Intorre et al., 2000). Considerable differences were found previously
between pharmacokinetic parameters for FLU and OXO, following intravascular
administration (Samuelsen, 2006), with elimination half-life varying from 10.71 h for
FLU (Rigos et al., 2002d) to 55 or 315 h for OXO, depending on the temperature
(Rigos et al., 2002b). For Atlantic salmon, t;/; values of OXO were lower than the
ones determined for FLU (Rogstad et al., 1993). Such differences were not detected
in the present study, but t;/; values for FLU did not change between dosages (5.36
and 5.61 h for P and T, respectively), while in OXO, t;, values increased slightly from
7.20 to 11.22 h with the increase in dosage. Half-life values of 86.64 h (Poher et al.,
1997) and 315 (13 °C) or 55 h (22 °C) (Rigo et al. , 2002b) for OXO in European
seabass were previously reported, but with medication through intravascular
injection. Works addressing the same compounds but in other species like Atlantic
salmon (e.g. Martinsen & Horsberg, 1995) or Gilthead seabream (e.g. Romero
Gonzdlez et al.,, 2010; Rosa et al., 2018), tend to present different half-life values
from the ones reported in the present study, which can be attributed to the specific

physiologies of each species (Streit, 1998; Rigos and Smith, 2013).
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Table 111.4 — Different studies on pharmacokinetic parameters of the studied antibiotics.
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Sulfadiazine concentrations in muscle samples were above the MRL
established (100 pg kg™) 3 days after the medication period was over. Withdrawal
times should be longer than 3 days for this species and this compound. To the
authors’ knowledge, information on SDZ retention in seabass is scarce, lacking
information on withdrawal times already set for this particular species. Several
works already studied SDZ retention in other species such as Gilthead seabream with
even slower degradation rates (calculated withdrawal times of 108 and 113 h (Rigos
et al.,, 2013b) or 5 and 6 days (Zonaras et al., 2016). In these studies, however,
dosages used were much lower than the ones used in the present study (25 mg kg™).
Furthermore, an accumulative drug profile can be identified in the present work,
with concentrations highly increasing during medication period, contrarily to what
was described by both Rigos and colleagues (2003) or Zonaras and co-authors
(2016). A previous work by our group determined similar half-life times for SDZ in
Gilthead seabream (Rosa et al., 2018). Contrarily, other works calculated longer half-
life times for the same species (1.67 and 1.26 days, for trials at 14 and 19.5°C
(Romero Gonzélez et al., 2010).

Potentiated sulfonamides are widely used in aquaculture, being the
combination of SDZ and TRI the most commonly used in veterinary medicine (Rigos
& Troisi, 2005), and TRI was the only antibiotic addressed in the present study with
concentrations higher than the MRL established (50 pg kg?), for both
concentrations, up to at least 14 days after the medication period was over
(concentrations of 105.40 and 156.30 pg kg’ at the end of trial, for P and T,
respectively). Longer sampling periods should be made in order to assess when
concentrations would be below the MRL and thus in accordance with legislation.
However, withdrawal times must not be shorter than 14 days, which might not be
the case for Romet® (sulfadimethoxine + ormetoprim 5:1) for example, with
withdrawal times varying from 5 to 40 days, depending on the country of
registration. Other works addressing TRI retention in Gilthead seabream reported
different results, depending on the type of medicated feed (plant based or fish
based; concentrations of TRI below the MRL 4 days after last dose (Zonaras et al.,
2016), or the temperature of the trials (14.0 and 19.5 °C; concentrations below MRL

1 day after last dose (Romero Gonzalez et al., 2010)). In a similar experimental setup
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in seabream, concentrations of TRl were below the MRL 2 and 3 days after last
feeding period, for both dosages (Papapanagiotou et al., 2002; Rosa et al., 2018).

Based on the difference between AUC values and percentages of retention in
the first day from P to T treatment, TRl and OTC retention might follow a dose
dependency pattern. More concentrations should be addressed in order to assess
this possibility, since this dose dependency can be easily found in crustaceans, but
it’s not well established in fish (Rigos & Smith, 2013). Studies addressing only one
concentration of each antibiotic are not sufficient for this type of comparison, but
our study suggest that this dependency can occur in TRl and OTC.

Oxytetracycline is one of the most studied antibiotic since it is the most used
in top producing countries (Rigos & Smith, 2013; Sapkota et al., 2008), with several
studies addressing pharmacokinetic parameters for other species (e.g. (Jacobsen,
1989; Rigos et al., 2003, 2004a, 2006, 2011; Wang et al., 2004). Studies on the OTC
retention in European seabass showed similar results to the ones present in this
work, with determined half-times of 69 and 9.65 h at 13.5 and 22 °C (Rigos et al.,
2002a). Nevertheless, concentrations found in the present study were much lower
than the ones reported in one study by Rigos and colleagues (2002a), where OTC
was administered via intravascular injection. On a study for this species following the
same administration method and same dosage used, a similar pattern was observed
in muscle samples, with high concentrations during medication period, slightly
decreasing through time (Malvisi et al., 1996). Contrarily to the present work
however, this study presented muscle concentrations below the MRL established
(100 pg kg*) 10 days after the end of the medication period.

No withdrawal times specific for basses could be found for any of the
antibiotics addressed in this experiment, and it has already been demonstrated that
different species will have different retention times and pharmacokinetic
parameters. Presence in edible tissues will also vary significantly if we consider
different temperatures, routes of administration or dosage regimen (Hansen &
Horsberg, 2000; Ishida, 1992; Rigos & Smith, 2013; Rigos et al., 2013; Samuelsen,
2006). However, based on the withdrawal times set for Terramycin®200 (OTC) for
fish, for instance, the withdrawal time for Pacific Salmon is 7 days, and

concentrations would still be above the MRL established in the legislation.
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Considering that OTC presented the lowest elimination rate constants, even the 21
days of withdrawal time set for salmonids or catfish could be insufficient, even after
extrapolation to other species, as stated in the Commission Regulation (EU)
2017/880. Following the simpler (non-parametric) approach to estimate the
withdrawal times (Concordet and Toutain, 1997), SDZ and OXO withdrawal times
should be set at 5 and 2 days, respectively. Since FLU concentrations were below the
MRL established on the first sampling point, a withdrawal period of 0 days could be
sufficient for this antibiotic. Both TRI and OTC concentrations were above the MRL
until the end of the experiment, which was 14 days after medication period, and for
this reason, no withdrawal times can be set. However, if half of the OTC dosage is
used, a withdrawal time of 5 days could be set for OTC.

Portugal is the largest consumer of fish products in European Union, and only
after Iceland and Japan globally, with a consumption of 55.6 Kg per capita per year
(Monteiro, 2012), and according to FEAP latest record, seabasses are the most
produced species of the Marine Mediterranean region, accounting for 49% of the
whole production (Federation of European Agquaculture Producers, 2016). The
results obtained need to be considered for the establishment of withdrawal times
for this particular species due to its importance in regions such as the
Mediterranean.

Information on the retention of antibiotics in edible tissues of this species is
of vital importance, since concentrations potentially harmful for human ingestion
were found in the present study. By using conditions similar to the ones used in
aquacultures, we were able to get reliable and updated data on the pharmacokinetic
parameters of the antibiotics chosen. Oral feeding, contrarily to parenteral
administration or forced feeding, might lead to lower ingestion of medicated feed.
This is however, the most realistic scenario when trying to assess the retention of
antibiotics in muscle samples. Based on the results obtained, withdrawal times
should be updated and set when they are not available. Even following the cascade
system for off-label use, where a 500 degree-days withdrawal period should be set
for fish, we observed that OTC concentrations in muscle samples would be above
MRL established even after 28 days if the correct dosage is given to fish.

Furthermore, all antibiotics were detected until the last sampling point and in
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concentrations much higher than previously reported, which could ultimately lead to

allergy or resistance problems, even though these values are below the MRL.

Conclusion

Several works confirm that pharmacokinetics and depletion times vary
greatly if we consider different drugs (due to different lipophilicity, hydrophilicity
and molecular size for example) and different fish species (differences in digestion
and absorption rates). Therefore, this study provides updated and more complete
information on the retention of vastly used antibiotics in aquaculture. By using
representative conditions, the authors were able to estimate the retention times of
OTC, FLU, OXO, SDZ and TRI in European seabass edible tissues, one of the most
important species produced in the Mediterranean region aquacultures. The
maximum tolerated levels of pharmacologically active substances are set so the
consumer is safe upon food consumption. However, even when values are below the
MRL established, problems of allergy and resistance to antibiotics may arise in areas
such as the Mediterranean and others where fish is a major source of animal
protein. We observed that concentrations were retained in muscle samples of D.
labrax longer than previously reported. Special attention should be given to OTC and
TRI and the withdrawal times for species with such economical importance as
seabasses must be present in the legislation. Based on the present study, withdrawal
times of 0, 2 and 5 days should be set for FLU, OXO and SDZ. The study of several
antibiotics for each fish species is vital to determine the retention and elimination

times.
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Chapter IV

Oxytetracycline accumulation in the macroalgae Ulva: potential risks for IMTA

systems

Abstract

Oxytetracycline (OTC) is one of the most used antibiotics in aquaculture. With
the development of Integrated Multitrophic Aquaculture (IMTA) systems in order to
mitigate some aquacultures’ adverse effects, attention needs to be shifted to other
co-cultured species that can also accumulate such pharmaceuticals and pose a risk to
human consumption. Therefore, the present work evaluated the exposure of the
seaweed Ulva to OTC at two realistic concentrations (0.040 and 0.120 mg L™).
Oxytetracycline degradation rates in seawater were dependent on the initial
concentration but were not influenced by the presence of Ulva. The macroalgae
presented good assimilation rates of OTC, with internal concentrations reaching
40.9934 ng gt WW for the lowest concentration tested and 108.6787 ng g~ WW for
the highest, with a steep decrease after 48 and 24h, respectively. Nonetheless,
concentrations were still half of the Maximum Residue Limit set for fish (100 ug kg™)
48h after C2 treatment. The highest dosage tested stimulated growth 96 h after the
beginning of the trial, although some signs of decay could also be found in Ulva’s

fronds.

Key words: Oxytetracycline; Aquaculture; IMTA; Macroalgae; Accumulation;

Legislation.

Introduction

Several reasons have powered the increase in aquaculture production in the
last decades. Fish and seafood in general are known to hold high benefits for human
health, due to the significant levels of vital components such as vitamin D and B12,
selenium, iodine and essential amino acids, but also to the presence of omega-3
fatty acids found in many species (Lund, 2013). Aquaculture has been the major
supplier for fish consumption by the global population, which now exceeds the
consumption of meat from all terrestrial animals (FAO, 2018). Aquaculture systems

have been experiencing unparalleled growth to face the demand of seafood
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products that accompanies population progress (Sapkota et al., 2008). But despite
the improvement over the years, some issues are still associated with some
aquaculture systems. Uneaten or non digested feed will, together with fish
excretions, increase the nutrient loading in the surrounding environments of
aquaculture sites (Granada et al., 2016; Grigorakis & Rigos, 2011; Read & Fernandes,
2003). A big percentage of phosphorous and nitrogen input as feed in these systems
may easily be lost into the environment, with subsequent effects such as
eutrophication (Zhou et al., 2006). Goldburg and colleagues (2001) already
addressed some of these impacts associated with aquaculture areas (Goldburg et al.,
2001), which lead to the development of sustainable approaches to aquacultures in
general (Barrington et al., 2009; Bosma & Verdegem, 2011; Zhou et al., 2006).

One possible way to mitigate the release of high amounts of effluent
nutrients to the environment is through the establishment of Integrated
Multitrophic Aguaculture (IMTA) systems. As can be read in the FAO Fisheries and
Aquaculture Technical Paper (Barrington et al., 2009), these systems are essentially a
group of different organisms belonging to different trophic levels that are co-
cultured, and where the by-products from one species become inputs (fertilizers,
food, and energy) for another, contrarily to traditional polycultures, where one could
have different species but all belonging to the same trophic level. Ideally, all species
in the same system have economic value but with the goal of achieving
environmental sustainability during production.

Since they present high productivity and can be economically viable,
macroalgae, and more particularly seaweeds, can be suitable biofilters for such
systems (Granada et al., 2016). The genus Ulva is widely distributed in many climate
and ecological conditions, being suitable for cultivation practically everywhere,
which makes it the ideal candidate for integrating such systems (Ben-Ari et al., 2014;
Msuya & Neori, 2008; Nielsen et al., 2011). As biofilters continuously exposed to the
aquatic environment, these organisms will also bioaccumulate contaminants that
might be present in aquaculture effluents (Lalumera et al., 2004; Leston et al., 2011;
2014), with direct consequences upon its consumption. Although there is a well-
established legislation for food products concerning the presence of

pharmacologically active substances (EC Regulation 37/2010), namely in fish, this is
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virtually inexistent for macroalgae. Considering that a total world production of 23.8
million tons of aquatic algae, from which the majority was seaweed, was already
reached in 2012 (FAQ, 2014), and that these values will potentially increase if algae
are produced in IMTA systems, since they can benefit from the nutrient-enriched
waters resulting from fish production (Lahaye et al., 1995), there is a need to
establish safe values of contaminants for the consumer.

Oxytetracycline (OTC) is considered one of the most used antibiotics in
aquaculture (Alday-Sanz et al., 2012; Rigos & Smith, 2013), being present in 11 out of
the top 15 highest aquaculture producing countries (Sapkota et al., 2008). The broad
spectrum of activity and effectiveness against diseases caused by both Gram-positive
and Gram-negative bacteria, as well as some anaerobic organisms (Burridge et al.,
2010; Serrano, 2005) makes it widely prescribed in the treatment of fish, but also
pigs, cattle, and poultry worldwide (De Liguoro et al., 2003; Kuhne et al., 2000;
Sarmah et al.,, 2006; Sunderland, 2003; Thurman et al.,, 2002). Information on
elimination rates, hydrolysis factors, and partition between biota and sediments is
vastly known, but with the increase in macroalgae consumption for several uses,
there is a need for new studies to complement existing knowledge.

Therefore, the present work aims to increase information on the retention of
OTC in the macroalgae Ulva, if they were to be collected as a co-cultured species
from an IMTA system, by presenting experimental data on the exposure of this green
macroalgae to OTC, while i) investigating the stability of OTC in natural seawater; ii)
assessing the effect of OTC on seaweed’s growth, and iii) evaluating the uptake of

OTC to Ulva tissues at two different concentrations.

Material and methods
Materials and reagents used

Both the internal standard (demethyltetracycline) and the commercial
formula of OTC used were purchased from Sigma-Aldrich (Madrid, Spain). Methanol,
acetonitrile and formic acid were of analytical grade and supplied by Merck
(Darmstadt, Germany). Ethylenediaminetetra acetic acid (EDTA) was purchased from
Sigma-Aldrich (Madrid, Spain). A stock solution of OTC (500 mg L™) was prepared in

methanol. From this, two working solutions were prepared in natural filtered
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seawater, so that by adding 1 mL to the Erlenmeyer, final concentrations would
correspond to 0.040 (treatment C1) and 0.120 mg L' (treatment C2). Such
concentrations were achieved following the recommended dosage of 55 mg of OTC
per kg of fish (FDA, 2006; Leal et al., 2018), taking into account the density of fish of
semi intensive aquaculture productions, which is the most predominant in the

Mediterranean region.

Macroalgae collection

Ulva fronds were collected, thoroughly washed and rinsed with natural
seawater to ensure the absence of organisms and debris. Upon careful inspection
they were transported to the laboratory in coolers and placed in 25 L glass tanks pre-
filled with filtered natural seawater, with Provasoli Enriched Solution (PES), at a final
concentration of 20 uL mL™, with continuous aeration provided by an aquarium air
compressor.

The experiment was conducted in a controlled room with the photoperiod
set to 14:10 light:dark and 23.2 (+ 0.6)° C, under 80 umol photons m? s™ of white
fluorescent light. Acclimation was kept for two weeks prior to the beginning of the

experiments.

Experimental design

Flasks were pre-filled with 244 mL natural filtered seawater and 5 mL of PES
and placed on orbital shakers. Immediately before start, algal disks with @ 5 cm were
cut and separated for different treatments. Afterwards, 1 mL of each antibiotic
solution was added to Erlenmeyer flasks in order to obtain two final test
concentrations (0.040 and 0.120 mg L%). Each group was composed by three
replicates (one flask corresponded to one replicate) per sampling time, each
replicate containing three algal disks (sub-replicates). Two control groups were also
set under the same conditions. Control A and Control B were established to verify
the stability of OTC in seawater through time, and to compare the natural growth of
Ulva in the absence of OTC, respectively. Each flask was covered with glass lids to
prevent evaporation during the experiment, but still allow gas exchange and

aeration. Sampling times were as follows: 0, 0.5, 1, 2, 4, 12, 24, 48, 72, and 96h.
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Oxytetracycline quantification

At each sampling time, disks of Ulva were paper dried in order to remove
excessive water, photographed, weighed, and frozen at -80 °C until analysis. The
guantification of OTC in algal disks was made following an ultra-high performance
liquid chromatography tandem time of flight mass spectrometry (UPLC-ToF-MS)
method, based on a previous work from our group ((Leston et al., 2016). Each algal
disk (~¥160 mg) was extracted individually in a 15 mL Falcon tube. Samples were
firstly minced, and then 10 pL of internal standard solution (at a concentration of 10
ug L) was added. After vortex mixing, samples were left to stand for a minimum of
10 min at room temperature in the dark. The extraction was followed by adding 5 mL
of acetonitrile and 1 mL of 0.1 M EDTA to the samples, which were then placed in a
Reax shaker for 20 min and centrifuged at 3100 g for 15 min. The supernatants were
transferred to new glass tubes and evaporated to dryness under a gentle stream of
nitrogen at 40 °C. Dry residues were then dissolved with 400 uL of 0.1 % formic acid
solution in water (mobile phase A), filtered through 0.45 um PVDF Mini-Uniprep™
vials and injected into the apparatus under optimized conditions.

An UHPLC Nexera X2 Shimadzu coupled with a triple ToF™ 5600+ (AB Sciex,
Framingham, MA, USA) was used to achieve chromatographic separation and MS
detection. The system was equipped with a vacuum degasser, autosampler and a
binary pump. The column used to achieve separation was the Acquity HSS T3
analytical reverse-phase column (C18, 1.8 um, 2.1 x 100 mm). Mobile phases were a
solution of formic acid 0.1 % in water (A) and acetonitrile (B), at a flow rate of 0.5 mL
mint. The gradient went from 97 % to 40 % (A) in the first 5 min, continuing to
decrease to 0 % (A) in the following 4 min, and ramping back up to 97 % (A) for 1 min
and held for 2 more minutes. Water samples were diluted in mobile phase A and
directly injected under the same conditions as described for Ulva analysis. Also, at
each sampling time, temperature, salinity, pH and dissolved oxygen were measured
and water samples were taken and immediately frozen at -20 °C until further
analysis. These samples were then filtered through 0.45 um PVDF Mini-Uniprep™
vials and injected under the same conditions for direct quantification of OTC in

water.
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Algae growth

The influence of OTC on Ulva growth was determined as variations in disk
area through time. Algal disks were photographed at the end of each sampling time,
and the images run and analyzed through Adobe Photoshop ® software, with area

guantified by pixel count method (Leston et al., 2014).

Statistical analysis

Data was tested for normality and homoscedasticity and a one-way analysis
of variance (ANOVA, a=0.05) was used to compare differences in OTC uptakes for
both concentrations, as well as their influence in algal growth. ANOVA was run with

GraphPad Prism ® 6 software (Graph Pad Software, Inc).

Results
OTC stability in water

Oxytetracycline solutions for C1 and C2 treatments were prepared and
analyzed previously to ensure the proposed concentrations were obtained. Samples
taken at time O contained 0.0474 + 0.0055 and 0.1249 + 0.0047 mg L™, respectively.
Degradation rates of OTC in water were significantly different for both initial
concentrations (Figure 1; degradation rate constant of 0.0003 and 0.0007h™ for C1
and C2 treatments, respectively). No significant differences were found between
OTC concentrations with or without the presence of Ulva in the water. Lowest
concentrations of OTC were achieved 96h after the beginning of the experiment

(0.0174 mg L™ for C1 and 0.0482 mg L™ for C2 treatment).
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Figure IV.1 — OTC degradation in seawater through time, for both concentrations tested, with and

Growth and uptake

without the presence of Ulva disks.

Apical endpoints such as growth or mortality were assessed as side effects on

the use of OTC. Our data suggest that Ulva growth is affected by the presence of OTC

in the water (Figure 2). Ulva frond size was maintained during the first 12h of

exposure. After this, algae areas started to slowly increase in all treatments and

continued to increase until the end of the experiment, but higher areas were

measured in C2 treatment after 96h of exposure, being significantly different from

the Control (p = 0.0028). While there was a tendency for Ulva fronds’ area to

increase also in C1 treatment after 96h of exposure, no significant differences in

growth were found from the control B treatment.
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To evaluate the risks of Ulva consumption after production on IMTA systems
or after collection in aquaculture surroundings, OTC uptake at both dosages was
determined. Each macroalgal disk was individually analyzed for internal
concentration of OTC after exposure. In group C1 (Figure 3A), algae followed a linear
increase in OTC internal concentration up to 48h after exposure, reaching its peak at
40.9934 ng g WW. From 48 to 72h, concentration dropped 10-fold to 4.5746 ng g™
WW, stabilizing until the end of the experiment (Coen = 5.1176 ng g'1 WW).
Concentrations for C2 (Figure 3B) treatment peaked after 1h and were maintained
for 24h, starting to decrease rapidly afterwards, dropping from 101.5129 to 49.2725
ng g' WW from 24 to 48h and to 12.5570 ng g* WW at the final sampling time. Final
concentrations were more than the double comparing to C1 treatment. An inverse
correlation could be observed between the concentrations measured in the water
and in macroalgae, with OTC concentrations slowly decreasing in water samples,
while increasing in macroalgae fronds, until the abrupt decrease in OTC

concentrations measured in Ulva disks.
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Figure IV.3B — OTC internal concentration in Ulva disks for treatment C2.
Discussion
By extrapolating the recommended dosage used for fish to the present trials,
recent and relevant data on the accumulation of OTC by the macroalgae Ulva was

provided. Based on this experiment, OTC showed a relatively high degradation rate

79



Oxytetracycline accumulation in the macroalgae Ulva: potential risks for IMTA systems

in seawater, both with and without algae, for the concentrations tested. Such results
were in accordance with previous studies, where several aspects such as neutral pH,
sunlight irradiation and higher temperatures were found to increase OTC hydrolysis
(Doi & Stoskopf, 2000; Jin et al., 2017; Samuelsen, 1989; Xuan et al., 2009). Doi and
Stoskopf (2000) for example were unable to measure the half life of OTC at 4°C, pH
7.0 (over 77 days), but when they increased the temperature to 43°C, the half life
drastically decreased to 0.26 + 0.11 days. Similarly, Xuan and coworkers (2009)
determined an increasing degradation rate with the increase in temperature.
Nonetheless, they calculated a degradation rate constant of 0.106 at 25°C, which is
much higher than the ones obtained in the present work. This can be due to the
presence of Ca’’ in seawater, which was already observed to slow down the
hydrolysis of OTC in water (Xuan et al.,, 2009). The authors found it difficult to
compare different works and degradation rates where a correct measure of light
intensity was not provided, since OTC is known to be susceptible to light degradation
(Doi & Stoskopf, 2000; Jin et al., 2017; Samuelsen, 1989; Xuan et al., 2009).
Differences in degradation rates were obtained for both initial concentrations, with
higher concentrations degrading faster. However, other study obtained similar
degradation rates through a range of concentrations (Xuan et al., 2009).
Concentrations of OTC in water at both levels were not influenced by the
presence of Ulva disks. The adsorption occurring in the first days of experiment was
not sufficient to influence OTC concentrations in seawater, which might indicate that
Ulva will not work efficiently in OTC removal from the water. Also, OTC presents a
low partition coefficient (Log Kow = -0.90), meaning this substance is hydrophilic and
will tend to stay in the aqueous phase (Walker et al., 2012). Present results were in
part in accordance to previous works, where the presence of algae in the trial led to
a higher decrease in concentrations measured in the water over time (Leston et al.,
2011; 2014). In these works, however, there was a distinct difference between
antibiotic concentration with or without the presence of macroalgae from the first
hours of exposure, as opposed to the present work. By looking at the degradation
pattern presented for OTC for both concentrations, the authors noted that the
concentrations obtained in the last sampling point of treatment C2 corresponded to

the ones initially obtained after treatment with the lowest concentration. This can
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provide information on a longer run, and extrapolations may be made about
degradation patterns. If OTC is administered following the highest dosage applied,
concentrations around 15 pg L™ could still be found 8 days later.

It is known that macroalgae, and more specifically seaweeds can take up
several elements via either adsorption, accumulation, or ionic exchange (Jarvis &
Bielmyer-Fraser, 2015). Concentrations detected in the macroalgae disks were much
lower than the ones detected in the water at the same sampling times. There was a
tendency for internal concentrations to gradually increase in C1 treatment disks,
which is in accordance with previous works (Harrison & Hurd, 2001; Wang et al.,
2013). It is unclear if the accentuated decrease in internal concentrations noted
afterwards was due to passive diffusion of OTC to water or Ulva presenting some
mechanism to break down OTC into metabolites (Leston et al., 2011). Plants, for
example, present the capacity to metabolize xenobiotics following a three-stage
process: transformation, conjugation, and compartmentation (Mitsou et al., 2006;
Sandermann, 1992; Torres et al., 2008). Such detoxification mechanisms were
already described for some macroalgae (Lewis et al., 2001; Mehrtens, 1994) and also
for Ulva (Pflugmacher & Sandermann, 1998; Pflugmacher et al., 1999), but to the
best of knowledge, no studies on OTC have been addressed concerning potential
detoxification mechanisms.

It is vastly agreed that macroalgae can have an important bioremediation
role, such as in aquaculture sites (e.g. Ben-Ari et al., 2014; Granada et al., 2016), with
several works addressing the positive nutrient uptake from such sites (Cahill et al.,
2010; Zhou et al.,, 2006). This capacity will also translate into accumulation of
hazardous compounds such as metals (Jarvis & Bielmyer-Fraser, 2015) or antibiotics
(Leston et al., 2011; 2014), which may pose a risk to the consumer when macroalgae
is cultivated with the purpose of use either in cosmetic or pharmaceutical purposes,
or more relevant, as food products (Barrington et al., 2009; FAO, 2014; Neori et al.,
2004; Troell et al., 2009).

Presently, Commission Regulation no 37/2010 sets maximum residue limits
(MRL) only in foodstuff from animal origin (EC Regulation 37/2010) and for OTC in
finfish, this value is set at 100 pg kg™ for muscle tissue. Several other regulations are

specific towards seaweeds (EC Regulation 1881/2006 or EC Regulation 396/2005 for
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example), but are mostly limited to metals, lacking legislation on the pharmaceutical
substances. According to this study results, after exposing Ulva to relevant
concentrations, seaweeds were able to take up concentrations corresponding to half
of the OTC maximum residue limit set for finfish muscle tissues, which is 100 pg kg™,
still for a short period of exposure (96h). It has already been demonstrated that the
use of OTC in fish farms increase the frequency of antibiotic resistance to OTC
(Romero et al., 2012), and this problem may increase drastically if we add seaweed
consumption to the equation. Allergy and resistance problems can be developed
even if OTC concentrations are below the MRL. However, there are no legal limits for
pharmaceutical compounds in algae or plants since these are intended for animal
use. Also, the daily intake of seaweed will not be the same as fish intake. The authors
believe the capacity for these organisms to uptake xenobiotics from the seawater
needs to be taken into account, and legislations updated accordingly taking into

account new estimations of algae daily intake.

Conclusions

The incorporation of seaweed in IMTA systems is seen as beneficial since
they can take up really high quantities of nutrients that would be released into the
surrounding systems, reducing the burden of the system while benefiting a
marketable product. In the present study it was demonstrated that such organisms
also accumulate OTC when it is present in the water, and concentrations can be
found at levels comparable to the limit established for fish. IMTA systems will most
definitely be the future in terms of aquaculture, and also seaweed production. This
study considered one of the most common types of aquaculture in the
Mediterranean region. But such results should also be considered for other IMTA
systems, especially in Asia, where higher concentrations of pharmaceuticals may be
used. Also, besides the fact that more macroalgae is consumed in their society, a
considerable amount of aquaculture products is still being imported from Asia to
Europe. Moreover, these systems will continue to increase worldwide due to the
increasing high demand of macroalgae as foodstuff. Contrarily to fish, there is
currently no legislation addressing antibiotics in macroalgae, and this will pose a risk

to human population since seaweeds are becoming an important source of
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nutrients. Not only legal maximum residue limits need to be set for the presence of
pharmacologically active substances on seaweed (and other macroalgae), especially
for its use as foodstuff, but also updated withdrawal times for the antibiotics
allowed for aquaculture, since they can also be present in seaweeds produced in

IMTA systems.
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Chapter V

Uptake of enrofloxacin from seawater to the macroalgae Ulva and its use in IMTA

systems

Abstract

Integrated  multi-trophic  aquaculture systems can minimize the
environmental impacts of aquaculture, while delivering economical benefits.
However, the use of extractive species such as seaweeds can accumulate
pharmaceuticals commonly used in these systems. Therefore, this work evaluated
the exposure of the seaweed Ulva to enrofloxacin (ENR), a vastly used antibiotic in
aquaculture, at two dosages (C1, 7.5 pug L' and C2, 15 pg L), and concentrations in
water and in Ulva were measured through time. Apical endpoints such as growth
and mortality were assessed as ENR effects in the macroalgae. Enrofloxacin
presented good stability in seawater, and degradation rates were influenced by the
presence of seaweed at the lowest concentration tested. The seaweed was able to
assimilate the antibiotic, reaching internal concentrations of 7.76 + 1.11 ng g~ WW
after 30 min of exposure for C1, and 14.51 + 1.22 ng g WW, after 15 min for C2.
Lowest concentrations detected at the end of experimental time were 4.08 + 0.42 ng
g WW and 5.09 + 1.57 ng g WW for C1 and C2, respectively, which nonetheless,
corresponds to ~5% of the maximum residue limit established for fish for ENR by the
European regulation. The presence of ENR stimulated Ulva growth, with differences

observed 96h after the beginning of the trial.

Key words: Enrofloxacin; IMTA; Seaweed; Accumulation; Legislation.

Introduction

With the steep increase in human population and the growing demand for
food products, traditional aquacultures, which were characterized by low stock
densities and small production sites, are no longer suffice. The average annual
increase in consumption of food fish is higher than ever and it even surpassed that of
meat produced from bovine, ovine, pig and poultry combined, according to FAQ'’s
report on The State of World Fisheries and Aquaculture (FAO, 2018). In the last

decades, aquaculture has been turning to a much more intensive and bigger industry
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in order to face such demand (Goldburg et al., 2001; Henriksson et al., 2018; Sapkota
et al., 2008). The expansion of aquaculture areas and the necessary use of pelleted
feed bring some environmental concerns. The nutrient loading associated with
uneaten or partially digested feed and fish excretions may eventually leak to
aquaculture surrounding environments (Granada et al., 2016; Grigorakis and Rigos,
2011; Read and Fernandes, 2003) with subsequent effects, such as eutrophication
(Edwards, 2015; Zhou et al., 2006).

To mitigate these impacts, the industry must evolve towards a more
environmental responsible system, and Integrated Multi-Trophic Aquaculture (IMTA)
systems may present a robust solution for this (FAO, 2014; Granada et al., 2016;
Neori et al., 2004; Troell et al., 2003; 2009). Briefly, it consists in farming aquaculture
species from different trophic levels in proximity, which take up and remove organic
and inorganic compounds from the connected system, nourishing different species
while also improving water quality (FAO, 2014; Granada et al., 2016; Troell et al.,
2003; 2009).

Seaweeds are largely used in IMTA systems due to their high productivity and
high economic value to producers, serving as food source but also for water
bioremediation due to their high capacity of extracting inorganic nutrients from the
water (Edwards, 2015; Fleurence et al., 2012; Granada et al.,, 2016; Neori et al.,
2004). Neori and colleagues (2000) set up an experimental system where they were
able to reduce seawater usage and energy consumption by 75% in Sparus aurata
production, while also producing 7 kg of Ulva per kg of fish. Furthermore, several
works already showed Ulva capacity to improve water quality in systems producing
organisms from other trophic levels (e.g. Brito et al., 2013; Copertino et al., 2008;
Elizondo-Gonzalez et al., 2018; Le Van Khoi and Fotedar, 2011). Due to their role as
biofilters, macroalgae have the potential to take up not only nutrients from the
water, but also substances like pesticides, disinfectants and pharmaceuticals
(Lalumera et al., 2004; Leston et al., 2011; 2014; Rosa et al., 2019), often used to
control disease outbreaks and infections in intensive systems (Cabello, 2006; Cabello
et al.,, 2016; Romero et al.,, 2012; Sapkota et al., 2008). In fact, algae have been
widely used as biosorbents for heavy metals pollution (Gavrilescu, 2004; He and

Chen, 2014). Several mechanisms such as electrostatic interactions, chelation
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adsorption, microprecipitation, ion exchange or complexation can be involved in the
uptake of such compounds (Bulgariu and Gavrilescu, 2015; Gavrilescu, 2004;
Zeraatkar et al., 2016). Cell walls play a major part on the retention of heavy metals
due to the presence of glycogen, starch, cellulose, and polysaccharides that contain
several reactive functional groups, which will be involved in the chemical binding of
metal ions (Bulgariu and Gavrilescu, 2015), but some works already addressed the
incorporation of persistent organic pollutants internally by Ulva, not only adsorption
to the cell wall (Cheney et al., 2019). Such mechanisms may also be involved in the
uptake of antibacterials from surrounding waters, since up to 80% of the used
antibacterials may end up in water and sediments close to farm sites (Cabello et al.,
2016).

Antibacterials are widely administered pharmaceuticals in the treatment of
fish disease (Cabello et al., 2013; Rodgers and Furones, 2009; Romero et al., 2012;
Sapkota et al., 2008), with quinolones and tetracyclines heading the most prescribed
classes. Quinolones act specifically against gram-negative bacteria, by entering the
bacterial cell through passive diffusion via water-filled protein channels (Bermudez-
Almada and Espinosa-Plascencia, 2012; Samuelsen, 2006). Enrofloxacin (ENR) is a
synthetic agent from the monofluoride quinolones carboxylic acid derivatives (Figure
1), effective against common bacterial pathogens such as Vibrio anguillarum,
Yersinia ruckeri, Renibacterium salmoninarum, and Aeromonas salmonicida
(Samuelsen, 2006), and is one of the main antibiotics administered in aquaculture
systems (FAO, 2005; Quesada et al.,, 2013). According to Sapkota and coworkers
(2008), among the top fifteen aquaculture producing countries, ENR administration
was reported in at least three (Liu et al.,, 2017; Rico et al., 2013; Trouchon and
Lefebvre, 2016). Plenty information can be found on ENR pharmacokinetics and
degradation rates in fish and shrimp, and which factors can influence it the most. But
with changes in aquaculture systems and the increase in macroalgae consumption
worldwide, studies focusing on such organisms need to be addressed in order to
better understand and predict the effects of new aquaculture practices. And while
this can lead to problems of toxicity upon ingestion of contaminated algae, the
development of antibiotic resistance can be enhanced, since macroalgae represents

a suitable habitat for bacteria colonization, growing dependent on algae exudates
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(Florez et al., 2017). Transfer between antibiotic resistance from aquatic to
terrestrial bacteria is eminent and this antibiotic resistance can ultimately reach

human pathogens, with associated health implications (Cabello et al., 2013; 2016).

OH

-
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Figure V.1 — Structure of enrofloxacin [1-cyclopropyl-7-(4-ethylpiperazin-1-yl)-6- fluoro-4-oxo-1,4-
dihydroquinoline-3-carboxylic acid]

Hence, the objective of the present work is to produce information on the
uptake of ENR in the green macroalgae Ulva, by presenting experimental data on the
exposure to ENR, mimicking a scenario of an IMTA system. The study focused on i)
evaluating the stability of ENR in natural seawater; ii) potential effects of ENR in

macroalgae growth, and iii) the uptake of ENR at two different concentrations.

Experimental
Materials and reagents used

Both the ENR analytical standard and internal standard (lomefloxacin) were
purchased from Sigma-Aldrich (Madrid, Spain). Ethylenediaminetetra acetic acid
(EDTA) was also supplied by Sigma-Aldrich (Madrid, Spain), and methanol,
acetonitrile and formic acid (of analytical grade) were purchased from Merck
(Darmstadt, Germany). A stock solution was prepared by dissolving 15 mg of ENR in
100 mL of methanol. From this, two intermediate working solutions in natural
seawater were prepared in the beginning of the trial. By adding 1 mL of these
solutions to the correspondent Erlenmeyers, final concentrations of 7.5 pg L*
(treatment C1) and 15.0 pg L (treatment C2) were achieved. These concentrations
were selected following a dosage of 5 mg kg™ bw, taking into account semi intensive
aquacultures and the densities of fish cultured in these systems, which are the most

predominant in the Mediterranean region.
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Sampling and acclimation

Ulva fronds were collected at a local beach during low tide and thoroughly
washed on site with natural seawater. They were carefully inspected to ensure no
epibionts or debris were present and then transported to the laboratory in coolers.
Once there, algae were placed in 25 L glass tanks already filled with filtered natural
seawater and Provasoli Enriched Solution (at 20 mL L™), continuous aeration and a
photoperiod set to 14:10 light:dark — with a set of 3 white fluorescent lights,
corresponding to 80 umol photons m™ s, Water temperature was maintained at
22.8 (* 0.8) °C and acclimation was kept for 2 weeks prior to the beginning of the

experimental trials.

Experimental design

Exposures were performed as in Rosa et al (2019). Erlenmeyer flasks (250 mL)
were pre-filled with natural filtered seawater and PES solution and placed on orbital
shakers. Immediately before the start of the experiment, Ulva disks with 5 cm
diameter were cut and distributed by the different treatments. Then, 1 mL of each
prepared antibiotic solution was added to the flasks in order to obtain the test
concentrations (7.5 pg L™ and 15.0 pg L™). Each treatment was composed by three
replicates per sampling time, and each replicate comprised three algal disks (sub-
replicates). Simultaneously, two control groups were also set under the same
conditions to verify the stability of ENR in seawater throughout time (Control A), and
to compare the natural growth of Ulva with and without ENR (Control B). Each flask
was covered with glass lids to prevent evaporation during the experiment, but still
allowing gas exchange and aeration. Samples were taken at 0, 0.25,0.5, 1, 2, 4, 8, 12,

24,48, 72,96 and 120h.

Algae growth and antibiotic quantification

At each sampling time, Ulva disks were recovered from the glass flask, dried
in filter paper to remove excess water, photographed, weighed and frozen at -20 °C
until further analysis. Variations in disk area were determined to assess the influence

of ENR on Ulva growth throughout time. Each image set of 9 disks (sub-replicates)
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were run per treatment per sampling time and analyzed through Adobe Photoshop®
software, with areas individually quantified by pixel count method. At each sampling
time, measurements of temperature, salinity, dissolved oxygen, and pH were taken,
with water samples immediately frozen at -20 °C until further analysis.

An ultra-high performance liquid chromatography tandem time of flight mass
spectrometry (UPLC-ToF-MS) method, previously developed within this research
group, was used to determine ENR concentration on algal disks. Each algal disk (~160
mg) was individually extracted in 15 mL polypropylene tubes. To each sample, 10 uL
of internal standard solution were added, followed by vortex mix, and left for a
minimum of 10 min in the dark (at room temperature). The extraction proceeded by
adding 5 mL of acetonitrile and 1 mL of 0.1 M EDTA to the samples. They were then
placed in a Reax shaker for 20 min and centrifuged for 15 min at 3100 g. The
supernatants were transferred to glass tubes and evaporated to dryness under a
gentle stream of nitrogen, at 40 °C. Afterwards, dry residues were redissolved with
400 pL of 0.1 % formic acid solution in water, filtered through 0.45 um PVDF Mini-
UnptripTM vials, and injected into the UHPLC-ToF system. Water samples were
diluted in mobile phase A, filtered through 0.45 pm PVDF Mini-Uniprep™ vials and
directly injected for direct quantification of ENR in water.

Chromatographic separation and MS detection were performed by an UHPLC
Nexera X2 Shimadzu coupled with a triple ToF™ 5600+ (AB 148 Sciex, Framingham,
MA, USA) equipped with a vacuum degasser, autosampler and a binary pump. An
Acquity HSS T3 analytical reverse phase column (C18, 1.8 um, 2.1 x 100 mm) was
used for separation, and mobile phase consisted in a solution of formic acid 0.1 % in
water (A) and acetonitrile (B). Flow rate was 0.5 mL min™ and the gradient was as
follows: 0—5 min from 97 % to 40% (A); 5—9 min from 40 % to 0 % (A); 9—10 min from
0 % back to 97 % (A) and held for 2 more minutes at 97 % (A).

Statistics

The effect of ENR on growth for each sampling time, as well as differences in
uptakes for both treatments were determined using a one-way analysis of variance
(ANOVA), followed by Tukey’s test to assess differences among treatments. Data

normality was tested following a D'Agostino-Pearson test. Differences in seawater
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concentrations through time were assessed through linear regression analyses (P <
0.05). Results are presented as mean + SD. Significance level was inferred at P < 0.05
for all statistical tests. Statistical analysis were run with GraphPad Prism” 6 software

(Graph Pad Software, Inc).

Results
ENR stability in seawater

Control A samples taken at sampling time 0 showed ENR concentrations of
7.3 £0.1 and 14.4 + 0.7 pg L™ for C1 and C2 treatments, respectively. Enrofloxacin
presented good stability in seawater over time, and at the end of the trial the values
of ENR corresponded to 92 and 93 % of the initial concentrations, for C1 and C2
treatments. Degradation rates in seawater were significantly different for both
concentrations (p = 0.0004), with C2 treatment presenting the highest degradation
rate (0.00055 min™ vs 0.00017 min™).
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Figure V.2 — Enrofloxacin concentrations in seawater through time, for both concentrations tested,
with and without the presence of Ulva disks.
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Seaweed growth and uptake

In order to assess the effects of Ulva from ENR exposure, apical endpoints
such as growth and mortality were assessed. Control B evaluated growth under
natural conditions without ENR, assessed as differences in algae disks through time
(Figure 3). Algae started to increase in size 48h after the beginning of the
experimental trial. Disk areas were significantly higher 120h and 96h after the
beginning of the experiment, for C1 and C2 treatments, respectively. At the final
sampling time, a Specific Growth Rate (SGR) of 3.79 and 5.96% per day was
calculated for C1 and C2 treatments, respectively. However, chlorosis started to
become visible after 96h of exposure for both treatments with ENR. These pale spots

indicate the absence of chlorophyll in the algae, which lead to its death.
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Figure V.3 — Ulva disk area (sz) in each sampling point. Data represent mean values of nine
independent replicates from 48 h onwards (when algae growth started to be visible). Asterisk (*)
indicates significant differences versus initial areas. Different letters indicate differences between

treatments (p < 0.05).

Ulva capability to take up ENR from the water at both concentrations was
assessed to evaluate its potential use as a bioremediator of contaminated waters as
well as the risk of consumption. Uptake was measured as the concentration of
antibiotic present in each algal disk. A similar pattern was established for both
treatments, with concentrations oscillating slightly throughout time. Internal
concentration for C1 (Figure 4A) reached its peak after 30 min of exposure (7.76 +

1.11 ng g WW), while it took only 15 min to reach the highest concentration in C2
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treatment (14.51 + 1.22 ng g' WW,; Figure 4B). A gradual decrease in Ulva
concentrations was then observed, with concentrations from C2 decreasing
significantly faster than in C1 (elimination rate of 7.584 min™t vs 3.048 min™).
Minimum concentrations were measured at the end of experimental time (4.08 +

0.42 ng g-1 WW for C1 and 5.09 + 1.57 ng g-1 WW for C2).
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Figure V.4 — Internal concentrations of enrofloxacin (ng g'1 ww) for Ulva at each sampling time for
treatment C1 (A) and C2 (B). Data represent mean values of three independent replicates. ¥ symbol
indicates where samples with chlorosis were observed.

Discussion

With the intensification of aquaculture and the growing importance of IMTA
systems, algae consumption may pose a risk if these organisms are assimilating
antibiotics used in primary cultures or from surrounding areas. The present study
produced experimental data on the accumulation of ENR by the macroalgae Ulva,
after being exposed to relevant aquaculture concentrations. Enrofloxacin presented
a relatively slow degradation rate in seawater, only degrading 20% of its initial
concentrations after 5 days. Fluoroquinolones, and more specifically ENR can be of
concern in such systems since they are not easily degraded by microorganisms and
tend to persist in such sites (Pereira et al., 2015; Robinson et al., 2005; Van Doorslaer
et al., 2014). In fact, in a mesocosm study with over 70 pharmaceutical compounds
with several veterinary drugs from different classes, ENR presented the highest DTsq
values, taking longer than 152 days to degrade 50% of the initial concentration
(Boxall et al., 2006). On the contrary, Robinson and colleagues (2005) observed

relative short half-lives for the quinolones tested, including ENR, which could in that
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case be attributed to either photodegradation or sorption to particulate matter. In
fact, a correlation with light exposure was already established, and half-lives of 0.8,
3.7 and 72 days were determined for 100%, 28%, and 7.5% of full light exposure
(Knapp et al., 2005). Despite ENR can undergo photolysis or oxidation by mineral
oxides (Van Doorslaer et al., 2014), they are not susceptible to hydrolysis
(Kimmerer, 2009a; Trouchon & Lefebvre, 2016). The present results showed that
degradation in seawater is dependent of the initial concentrations, with higher
concentrations degrading faster. This difference in degradation rates was already
described (Babi¢ et al., 2013; Robinson et al., 2005), but in these works, lower
concentrations degraded faster than higher concentrations. However, when Ulva
disks were present in seawater, such differences in degradation rates were no longer
detected.

Concentrations of ENR in seawater decreased much faster with algae than
without. This pattern was already expected, since macroalgae can take up several
compounds, either via adsorption, ionic exchange or accumulation (Harrison & Hurd,
2001; Jarvis & Bielmyer-Fraser, 2015). The present study suggests that Ulva can
efficiently remove ENR from the water, supporting its use for bioremediation in
IMTA systems but also contaminated sites (Elizondo-Gonzalez et al., 2018; Fleurence
et al., 2012; Neori, 2008; Neori et al., 2004). The octanol-water partition coefficient
(Kow) is an important indicator of the behavior of a given contaminant in the
environment. With an estimated Log K, ranging from 2.53 to 4.70 (Lizondo et al.,
1997; Sarmah et al., 2006; Van Doorslaer et al., 2014), ENR is a lipophilic molecule
indicating it can be efficiently taken by organisms. In a study on the uptake of
veterinary medicines from soils into plants, the authors observed that ENR was being
incorporated into carrot roots, for example (Boxall et al.,, 2006). This was already
reported for seaweeds for different antibiotics (Leston et al., 2011; 2013; Rosa et al.,
2019). In this study, Ulva was also capable of take up ENR from the water, with both
treatments following a similar pattern. There was an initial uptake of ENR in the first
30 min, followed by a decrease in internal concentrations during the first day of
exposure. After this, concentrations tended to decrease for the next days (Figure 4).
This suggests that this seaweed is capable of regulating internal concentrations of

ENR. Detoxification mechanisms for these organisms have already been identified
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for some compounds (Ferrat et al., 2003; Lewis et al., 2001; Mehrtens, 1994;
Navarrete et al., 2018; Schweikert & Burritt, 2012; Torres et al., 2008). However,
further research needs to be performed to better understand this detoxification
capacity at the biochemical level. Nonetheless, this study demonstrated that the
macroalgae Ulva is capable to take up ENR from the water to levels comparable to
the limit established for fish. And even though concentrations addressed were based
on the most common type of aquaculture in the Mediterranean region, a
considerable amount of aquaculture products, namely seaweeds, are still imported
from Asia, where ENR is widely used.

After uptake, enrofloxacin can be dealkylated to ciprofloxacin (CF), a
metabolite that also possesses antibacterial activity. This is already described for
several species (e.g. Intorre et al., 2000; Migliore et al., 2003; Trouchon & Lefebvre,
2016), but to the authors knowledge, this has not been reported for macroalgae
species yet. This metabolite presents higher toxicity to some organisms than
enrofloxacin itself. In a work addressing toxicity of fluoroquinolone antibiotics to
aquatic organisms, CF showed higher toxicity to Microcystis aeruginosa, a
cyanobacteria, but lower than ENR to the microalgae Pseudokirchneriella
subcapitata and the aquatic plant Lemna minor (Robinson et al., 2005). Similarly to
ENR, CF also presents long persistence in the environment, affecting the activity of
several microbial communities (Ebert et al.,, 2011; Trouchon & Lefebvre, 2016). In
1998, the World Health Organization (World Health Organization, 1998) declared
that the antibiotic activity of CF against human intestinal flora could be 4x higher
than the activity of ENR, and the maximum residue limit for ENR set by the European
Commission is in fact a sum of ENR and CF, which corresponds to 100 pg kg for fish
(EC Regulation 37/2010). Nonetheless, no CF was detected in Ulva fronds in the
present work, which may indicate that seaweeds do not metabolize ENR into CF.

Apical endpoints such as growth or mortality were also assessed in order to
better understand ENR influence on macroalgae, since discharges of this antibiotic
from aquacultures can induce effects in other aquatic organisms (Kimmerer, 2009a).
Cyanobacteria are usually the most sensitive organisms (Andrieu et al., 2014; Ebert
et al.,, 2011; Van Doorslaer et al., 2014), but overall toxicity has already been

demonstrated in other algae and plants, but with concentration ranges higher than
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the ones used in the present study (e.g. Forni et al., 2001; Migliore et al., 2003;
Robinson et al.,, 2005). In the current work, Ulva displayed clear symptoms of
chlorosis after 96h of exposure, which is in accordance with the study by Migliore
and colleagues (2003) with registered chlorosis in Lemna minor fronds. Our results
suggest the occurrence of hormesis in our experiments (Stebbing, 1998), with low
ENR concentrations stimulating algae growth, while higher concentrations
assimilated by the algae lead to toxic effects (Calabrese, 2009). This phenomenon
was already described for plants and algae, presenting the capacity to allocate
resources for growth under stress conditions (Cedergreen et al., 2006).

The safe use of pharmaceuticals to ensure animal and consumers welfare is
of vital importance within the European Union and translated into the European
legislation. However, to some food products there are still regulative gaps.
Commission Regulation no 37/2010 set the maximum residue limits (MRL) of
pharmaceuticals in foodstuff from animal origin only (EC Regulation 37/2010).
Specific regulations for macroalgae such as EC Regulation 1881/2006 or EC
Regulation 396/2005 set MRL for other chemicals, mainly to metals, lacking limits for
pharmaceuticals. Maximum residue limits are established based on toxicological
values of chemicals used in food products, in order to protect consumers’ health, but
problems of allergy and resistance to antibiotics may occur even if concentrations
are below MRL values (Smith, 2008). Furthermore, human daily intake of seaweeds
is not equal to that of fish, meaning that legislations need to be updated accordingly,
especially considering the capacity that these organisms have to uptake xenobiotics
from the surrounding waters, where, most often, a mixture of several
pharmaceuticals is present. This can have cumulative effects, potentiating the

problems associated with exposure to such compounds.

Conclusions

Integrated Multitrophic Aquaculture systems are believed to represent the
future of aquaculture production, since they can minimize impacts associated with
nutrient loading and water use, while also promoting economic added features.
Concomitantly, seaweed production will continue to increase in order to face the

growing consumption in western societies. The lack of legislation addressing
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antibiotics in algae may pose a risk since they are gaining importance as food in
wider markets. New MRL need to be set for the presence of pharmacologically active
substances on macroalgae, and withdrawal times for antibiotics allowed for
aquaculture production updated accordingly, as they can be present in seaweeds
produced in IMTA systems for longer periods. Also, Ulva may be considered for

bioremediation for this compound and others alike.
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General discussion and final remarks

With intensive aquacultures being often associated with heavy use of
chemicals, knowledge on accumulation of such compounds on several aquaculture
products needs to be expanded. Furthermore, the World Health Organization and
the Food and Agriculture Organization, together with a vast number of national
governments, pointed out the irresponsible use of antibiotics in the fish industry,
with associated risks to public health, namely the emergence of antibiotic resistance
(Cole et al., 2009; Kimmerer, 2009b; Tusevljak et al., 2012).

Understanding how different compounds will behave after ingestion can be a
difficult task dependent on several variables. Factors like temperature, dosage,
lipophilicity, molecular size, or mode of administration can influence
pharmacokinetic parameters (Hansen & Horsberg, 2000; Rigos & Smith, 2013; Rigos
et al , 2013; Samuelsen, 2006). Different fish species also show differences in
digestion and absorption rates, and for this reason, the present work aimed to
address the most economically important species produced in the Mediterranean
region aquacultures (EUMOFA, 2015; 2016; Federation of European Aquaculture
Producers, 2016).

Despite being the most effective way of treatment, intravenous
administration to individual animals is not practical in terms of aquaculture
production (Daniel, 2009). So, by creating experimental feeds with antibiotics, it was
possible to have a better estimate on the accumulation of these pharmaceuticals
upon administration in aquacultures. However, some problems occurred during the
feed manufacturing process: the heat and humidity involved in the pelleting process
could possibly have degraded the studied compounds up to a certain degree. In fact,
for SDZ and OTC, the highest dosage treatments, concentrations measured in feed
were significantly lower than expected, while the lowest concentrations of
antibiotics in feed were easily achieved (FLU and OXO dosages were the lowest
tested, with 6 and 12 mg kg* for prophylactic and therapeutic treatment,
respectively). As anticipated, residues of these pharmaceuticals were the lowest
observed for both experiments, with FLU concentrations always below the MRL
established and OXO below the MRL 72 and 36h after the end of the feeding period,

for seabream and seabass, respectively. On the contrary, SDZ and OTC presented the
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highest AUC values and concentrations at the end of the feeding period for both
experiments, which in part could be due to the fact their initial dosages were the
highest tested. Trimethoprim is frequently used in combination as potentiated
sulfonamides (Sapkota et al., 2008; Suzuki & Hoa, 2012), and for this reason,
information on the retention of this isolated compound is scarce. Contrarily to the
study on Gilthead seabream, where concentrations dropped below the MRL
established (50 pg kg') immediately after the medication period was over,
concentrations of TRI were above the MRL in seabass muscle samples, up to at least
14 days after the medication period.

The present results reinforced the idea of variability in antibiotic retention
from species to species, with European seabass accumulating, in general, higher
concentrations in muscle samples than Gilthead seabream. Main differences were
observed regarding FLU and OXO, since residues were not detected in seabream 3
and 14 days after medication period, respectively, but were present in seabass
muscle tissues until the end of the experimental trial (final concentrations of 2.15
and 2.75 pg kg for FLU and 4.45 and 5.00 pg kg™ for OXO, for both concentrations
tested). Special attention must be given to OTC and TRI, since antibiotic
concentrations were above the maximum residue limits established by the European
Commission in the first sampling point for TRl and 7 days after medication period for
OTC, for Gilthead seabream. However, concentrations of these pharmaceuticals in
seabass remained above the MRL until the end of experimental trial, with potential
effects for the consumer. A wider range of concentrations needs to be tested in
order to corroborate a dose dependency on antibiotic retention, although few
concentrations were tested, TRl and OTC show a dose dependency pattern, with
higher dosages leading to higher percentages of retention immediately after the
medication period, and these differences were more noticeable for seabass. Specific
legislations must be updated for each species, especially in regions like the
Mediterranean, where these species play a significant role in economy. Moreover,
fish represent a higher dietary contribution for human diet in these countries.
Furthermore, both studies showed the presence of residues in edible tissues for
longer periods than previously reported, and although below the MRL, antibiotic

resistance can be developed due to ingestion of these pharmaceuticals, even at low
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dosages (Cole et al., 2009; Kimmerer, 2009b; Tusevljak et al., 2012). In fact, the
existence of bacteria resistant to several pharmaceuticals such as oxytetracycline
and quinolones has already been found near aquaculture farms even with residual
concentrations (Cabello et al., 2013; Dang et al., 2006; Guardabassi et al., 2000;
Kimmerer, 2009b). The review made by Sapkota and colleagues (2008) reported the
presence of antibacterial resistance in farms of 14 out of the top 15 aquaculture
producing countries, but evidence suggests that this resistance can contribute to
antibacterial resistance among human populations.

As stated throughout the present thesis, IMTAs offer a sustainable
economically viable option to aquaculture. These systems combine production of a
main species, which relies on feed input, with one or more extractive species
belonging to different trophic levels (Barrington et al., 2009; Neori et al., 2000; Troell
et al., 2003; 2017). As extractive species are capable of assimilating high amounts of
nutrients, thus reducing the loading associated with intensive productions, the
presence of pharmaceuticals in these systems may pose a problem since they can
bioconcentrate and bioaccumulate. While crustaceans and/or mollusks, used in
IMTAs as extractive species, have been used in human diet for decades, the
consumption of seaweeds as food source has been significantly increasing in western
societies. For this reason, the present work further addressed antibiotic
accumulation in the seaweed Ulva.

Antibiotic concentrations were chosen based on the dosage prescribed for
treatment in aquacultures, and adapted to concentration in water, taking into
account semi-intensive systems, which are the most dominant ones in Portugal and
in the Mediterranean region. Around 75 % of the compounds administered can be
released into the water via fish feces or uneaten medicated feed, and leaching from
the pellets also plays an important role on the concentrations available after
administration (Burridge et al., 2010; Halling-Sgrensen et al., 1998; Lalumera et al.,
2004; Rigos et al., 1999; Sarmah et al., 2006). Assessing the stability of the tested
antibiotics was the next objective of the present work, and the patterns were
distinctive among the pharmaceuticals tested. While experimental conditions known
to alter pharmaceuticals degradation such as pH, temperature, oxygen, and light

(Andreozzi et al., 2003; Kimmerer, 2009a) were the same, ENR concentrations in
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water were maintained throughout the experiment (92 and 93% of the initial ENR
concentrations), while a significant decrease was observed in OTC concentrations (37
and 38 % of the initial OTC concentrations, for C1 and C2 treatments, respectively).
Such results were in accordance with previous studies, either reporting a rapid
degradation of OTC in water (Doi and Stoskopf, 2000; Jin et al., 2017; Xuan et al.,
2009) or slow decrease in ENR concentrations through time (Boxall et al., 2006). In
fact, some authors state that ENR is not susceptible to hydrolysis (Kiimmerer, 2009a;
Trouchon and Lefebvre, 2016), thus increasing the potential risk of this
fluoroquinolone since it may persist in aquaculture systems (Pereira et al., 2015;
Robinson et al., 2005; Van Doorslaer et al., 2014). However, these degradation
patterns are expected in natural clear waters, which is not always the case in
aquaculture tanks or ponds. Factors such as light availability or water turbidity are
known to interfere with antibiotic degradation (Jin et al., 2017; Van Doorslaer et al.,
2014; Xuan et al., 2009).

The accumulation of pharmaceuticals by the seaweed Ulva showed two
distinct profiles. While concentrations of ENR reached its peak after 30 and 15 min,
for C1 and C2, respectively, concentrations of OTC showed a linear increase until 48
and 24 h after the beginning of the trial, for C1 and C2 treatments. Furthermore,
while concentrations of ENR showed a tendency for a linear decrease through time,
the macroalgae Ulva was capable of rapidly decreasing OTC concentrations (more
noticeable for C1 treatment, with a 10-fold decrease being determined). The results
obtained in the present work suggest that this seaweed is capable of not only
regulating internal concentrations of ENR, but also decrease OTC concentrations,
showing detoxification mechanisms. Such mechanisms have already been described
for these organisms (A. Navarrete et al., 2018; Pflugmacher et al., 1999; Schweikert
& Burritt, 2012; Torres et al., 2008), but further research needs to address
detoxification processes for OTC and ENR in seaweeds.

The influence of each antibiotic on Ulva was also analyzed as variation in disk
area in comparison to the control groups, since discharges of such compounds from
aquaculture can produce effects in aquatic organisms (Kimmerer, 2009a). Disks
were only significantly larger than controls at the last sampling point, for both

compounds, but signs of degradation were visible in Ulva’s disks. This capacity to
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allocate resources for growth when macroalgae is under stress conditions have
already been described for plants and some algae (Cedergreen et al., 2006).
Furthermore, this can pose an economic risk to IMTA systems where algae are being
cultivated in the presence of such pharmaceuticals since their deterioration would
imply that biofiltration and mitigation of aquaculture sites were no longer made by
these extractive species. Sustainability of such systems might be compromised when
one trophic level cease to exist. Nonetheless, concentrations tested throughout the
present thesis were different for each pharmaceutical, and direct correlations can be
hard to assume. However, the use of real concentrations, following administration
dosages for aquaculture, provided a good estimate on the chemicals fate upon
administration to fish. While OTC is the most used antibiotic in aquaculture, widely
prescribed worldwide (Alday-Sanz et al., 2012; Rigos & Smith, 2013; Sapkota et al.,
2008), the fact that ENR is not easily degraded and can persist in aquaculture sites
(Pereira et al., 2015) raises the importance of addressing these antibiotics behavior
in a possible IMTA scenario. Concentrations of up to 12.55 and 5.09 ng g* WW were
detected in Ulva’s fronds, for OTC and ENR C2 treatments, respectively. Taking into
account that the MRL for these compounds is 100 pg kg™, extra caution must be
taken upon its consumption. The existing limits in the current legislation are specific
to fish, and while a direct comparison must be made with caution due to differences
in daily intakes of fish and seaweeds, problems of allergies or resistance problems
will always exist since these organisms have the capacity to take up antibiotics from
the surrounding waters. Either EC Regulation 37/2010 on pharmacologically active
substances and their classification regarding maximum residue limits in foodstuffs of
animal origin should be updated to incorporate seaweeds as foodstuff, or specific
legislations for macroalgae such as the EC Regulation 396/2005 on maximum residue
levels of pesticides in or on food and feed of plant and animal origin should address

MRLs for antibiotics.
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Future perspectives

During the course of this work, antibiotic retention in two of the most
important fish species in Mediterranean aquaculture were addressed, as well as its
accumulation in the seaweed Ulva, both commercially available species produced in
integrated multitrophic aquaculture systems. Considering human health, and the
maximum residue levels allowed by the European legislation, special attention must
be given to OTC and TRI, considering that protein intake provided by fish is above
the average in these regions. Further research should be made in order to better
understand the processes involved in the accumulation of pharmaceutical residues
or its metabolites by extractive species such as the seaweed Ulva, and there is a
need to include such organisms in the current legislations, since antibiotic residues
might be present in aquaculture systems during longer periods of time. As shown,
accumulation patterns can significantly vary from species to species and among
different compounds, and for this reason further investigation on the retention or
accumulation of other compounds should also be performed to increase the
information available. While IMTAs offer a good alternative to aquaculture intensive
production, these aspects need to be taken into account regarding food safety

concerns in a world increasingly needing this production method.

111






REFERENCES






References

References

Alday-Sanz, V., Corsin, F., Irde, E., & Bondad-Reantaso, M. G. (2012). Survey on the
use of veterinary medicines in aquaculture. In Improving biosecurity through
prudent and responsible use of veterinary medicines in aquatic food production
(Vol. 547, pp. 29-44). FAO Fisheries and Aquaculture Technical Paper.

Alexander, K. A., & Hughes, A. D. (2017). A problem shared: Technology transfer and
development in European integrated multi-trophic aquaculture (IMTA).
Aquaculture, 473, 13—19. http://doi.org/10.1016/j.aquaculture.2017.01.029

Alexander, K. A., Potts, T. P., Freeman, S., Israel, D., Johansen, J., Kletou, D., et al.
(2015). The implications of aquaculture policy and regulation for the
development of integrated multi-trophic aquaculture in Europe. Aquaculture,
443(C), 16-23. http://doi.org/10.1016/j.aquaculture.2015.03.005

Alvarez-Mufioz, D., Rodriguez-Mozaz, S., Maulvault, A. L., Tediosi, A., Fernandez-
Tejedor, M., Van den Heuvel, F., et al. (2015). Occurrence of pharmaceuticals
and endocrine disrupting compounds in macroalgaes, bivalves, and fish from
coastal areas in Europe. Environmental Research, 143(Part B), 56-64.
http://doi.org/10.1016/j.envres.2015.09.018

Andreozzi, R., Marotta, R., & Paxeus, N. (2003). Pharmaceuticals in STP effluents and
their solar photodegradation in aquatic environment. Chemosphere, 50(10),
1319-1330.

Andrieu, M., Rico, A., Phu, T. M., Huong, D. T. T., Phuong, N. T., & Van den Brink, P. J.
(2014). Ecological risk assessment of the antibiotic enrofloxacin applied to
Pangasius catfish farms in the Mekong Delta, Vietham. Chemosphere, 119C, 407—
414. http://doi.org/10.1016/j.chemosphere.2014.06.062

Armstrong, S. M., Hargrave, B. T., & Haya, K. (2005). Antibiotic Use in Finfish
Aguaculture: Modes of Action, Environmental Fate, and Microbial Resistance. In
Handbook of Environmental Chemistry (Vol. 5, pp. 341-357). Berlin/Heidelberg:
Springer-Verlag. http://doi.org/10.1007/b136017

Asche, F. (2017). New markets, new technologies and new opportunities in
aquaculture. Aquaculture Economics & Management, 21(1), 1-8.

http://doi.org/10.1080/13657305.2016.1272649

115



References

Association of official analytical chemists (2016). In: Latimer, G.W. (Ed.), Official
Methods of Analysis, 20th Ed. AOAC, Maryland, USA isbn: 0935584870.

Babi¢, S., Peri$a, M., & Skori¢, I. (2013). Photolytic degradation of norfloxacin,
enrofloxacin and ciprofloxacin in various aqueous media. Chemosphere, 91(11),
1635-1642. http://doi.org/10.1016/j.chemosphere.2012.12.072

Baggot, J. D. (1977). The Principles of Drug Disposition in Domestic Animals:

The Basis of Veterinary Clinical Pharmacology. Blackwell Science.

Barrington, K., Chopin, T., & Robinson, S. (2009). Integrated multi-trophic
aquaculture (IMTA) in marine temperate waters. In Integrated mariculture: a
global review (Vol. 529, pp. 7-46).

Bazes, A., Silkina, A., Defer, D., Berneéde-Bauduin, C., Quéméner, E., Braud, J.-P., &
Bourgougnon, N. (2006). Active substances from Ceramium botryocarpum used
as antifouling products in aquaculture. Aquaculture, 258(1-4), 664—-674.
http://doi.org/10.1016/j.aquaculture.2006.04.017

Ben-Ari, T., Neori, A., Ben-Ezra, D., Shauli, L., Odintsov, V., & Shpigel, M. (2014).
Management of Ulva lactuca as a biofilter of mariculture effluents in IMTA
system. Aquaculture, 434(C), 493—-498.
http://doi.org/10.1016/j.aquaculture.2014.08.034

Bermudez-Almada, M. C., & Espinosa-Plascencia, A. (2012). The Use of Antibiotics in
Shrimp Farming. In Health and Environment in Aquaculture. IntechOpen.
http://doi.org/10.5772/28527

Berntssen, M. H. G., Sanden, M., Hove, H., & Lie, @. (2016). Modelling scenarios on
feed-to-fillet transfer of dioxins and dioxin-like PCBs in future feeds to farmed
Atlantic salmon (Salmo salar). Chemosphere, 163(C), 413-421.
http://doi.org/10.1016/j.chemosphere.2016.08.067

Béné, C., Barange, M., Subasinghe, R., Pinstrup-Andersen, P., Merino, G., Hemre, G.-
l., & Williams, M. (2015). Feeding 9 billion by 2050 — Putting fish back on the
menu. Food Security, 7(2), 261-274. http://doi.org/10.1007/s12571-015-0427-z

BIO Intelligence Service. (2013). Study on the environmental risks of medicinal

products, Final report prepared for Executive Agency for Health and Consumers.

116



References

Bondad-Reantaso, M. G., Arthur, J. R., & Subasinghe, R. P. (2008). Understanding and
applying risk analysis in aquaculture. (FAO Fisheries and Aquaculture Technical
Paper. No 519. FAO. Rome. 304p.

Bosma, R. H., & Verdegem, M. C. J. (2011). Sustainable aquaculture in ponds:
Principles, practices and limits. Livestock Science, 139(1-2), 58—68.
http://doi.org/10.1016/j.livsci.2011.03.017

Bostock, J., McAndrew, B., Richards, R., Jauncey, K., Telfer, T., Lorenzen, K., et al.
(2010). Aquaculture: global status and trends. Philosophical Transactions of the
Royal Society B: Biological Sciences, 365(1554), 2897—-2912.
http://doi.org/10.1098/rstb.2010.0170

Boxall, A. B. A,, Johnson, P., Smith, E. J., Sinclair, C. J., Stutt, E., & Levy, L. S. (2006).
Uptake of Veterinary Medicines from Soils into Plants. Journal of Agricultural
and Food Chemistry, 54(6), 2288-2297. http://doi.org/10.1021/jf053041t

Braithwaite, R. A., & McEvoy, L. A. (2005). Marine biofouling on fish farms and its
remediation. Advances in Marine Biology, Vol 47, 47, 215-252.
http://doi.org/10.1016/50065-2881(04)47003-5

Brito, L. O., Arantes, R., Magnotti, C., Derner, R., Pchara, F., Olivera, A., & Vinatea, L.
(2013). Water quality and growth of Pacific white shrimp Litopenaeus vannamei
(Boone) in co-culture with green seaweed Ulva lactuca (Linaeus) in intensive
system. Aquaculture International, 22(2), 497-508.
http://doi.org/10.1007/s10499-013-9659-0

Brown, N., Eddy, S., & Plaud, S. (2011). Utilization of waste from a marine
recirculating fish culture system as a feed source for the polychaete worm,
Nereis virens. Aquaculture, 322-323(C), 177-183.
http://doi.org/10.1016/j.aquaculture.2011.09.017

Bulgariu, L., Gavrilescu, M., 2015. Chapter 30 - Bioremediation of Heavy Metals by
Microalgae, Handbook of Marine Microalgae. Elsevier Inc. doi:10.1016/B978-0-
12-800776-1.00030-3

117



References

Burford, M. A., Costanzo, S. D., Dennison, W. C., Jackson, C. J., Jones, A. B.,
McKinnon, A. D., et al. (2003). A synthesis of dominant ecological processes in
intensive shrimp ponds and adjacent coastal environments in NE Australia.
Marine Pollution Bulletin, 46(11), 1456—1469. http://doi.org/10.1016/5S0025-
326X(03)00282-0

Burridge, L., Weis, J. S., Cabello, F., Pizarro, J., & Bostick, K. (2010). Chemical use in
salmon aquaculture: a review of current practices and possible environmental
effects. Aquaculture, 306(1), 7-23.
http://doi.org/10.1016/j.aquaculture.2010.05.020

Buschmann, A. H., Cabello, F., Young, K., Carvajal, J., Varela, D. A., & Henriquez, L.
(2009). Salmon aquaculture and coastal ecosystem health in Chile: Analysis of
regulations, environmental impacts and bioremediation systems. Ocean &
Coastal Management, 52(5), 243-249.
http://doi.org/10.1016/j.ocecoaman.2009.03.002

Cabello, F. C. (2006). Heavy use of prophylactic antibiotics in aquaculture: a growing
problem for human and animal health and for the environment. Environmental
Microbiology, 8(7), 1137—-1144. http://doi.org/10.1111/j.1462-
2920.2006.01054.x

Cabello, F. C., Godfrey, H. P., Tomova, A., lvanova, L., Dolz, H., Millanao, A., &
Buschmann, A. H. (2013). Antimicrobial use in aquaculture re-examined: its
relevance to antimicrobial resistance and to animal and human health.
Environmental Microbiology, 15(7), 1917-1942. http://doi.org/10.1111/1462-
2920.12134

Cabello, F.C., Godfrey, H.P., Buschmann, A.H., Dolz, H.J., 2016. Aquaculture as yet
another environmental gateway to the development and globalization of
antimicrobial resistance. Lancet Infectious Diseases 16, E127—-E133.
doi:10.1016/51473-3099(16)00100-6

Cahill, P. L., Hurd, C. L., & Lokman, M. (2010). Keeping the water clean—seaweed
biofiltration outperforms traditional bacterial biofilms in recirculating
aquaculture. Aquaculture, 306(1), 153—-159.
http://doi.org/10.1016/j.aquaculture.2010.05.032

118



References

Calabrese, E. (2009). Chapter 5 - Hormesis and Pharmacology. Pharmacology
Principles and Practice (1st ed., pp. 75—-102). Elsevier Inc.
http://doi.org/10.1016/B978-0-12-374635-1.00005-9

Cao, L., Wang, W,, Yang, Y., Yang, C., & Yuan, Z., Xiong, S., Diana J. (2007).

Environmental impact of aquaculture and countermeasures to aquaculture
pollution in China. Environmental Science and Pollution Research. 14 (7) 452—
462. http://doi.org/10.1065/espr2007.05.426

Carrasquilla-Henao, M., Ocampo, H. A. G,, Gonzalez, A. L., & Quiroz, G. R. (2013).
Mangrove forest and artisanal fishery in the southern part of the Gulf of
California, Mexico. Ocean & Coastal Management, 83, 75—80.
http://doi.org/10.1016/j.ocecoaman.2013.02.019

Cascade (2013). Guidance on the use of Cascade. Veterinary Medicines Guidance
Note 13. Veterinary Medicines Directorate. www.gov.uk.

Cedergreen, N,, Streibig, J. C., Kudsk, P., Mathiassen, S. K., & Duke, S. O. (2006). The
occurrence of hormesis in plants and algae. Dose-Response : a Publication of
International Hormesis Society, 5(2), 150—-162. http://doi.org/10.2203/dose-
response.06-008.Cedergreen

Cheney, D., Logan, J. M., Gardner, K., Sly, E., Wysor, B., & Greenwood, S. (2019).
Bioaccumulation of PCBs by a seaweed bloom (Ulva rigida) and transfer to
higher trophic levels in an estuarine food web. Marine Ecology Progress Series.
Oldendorf, 611, 75-93. http://doi.org/10.3354/meps12840

Chopin, T. (2006). Integrated Multi-Trophic Aquaculture. What it is and why you
should care... and don't confuse it with polyculture. Northern Aquaculture, 1-2.

Chopin, T. (2015). Marine Aquaculture in Canada: Well-Established Monocultures of
Finfish and Shellfish and an Emerging Integrated Multi-Trophic Aquaculture
(IMTA) Approach Including Seaweeds, Other Invertebrates, and Microbial
Communities. Fisheries, 40(1), 28-31.
http://doi.org/10.1080/03632415.2014.986571

Chopin, T., Buschmann, A. H., Halling, C., Troell, M., Kautsky, N., Neori, A., et al.
(2001). Integrating seaweeds into marine aquaculture systems: a key toward

sustainability. Journal of Phycology, 37(6), 975-986.

119



References

Chopin, T., Cooper, J. A, Reid, G., Cross, S., & Moore, C. (2012). Open-water
integrated multi-trophic aquaculture: environmental biomitigation and
economic diversification of fed aquaculture by extractive aquaculture. Reviews
in Aquaculture, 4(4), 209-220. http://doi.org/10.1111/j.1753-5131.2012.01074.x

Cole, D. W.,, Cole, R., Gaydos, S. J., Gray, J., Hyland, G., Jacques, M. L., et al. (2009).
Aguaculture: Environmental, toxicological, and health issues. International
Journal of Hygiene and Environmental Health, 212(4), 369-377.
http://doi.org/10.1016/j.ijheh.2008.08.003

Commission Regulaton (EU) No 396/2005 of 23 February 2005 on maximum residue
levels of pesticides in or on food and feed of plant and animal origin and
amending Council Directive 91/414/EEC. Off. J. Eur. Union No. L 70. 1- 2640.

Commission Regulation (EU) No 1881/2006 of 19 December 2006 on setting
maximum levels for certain contaminants in foodstuffs. Off. J. Eur. Union No. L
364.5-24.

Commission Regulation (EU) No 37/2010 of 22 December 2009 on pharmacologically
active substances and their classification regarding maximum residue limits in
foodstuffs of animal origin. Off. J. Eur. Union No. L15, 1-72.

Commission Regulation (EU) No. 2017/880 of 23 May 2017 laying down rules on the
use of a maximum residue limit established for a pharmacologically active
substance in a particular foodstuff for another foodstuff derived from the same
species and a maximum residue limit established for a pharmacologically active
substance in one or more species for other species, in accordance with
Regulation (EC) No 470/2009 of the European Parliament and of the Council. Off.
J. Eur. Union No. L135/2. 2017

Community Reference Laboratories (CRL) Guidance Paper. (2007). CRLs view on state
of the art analytical methods for national residue control plans, community
reference laboratories (CRLs) for Residues According to Council Directive
96/23/EC, https://www.rivm.nl/bibliotheek/digitaaldepot/criguidance2007.pdf,
1-8.

Concordet, D., Toutain, P.L. (1997). The withdrawal time estimation of veterinary
drugs revisited. J. Vet. Pharmacol. Therap. 20, 380-386.
https://doi.org/10.1046/j.1365- 2885.1997.00076.x.

120



References

Copertino, M. D. S., Tormena, T., & Seeliger, U. (2008). Biofiltering efficiency, uptake
and assimilation rates of Ulva clathrata (Roth) J. Agardh (Clorophyceae)
cultivated in shrimp aquaculture waste water. Journal of Applied Phycology,
21(1), 31-45. http://doi.org/10.1007/s10811-008-9357-x

Cubillo, A. M., Ferreira, J. G., Robinson, S. M. C., Pearce, C. M., Corner, R. A,, &
Johansen, J. (2016). Role of deposit feeders in integrated multi-trophic
aquaculture — A model analysis. Aquaculture, 453, 54—66.
http://doi.org/10.1016/j.aquaculture.2015.11.031

Danaher, M., Howells, L. C., Crooks, S. R. H., Cerkvenik-Flajs, V., & O’Keeffe, M.
(2006). Review of methodology for the determination of macrocyclic lactone
residues in biological matrices. Journal of Chromatography B, 844(2), 175-203.
http://doi.org/10.1016/j.jchromb.2006.07.035

Dang, H., Zhang, X., Song, L., Chang, Y., & Yang, G. (2006). Molecular
characterizations of oxytetracycline resistant bacteria and their resistance genes
from mariculture waters of China. Marine Pollution Bulletin, 52(11), 1494-1503.
http://doi.org/10.1016/j.marpolbul.2006.05.011

Daniel, P. (2009). Drugs and chemicals in aquafeeds: The problems and solutions.
Options Méditerranéennes A.

De Liguoro, M., Cibin, V., Capolongo, F., Halling-Sgrensen, B., & Montesissa, C.
(2003). Use of oxytetracycline and tylosin in intensive calf farming: evaluation of
transfer to manure and soil. Chemosphere, 52(1), 203-212.
http://doi.org/10.1016/S0045-6535(03)00284-4

Defoirdt, T., Sorgeloos, P., & Bossier, P. (2011). Alternatives to antibiotics for the
control of bacterial disease in aquaculture. Current Opinion in Microbiology,
14(3), 251-258. http://doi.org/10.1016/j.mib.2011.03.004

Deutsch, L., Graslund, S., Folke, C., Troell, M., Huitric, M., Kautsky, N., & Lebel, L.
(2007). Feeding aquaculture growth through globalization: Exploitation of
marine ecosystems for fishmeal. Global Environmental Change, 17(2), 238-249.
http://doi.org/10.1016/j.gloenvcha.2006.08.004

Diana, J. S. (2009). Aquaculture Production and Biodiversity Conservation.

Bioscience, 59(1), 27-38. http://doi.org/10.1525/bi0.2009.59.1.7

121



References

Doi, A. M., & Stoskopf, M. K. (2000). The Kinetics of Oxytetracycline Degradation in
Deionized Water under Varying Temperature, pH, Light, Substrate, and Organic
Matter. Journal of Aquatic Animal Health, 12(3), 246—-253.
http://doi.org/10.1577/1548-8667(2000)

Done, H.Y., Venkatesan, A.K., Halden, R.U. (2015). Does the recent growth of
aquaculture create antibiotic resistance threats different from those associated
with land animal production in agriculture? Am. Assoc. Pharm. Sci. 17, 513-524.
https://doi.org/10. 1208/s12248-015-9722-z.

Ebert, I., Bachmann, J., Kihnen, U., Kiister, A., Kussatz, C., Maletzki, D., & Schliter, C.
(2011). Toxicity of the fluoroquinolone antibiotics enrofloxacin and ciprofloxacin
to photoautotrophic aquatic organisms. Environmental Toxicology and
Chemistry, 30(12), 2786—2792. http://doi.org/10.1002/etc.678

EC Council Directive 96/23/EC. (1996). Council Directive 96/23/EC of 29 April 1996
on measures to monitor certain substances and residues thereof in live animals
and animal products and repealing Directives 85/358/EEC and 86/469/EEC and
Decisions 89/187/EEC and 91/664/EEC. Official Journal of the European Union,
1224, 1-8.

EC Council Regulation 315/93. (1993). Council Regulation (EEC) No 315/93 of 8
February 1993 laying down Community procedures for contaminants in food.
Official Journal of the European Union, L37, 1-3.

EC Decision 2005/34/EC. (2005). Commission Decision 2005/34/EC of 11 January
2005 laying down harmonised standards for the testing for certain residues in
products of animal origin imported from third countries, 61-63.

EC Decision 2002/657/EC. (2002). Commission Decision 2002/657/EC of 12 August
2002, implementing Council directive 96/23/EC concerning the performance of
analytical methods and the interpretation of results. Off. J. Eur. Union L221, 8—
36.

EC Regulation 1831/2003. (2003). Regulation (EC) N21831/2003 of the European
Parliament and of the Council of 22 September 2003 on additives for use in

animal nutrition, L268, 29-243.

122



References

EC Regulation 470/2009. (2009). Regulation (EC) No 470/2009 of the European
Parliament and of the Council of 6 May 2009 laying down Community
procedures for the establishment of residue limits of pharmacologically active
substances in foodstuffs of animal origin, repealing Council Regulation (EEC)

No 2377/90 and amending Directive 2001/82/EC of the European Parliament
and of the Council and Regulation (EC) No 726/2004 of the European Parliament
and of the Council. Official Journal of the European Union, L152, 11-22.

EC Regulation 1259/2011. (2011). Commission Regulation (EU) No 1259/2011 of 2
December 2011 amending Regulation (EC) No 1881/2006 as regards maximum
levels for dioxins, dioxin-like PCBs and non dioxin-like PCBs in foodstuffsText
with EEA relevance, 1-6.

Edwards, P. (2015). Aquaculture environment interactions: Past, present and likely
future trends. Aquaculture, 447(C), 2—-14.
http://doi.org/10.1016/j.aquaculture.2015.02.001

Elizondo-Gonzalez, R., Quiroz-Guzman, E., Escobedo-Fregoso, C., Magallén-Servin, P.,
& Pena-Rodriguez, A. (2018). Use of seaweed Ulva lactuca for water
bioremediation and as feed additive for white shrimp Litopenaeus vannamei.
Peerl, 6(4), e4459-16. http://doi.org/10.7717/peerj.4459

European Commission. (2000). White paper on food safety, Brussels, 719. 1-52.

European Commission. (2017a). AMR: a major European and Global challenge,
https://ec.europa.eu/health/amr/sites/amr/files/amr_factsheet_en.pdf, 1-2.

European Commission. (2017b). The New EU One Health action plan Against
Antimicrobial Resistance,
https://ec.europa.eu/health/amr/sites/amr/files/amr_summary_action_plan_20
17 _en.pdf, 1-4.

European Environment Agency. (2018). EEA - Aquaculture production (EEA39). (A. A.
H. E. E. eudata-and-mapsindicatorsaquaculture-production-assessment, Ed.) (pp.
1-31).

European Market Observatory for Fisheries and Aquaculture Products (EUMOFA),
2015. The EU Fish Market. European Commission, Directorate-General for

Maritime Affairs and Fisheries, Director-General, Brussels, Belgium.

123



References

European Market Observatory for Fisheries and Aquaculture Products (EUMOFA.
(2016). The EU Fish Market. European Commission, Directorate-General for
Maritime Affairs and Fisheries, Director-General, Brussels, Belgium.

European Medicines Agency Veterinary Medicines. (2005). Oxolinic acid, (Extension
to all food producing species). In: Committee for Medicinal Products for
Veterinary Use. EMEA/CVMP/41090/2005-FINAL, London, UK.

Failler, P. (2007). Future prospects for fish and fishery products. 4. Fish consumption
in the European Union in 2015 and 2030. Part 1. European overview. In: FAO
Ficheries Circular. No 972/4, Part 1. FAO, Rome, pp. 204.

FAO. (1999). Food safety issues associated with products from aquaculture. Report
of a Joint FAO/NACA/WHO Study Group. World Health Organization Technical
Report Series, 883, i—vii— 1-55.

FAOQ. (2005). Responsible use of antibiotics in aquaculture, 1-110.

FAO. (2009a). Integrated mariculture, 1-194.

FAO. (2009b). Integrated Mariculture A Global Review. FAO Fisheries and
Aguaculture Technical Paper 529, 1-194.

FAO. (2014). The State of World Fisheries and Aquaculture, Opportunities and
Challenges. FAO, Rome, pp. 223 (e-isbn:978-925-108276-8).

FAOQ. (2018). The State of World Fisheries and Aquaculture 2018 - Meeting the
sustainable development goals., 1-227.

Farmaki, E. G., Thomaidis, N. S., Pasias, I. N., Baulard, C., Papaharisis, L., & Efstathiou,
C. E. (2014). Environmental impact of intensive aquaculture: Investigation on the
accumulation of metals and nutrients in marine sediments of Greece. Science of
the Total Environment, the, 485-486(C), 554-562.
http://doi.org/10.1016/j.scitotenv.2014.03.125

Federation of European Aquaculture Producers. (2016). FEAP Annual Report, Liege,
Belgium. 1-38.

Fernandez-Gonzalez, V., Toledo-Guedes, K., Valero-Rodriguez, J. M., Agraso, M. M.,
& Sanchez-Jerez, P. (2018). Harvesting amphipods applying the integrated
multitrophic aquaculture (IMTA) concept in off-shore areas. Aquaculture, 489,

62—69. http://doi.org/10.1016/j.aquaculture.2018.02.008

124



References

Ferrat, L., Pergent-Martini, C., & Roméo, M. (2003). Assessment of the use of
biomarkers in aquatic plants for the evaluation of environmental quality:
application to seagrasses. Aquatic Toxicology, 65(2), 187-204.
http://doi.org/10.1016/S0166-445X(03)00133-4

Ferreira, J. G., Sequeira, A., Hawkins, A. J. S., Newton, A., Nickell, T. D., Pastres, R., et
al. (2009). Analysis of coastal and offshore aquaculture: Application of the FARM
model to multiple systems and shellfish species. Aquaculture, 289(1-2), 32-41.
http://doi.org/10.1016/j.aquaculture.2008.12.017

Fletcher, R. L. (1995). Epiphytism and Fouling in Gracilaria Cultivation - an Overview.
Journal of Applied Phycology, 7(3), 325-333.
http://doi.org/10.1007/BF00004006

Fleurence, J. (1999). Seaweed proteins: biochemical, nutritional aspects and
potential uses. Trends in Food Science & Technology, 10(1), 25-28.

Fleurence, J., Morancais, M., Dumay, J., Decottignies, P., Turpin, V., Munier, M., et al.
(2012). What are the prospects for using seaweed in human nutrition and for
marine animals raised through aquaculture?, 27(1), 57-61.
http://doi.org/10.1016/j.tifs.2012.03.004

Florez, J.Z., Camus, C., Hengst, M.B., Buschmann, A.H., 2017. A Functional
Perspective Analysis of Macroalgae and Epiphytic Bacterial Community
Interaction. Frontiers in Microbiology 8, 1-16. doi:10.3389/fmicb.2017.02561

Forni, C., Cascone, A., Cozzolino, S., & Migliore, L. (2001). Drugs uptake and
degradation by aquatic plants as a bioremediation technique. Minerva
Biotecnologica, 13, 151-152.

Freitas, A., Leston, S., Rosa, J., Castilho, M. D. C., Barbosa, J., Rema, P., et al. (2014).
Multi-residue and multi-class determination of antibiotics in gilthead sea bream
(Sparus aurata) by ultra high-performance liquid chromatography-tandem mass
spectrometry. Food Additives & Contaminants: Part A, 31(5), 817-826.
http://doi.org/10.1080/19440049.2014.891764

Funge-Smith, S., & Phillips, M. J. (2000). Aquaculture systems and species. In R.
Subasinghe, P. Bueno, M. J. Phillips, C. Hough, S. E. McGladdery, & J. R. Arthur
(Eds.), Aquaculture in the Third Millennium (Technical Proceedings of the

Conference on Aquaculture in the Third Millennium, pp. 129-135).

125



References

Gavrilescu, M., 2004. Removal of Heavy Metals from the Environment by
Biosorption. Engineering in Life Sciences. 4, 219-232.
doi:10.1002/elsc.200420026

Ginés, R., Camacho, M., Henriquez-Hernandez, L. A., Izquierdo, M., Boada, L. D.,
Montero, D., et al. (2018). Reduction of persistent and semi-persistent organic
pollutants in fillets of farmed European seabass (Dicentrarchus labrax) fed low
fish oil diets. Science of the Total Environment, the, 643(C), 1239-1247.
http://doi.org/10.1016/j.scitotenv.2018.06.223

Goldburg, R., Elliott, M. S., Naylor, R., & Commission, P. O. (2001). Marine
aquaculture in the United States: environmental impacts and policy options.

Granada, L., Sousa, N, Lopes, S., & Lemos, M. F. L. (2016). Is integrated multitrophic
aquaculture the solution to the sectors’ major challenges? - a review. Reviews in
Aquaculture, 8(3), 283-300. http://doi.org/10.1111/raq.12093

Graslund, S., Holmstrom, K., & Wahlstrom, A. (2003). A field survey of chemicals and
biological products used in shrimp farming. Marine Pollution Bulletin, 46(1), 81—
90.

Grigorakis, K., & Rigos, G. (2011). Aquaculture effects on environmental and public
welfare - the case of Mediterranean mariculture. Chemosphere, 85(6), 899-919.
http://doi.org/10.1016/j.chemosphere.2011.07.015

Guardabassi, L., Dalsgaard, A., Raffatellu, M., & Olsen, J. E. (2000). Increase in the
prevalence of oxolinic acid resistant Acinetobacter spp. observed in a stream
receiving the effluent from a freshwater trout farm following the treatment with
oxolinic acid-medicated feed. Aquaculture, 188(3), 205-218.

Guerra-Garcia, J. M., Hachero-Cruzado, |., Gonzalez-Romero, P., Jiménez-Prada, P.,
Cassell, C., & Ros, M. (2016). Towards Integrated Multi-Trophic Aquaculture:
Lessons from Caprellids (Crustacea: Amphipoda). PLoS ONE, 11(4), 1-26.
http://doi.org/10.1371/journal.pone.0154776

Guillen, J. (2012). FELASA guidelines and recommendations. Journal of the American
Association for Laboratory Animal Science : JAALAS, 51(3), 311-321.

Halling-Sgrensen, B., Nors Nielsen, S., Lanzky, P. F., Ingerslev, F., Holten Litzhgft, H.
C., & Jgrgensen, S. E. (1998). Occurrence, fate and effects of pharmaceutical

substances in the environment - review. Chemosphere, 36(2), 357-393.

126



References

Hannah, L., Pearce, C. M., & Cross, S. F. (2013). Growth and survival of California sea
cucumbers (Parastichopus californicus) cultivated with sablefish (Anoplopoma
fimbria) at an integrated multi-trophic aquaculture site. Aquaculture, 406-
407(C), 34—-42. http://doi.org/10.1016/j.aquaculture.2013.04.022

Hansen, M. K., & Horsberg, T. E. (2000). Single-dose pharmacokinetics of flumequine
in cod (Gadus morhua) and goldsinny wrasse (Ctenolabrus rupestris). Journal of
Veterinary Pharmacology and Therapeutics, 23(3), 163—168.

Harrison, P. J., & Hurd, C. L. (2001). Nutrient physiology of seaweeds: application of
concepts to aquaculture. Cahiers De Biologie Marine, 42, 71-82.

Haya, K. (2001). Environmental impact of chemical wastes produced by the salmon
aquaculture industry. ICES Journal of Marine Science, 58(2), 492-496.
http://doi.org/10.1006/jmsc.2000.1034

Haya, K., Burridge, L. E., Davies, |. M., & Ervik, A. (2005). A Review and Assessment of
Environmental Risk of Chemicals Used for the Treatment of Sea Lice Infestations
of Cultured Salmon. In Environmental Effects of Marine Finfish Aquaculture (4
ed., Vol. 5, pp. 305-340). Berlin/Heidelberg: Springer-Verlag.
http://doi.org/10.1007/b136016

He, J., Chen, J.P., 2014. A comprehensive review on biosorption of heavy metals by
algal biomass: Materials, performances, chemistry, and modeling simulation
tools. Bioresource Technology. 160, 67—-78. doi:10.1016/j.biortech.2014.01.068

Henriksson, P.J.G., Belton, B., Jahan, K.M.-E., Rico, A., 2018. Measuring the potential
for sustainable intensification of aquaculture in Bangladesh using life cycle
assessment. Proceedings of the National Academy of Sciences. USA 115, 2958—
2963. d0i:10.1073/pnas.1716530115

Intorre, L., Cecchini, S., Bertini, S., Varriale, A. M. C,, Soldani, G., & Mengozzi, G.
(2000). Pharmacokinetics of enrofloxacin in the seabass (Dicentrarchus labrax).
Aquaculture, 182(1-2), 49-59. http://doi.org/10.1016/s0044-8486(99)00253-7

Ishida, N. (1992). Tissue levels of oxolinic acid after oral or intravascular
administration to freshwater and seawater rainbow trout. Aquaculture, 102(1),

9-15.

127



References

Islam, M. S. (2005). Nitrogen and phosphorus budget in coastal and marine cage
aquaculture and impacts of effluent loading on ecosystem: review and analysis
towards model development. Marine Pollution Bulletin, 50(1), 48—61.
http://doi.org/10.1016/j.marpolbul.2004.08.008

Jacobsen, M. D. (1989). Withdrawal times of freshwater rainbow trout, Sa/mo
gairdneri Richardson, after treatment with oxolinic acid, oxytetracycline and
trimetoprim. Journal of Fish Diseases, 12(1), 29-36.

Jarvis, T. A., & Bielmyer-Fraser, G. K. (2015). Accumulation and effects of metal
mixtures in two seaweed species. Comparative Biochemistry and Physiology.
Toxicology & Pharmacology : CBP, 171(C), 28-33.
http://doi.org/10.1016/j.cbpc.2015.03.005

Ji, K., Kim, S., Han, S., Seo, J., Lee, S., Park, Y., et al. (2012). Risk assessment of
chlortetracycline, oxytetracycline, sulfamethazine, sulfathiazole, and
erythromycin in aquatic environment: are the current environmental
concentrations safe? Ecotoxicology, 21(7), 2031-2050.
http://doi.org/10.1007/s10646-012-0956-6

Jin, X., Xu, H., Qiuy, S., Jia, M., Wang, F., Zhang, A., & Jiang, X. (2017). Direct photolysis
of oxytetracycline: Influence of initial concentration, pH and temperature.
Journal of Photochemistry and Photobiology a: Chemistry, 332, 224-231.
http://doi.org/10.1016/j.jphotochem.2016.08.032

Justino, C. I. L., Duarte, K. R., Freitas, A. C., Panteleitchouk, T.S. L., Duarte, A. C., &
Rocha-Santos, T. A. P. (2016). Contaminants in aquaculture: Overview of
analytical techniques for their determination. Trends in Analytical Chemistry, 80,
293-310. http://doi.org/10.1016/j.trac.2015.07.014

Kalantzi, I., Shimmield, T. M., Pergantis, S. A., Papageorgiou, N., Black, K. D., &
Karakassis, |. (2013). Heavy metals, trace elements and sediment geochemistry
at four Mediterranean fish farms. Science of the Total Environment, the, 444(C),
128-137. http://doi.org/10.1016/j.scitotenv.2012.11.082

Kawashima, A., Watanabe, S., Iwakiri, R., & Honda, K. (2009). Removal of dioxins and
dioxin-like PCBs from fish oil by countercurrent supercritical CO, extraction and
activated carbon treatment. Chemosphere, 75(6), 788—-794.
http://doi.org/10.1016/j.chemosphere.2008.12.057

128



References

Kibria, A. S. M., & Haque, M. M. (2018). Potentials of integrated multi-trophic
aquaculture (IMTA) in freshwater ponds in Bangladesh. Aquaculture Reports, 11,
8-16. http://doi.org/10.1016/j.aqrep.2018.05.004

Kleitou, P., Kletou, D., & David, J. (2018). Is Europe ready for integrated multi-trophic
aquaculture? A survey on the perspectives of European farmers and scientists
with IMTA experience. Aquaculture, 490, 136-148.
http://doi.org/10.1016/j.aquaculture.2018.02.035

Knapp, C. W., Cardoza, L. A., Hawes, J. N., Wellington, E. M. H., Larive, C. K., &
Graham, D. W. (2005). Fate and Effects of Enrofloxacin in Aquatic Systems under
Different Light Conditions. Environmental Science & Technology, 39(23), 9140—
9146. http://doi.org/10.1021/es050895I|

Kuhne, M., Wegmann, S., Kobe, A., & Fries, R. (2000). Tetracycline residues in bones
of slaughtered animals. Food Control, 11, 175-180.

Kummerer, K. (2004). Resistance in the environment. Journal of Antimicrobial
Chemotherapy, 54(2), 311-320. http://doi.org/10.1093/jac/dkh325

Kummerer, K., & Henninger, A. (2003). Promoting resistance by the emission of
antibiotics from hospitals and households into efluent, 1-12.

Kimmerer, K. (2009a). Antibiotics in the aquatic environment — A review — Part I.
Chemosphere, 75(4), 417-434.
http://doi.org/10.1016/j.chemosphere.2008.11.086

Kimmerer, K. (2009b). Antibiotics in the aquatic environment — A review — Part Il.
Chemosphere, 75(4), 435-441.
http://doi.org/10.1016/j.chemosphere.2008.12.006

Lahaye, M., Gomez Pinchetti, J. L., del Rio, M. J., & Garcia Reina, G. (1995). Natural
decoloration, composition and increase in dietary fibre content of an edible
marine algae, Ulva rigida (Chlorophyta), grown under different nitrogen
conditions. Journal of the Science of Food and Agriculture, 68(1), 99-104.

Lalumera, G. M., Calamari, D., Galli, P., Castiglioni, S., Crosa, G., & Fanelli, R. (2004).
Preliminary investigation on the environmental occurrence and effects of
antibiotics used in aquaculture in Italy. Chemosphere, 54(5), 661-668.
http://doi.org/10.1016/j.chemosphere.2003.08.001

129



References

Lander, T. R., Robinson, S. M. C., MacDonald, B. A., & Martin, J. D. (2012). Enhanced
Growth Rates and Condition Index of Blue Mussels (Mytilus edulis) Held at
Integrated Multitrophic Aquaculture Sites in the Bay of Fundy. Journal of
Shellfish Research, 31(4), 997-1007. http://doi.org/10.2983/035.031.0412

Le Van Khoi, & Fotedar, R. (2011). Integration of western king prawn (Penaeus
latisulcatus Kishinouye, 1896) and green seaweed (Ulva lactuca Linnaeus, 1753)
in a closed recirculating aquaculture system. Aquaculture, 322-323(C), 201-209.
http://doi.org/10.1016/j.aquaculture.2011.09.030

Lees, F., Baillie, M., Gettinby, G., & Revie, C. W. (2008). The Efficacy of Emamectin
Benzoate against Infestations of Lepeophtheirus salmonis on Farmed Atlantic
Salmon (Salmo salar L) in Scotland, 2002-2006. PLoS ONE, 3(2), e1549-11.
http://doi.org/10.1371/journal.pone.0001549

Leston, S., Freitas, A., Rosa, J., Barbosa, J., Lemos, M. F. L., Pardal, M. A., & Ramos, F.
(2016). A multiresidue approach for the simultaneous quantification of
antibiotics in macroalgae by ultra-high performance liquid chromatography—
tandem mass spectrometry. Journal of Chromatography. B, Analytical
Technologies in the Biomedical and Life Sciences, 1033-1034, 361-367.
http://doi.org/10.1016/j.jchromb.2016.09.009

Leston, S., Nunes, M., Viegas, |., Lemos, M. F. L., Freitas, A., Barbosa, J., et al. (2011).
The effects of the nitrofuran furaltadone on Ulva lactuca. Chemosphere, 82(7),
1010-1016. http://doi.org/10.1016/j.chemosphere.2010.10.067

Leston, S., Nunes, M., Viegas, I., Nebot, C., Cepeda, A., Pardal, M. A., & Ramos, F.
(2014). The influence of sulfathiazole on the macroalgae Ulva lactuca.
Chemosphere, 100, 105-110.
http://doi.org/10.1016/j.chemosphere.2013.12.038

Leston, S., Nunes, M., Viegas, |., Ramos, F., & Pardal, M. A. (2013). The effects of
chloramphenicol on Ulva lactuca. Chemosphere, 91(4), 552-557.
http://doi.org/10.1016/j.chemosphere.2012.12.061

Lewis, S., Donkin, M. E., & Depledge, M. H. (2001). Hsp70 expression in
Enteromorpha intestinalis (Chlorophyta) exposed to environmental stressors.

Aquatic Toxicology (Amsterdam, Netherlands), 51(3), 277-291.

130



References

Liang, P., Wu, S.-C., Zhang, J,, Cao, Y., Yu, S., & Wong, M.-H. (2016). The effects of
mariculture on heavy metal distribution in sediments and cultured fish around
the Pearl River Delta region, south China. Chemosphere, 148(C), 171-177.
http://doi.org/10.1016/j.chemosphere.2015.10.110

Liu, X., Steele, J. C., & Meng, X.-Z. (2017). Usage, residue, and human health risk of
antibiotics in Chinese aquaculture: A review. Environmental Pollution, 1-9.
http://doi.org/10.1016/j.envpol.2017.01.003

Lizondo, M., Pons, M., Gallardo, M., & Estelrich, J. (1997). Physicochemical
properties of enrofloxacin. Journal of Pharmaceutical and Biomedical Analysis,
15(12), 1845-1849.

Lund, E. K. (2013). Health benefits of seafood; is it just the fatty acids? Food
Chemistry, 140(3), 413—-420. http://doi.org/10.1016/j.foodchem.2013.01.034

Maehre, H. K., Malde, M. K., Eilertsen, K.-E., & Elvevoll, E. O. (2014). Characterization
of protein, lipid and mineral contents in common Norwegian seaweeds and
evaluation of their potential as food and feed. Journal of the Science of Food and
Agriculture, 94(15), 3281-3290. http://doi.org/10.1002/jsfa.6681

Malvisi, J., Rocca, G. D., Anfossi, P., & Giorgetti, G. (1996). Tissue distribution and
residue depletion of oxytetracycline in sea bream (Sparus aurata) and sea bass
(Dicentrarchus labrax) after oral administration. Aquaculture, 147(3), 159-168.

Malvisi, J., Rocca, G. D., Anfossi, P., & Giorgetti, G. (1997). Tissue distribution and
depletion of flumequine after in-feed administration in sea bream (Sparus
aurata). Aquaculture, 157(3), 197-204.

Martinsen, B., & Horsberg, T. E. (1995). Comparative single-dose pharmacokinetics
of four quinolones, oxolinic acid, flumequine, sarafloxacin, and enrofloxacin, in
Atlantic salmon (Salmo salar) held in seawater at 10 degrees C. Antimicrobial
Agents and Chemotherapy, 39(5), 1059-1064.
http://doi.org/10.1128/AAC.39.5.1059

Martinez-Espifieira, R., Chopin, T., Robinson, S., Noce, A., Knowler, D., & Yip, W.
(2015). Estimating the biomitigation benefits of Integrated Multi-Trophic
Aguaculture: A contingent behavior analysis. Aquaculture, 437, 182-194.
http://doi.org/10.1016/j.aquaculture.2014.11.034

131



References

Maule, A. G., Gannam, A. L., & Davis, J. W. (2007). Chemical contaminants in fish
feeds used in federal salmonid hatcheries in the USA. Chemosphere, 67(7),
1308-1315. http://doi.org/10.1016/j.chemosphere.2006.11.029

Mehrtens, G. (1994). Haloperoxidase activities in Arctic macroalgae. Polar Biology,
14(5), 351-354. http://doi.org/10.1007/BF00238451

Mesalhy Aly, S., & Albutti, A. (2014). Antimicrobials Use in Aquaculture and their
Public Health Impact. Journal of Aquaculture Research & Development, 5(4), 1-6.
http://doi.org/10.4172/2155-9546.1000247

Migliore, L., Cozzolino, S., & Fiori, M. (2003). Phytotoxicity to and uptake of
enrofloxacin in crop plants. Chemosphere, 52(7), 1233-1244.
http://doi.org/10.1016/S0045-6535(03)00272-8

Mitsou, K., Koulianou, A., Lambropoulou, D., Pappas, P., Albanis, T., & Lekka, M.
(2006). Growth rate effects, responses of antioxidant enzymes and metabolic
fate of the herbicide Propanil in the aquatic plant Lemna minor. Chemosphere,
62(2), 275-284. http://doi.org/10.1016/j.chemosphere.2005.05.026

Monteiro, E. (2012). As pescas portuguesas, 1st ed. Academia das Ciéncias de Lisboa,
Lisboa. Portugal (isbn:978-972623-114-1).

Msuya, F. E., & Neori, A. (2008). Effect of water aeration and nutrient load level on
biomass yield, N uptake and protein content of the seaweed Ulva lactuca
cultured in seawater tanks. Journal of Applied Phycology, 20(6), 1021-1031.
http://doi.org/10.1007/s10811-007-9300-6

Navarrete, A., Gonzalez, A., Gdmez, M., Contreras, R. A, Diaz, P., Lobos, G., et al.
(2018). Copper excess detoxification is mediated by a coordinated and
complementary induction of glutathione, phytochelatins and metallothioneins in
the green seaweed Ulva compressa. Plant Physiology and Biochemistry, 1-0.
http://doi.org/10.1016/j.plaphy.2018.11.019

Naviner, M., Gordon, L., Giraud, E., Denis, M., Mangion, C., Le Bris, H., & Ganiére, J.-
P. (2011). Antimicrobial resistance of Aeromonas spp. isolated from the growth
pond to the commercial product in a rainbow trout farm following a flumequine
treatment. Aquaculture, 315(3-4), 236-241.
http://doi.org/10.1016/j.aquaculture.2011.03.006

132



References

Naylor, R., & Burke, M. (2005). Aquaculture and ocean resources: raising tigers of the
sea. http://doi.org/10.1146/annurev.energy.30.081804.121034

Neori, A. (2008). Essential role of seaweed cultivation in integrated multi-trophic
aquaculture farms for global expansion of mariculture: an analysis. Journal of
Applied Phycology, 20(5), 567-570. http://doi.org/10.1007/s10811-007-9206-3

Neori, A., Chopin, T., Troell, M., Buschmann, A. H., Kraemer, G. P., Halling, C., et al.
(2004). Integrated aquaculture: rationale, evolution and state of the art
emphasizing seaweed biofiltration in modern mariculture. Aquaculture, 231(1-
4), 361-391. http://doi.org/10.1016/j.aquaculture.2003.11.015

Neori, A., Shpigel, M., & Ben-Ezra, D. (2000). A sustainable integrated system for
culture of fish, seaweed and abalone. Aquaculture, 186(3), 279-291.
http://doi.org/10.1016/5S0044-8486(99)00378-6

Nielsen, M. M., Bruhn, A., Rasmussen, M. B., Olesen, B., Larsen, M. M., & Mgller, H.
B. (2011). Cultivation of Ulva lactuca with manure for simultaneous
bioremediation and biomass production, 24(3), 449-458.
http://doi.org/10.1007/s10811-011-9767-z

Ngstbakken, O. J., Hove, H. T., Duinker, A., Lundebye, A.-K., Berntssen, M. H. G.,
Hannisdal, R., et al. (2015). Contaminant levels in Norwegian farmed Atlantic
salmon (Salmo salar) in the 13-year period from 1999 to 2011. Environment
International, 74(C), 274-280. http://doi.org/10.1016/j.envint.2014.10.008

Osmundsen, T. C., Almklov, P., & Tveteras, R. (2017). Fish farmers and regulators
coping with the wickedness of aquaculture. Aquaculture Economics &
Management, 21(1), 163—183. http://doi.org/10.1080/13657305.2017.1262476

Ottinger, M., Clauss, K., & Kuenzer, C. (2016). Aquaculture: Relevance, distribution,
impacts and spatial assessments — A review. Ocean & Coastal Management, 119,
244-266. http://doi.org/10.1016/j.ocecoaman.2015.10.015

Paiva, L., Lima, E., Patarra, R. F., Neto, A. |., & Baptista, J. (2014). Edible Azorean
macroalgae as source of rich nutrients with impact on human health. Food
Chemistry, 164(C), 128-135. http://doi.org/10.1016/j.foodchem.2014.04.119

Papapanagiotou, E. P., Batzias, G. C., lossifidou, E. G., & Psomas, I. E. (2002).
Sulfadimethoxine and Ormetoprim residue study in cultured gilthead sea bream

(Sparus aurata, L.). Revue De Médecine Vétérinaire, 153(10), 669—-674.

133



References

Paez-Osuna, F. (2001). The Environmental Impact of Shrimp Aquaculture: Causes,
Effects, and Mitigating Alternatives. Environmental Management, 28(1), 131—
140. http://doi.org/10.1007/s002670010212

Peng, Y., Chen, G., Li, S., Liu, Y., & Pernetta, J. C. (2013). Use of degraded coastal
wetland in an integrated mangrove-aquaculture system: a case study from the
South China Sea. Ocean & Coastal Management, 85(PB), 209-213.
http://doi.org/10.1016/j.ocecoaman.2013.04.008

Pereira, A. M. P. T,, Silva, L. J. G., Meisel, L. M., & Pena, A. (2015). Fluoroquinolones
and Tetracycline Antibiotics in a Portuguese Aquaculture System and Aquatic
Surroundings: Occurrence and Environmental Impact. Journal of Toxicology and
Environmental Health, Part A, 78(15), 959-975.
http://doi.org/10.1080/15287394.2015.1036185

Perugini, M., Manera, M., Tavoloni, T., Lestingi, C., Pecorelli, I., & Piersanti, A. (2013).
Temporal trends of PCBs in feed and dietary influence in farmed rainbow trout
(Oncorhynchus mykiss). Food Chemistry, 141(3), 2321-2327.
http://doi.org/10.1016/j.foodchem.2013.05.062

Pflugmacher, S., & Sandermann, H. (1998). Cytochrome P450 monooxygenases for
fatty acids and xenobiotics in marine macroalgae. Plant Physiology, 117(1), 123—
128.

Pflugmacher, S., Wiencke, C., & Sandermann, H. (1999). Activity of phase | and phase
Il detoxication enzymes in Antarctic and Arctic macroalgae. Marine
Environmental Research, 48(1), 23-36. http://doi.org/10.1016/5S0141-
1136(99)00030-6

Plakas, S.M., Said, El K.R., Musser, S.M., 2000. Pharmacokinetics, tissue distribution,
and metabolism of flumequine in channel catfish (Ictalurus punctatus).
Aguaculture 187, 1-14 pii:s0044-8486(00)003303-3.

Poher, I., Blanc, G., & Loussouarn, S. (1997). Pharmacokinetics of oxolinic acid in sea-
bass, Dicentrarchus labrax (L., 1758), after a single rapid intravascular injection.

Journal of Veterinary Pharmacology and Therapeutics, 20(4), 267-275.

134



References

Quesada, S. P., Paschoal, J. A. R., & Reyes, F. G. R. (2013). Considerations on the
aquaculture development and on the use of veterinary drugs: special issue for
fluoroquinolones - a review. Journal of Food Science, 78(9), R1321-33.
http://doi.org/10.1111/1750-3841.12222

Ratcliff, J. J., Wan, A. H. L., Edwards, M. D., Soler-Vila, A., Johnson, M. P., Abreu, M.
H., & Morrison, L. (2016). Metal content of kelp (Laminaria digitata) co-
cultivated with Atlantic salmon in an Integrated Multi-Trophic Aquaculture
system. Aquaculture, 450(C), 234-243.
http://doi.org/10.1016/j.aquaculture.2015.07.032

Read, P., & Fernandes, T. (2003). Management of environmental impacts of marine
aquaculture in Europe. Aquaculture, 226(1-4), 139-163.
http://doi.org/10.1016/50044-8486(03)00474-5

Reda, R. M., Ibrahim, R. E., Ahmed, E.-N. G., & El-Bouhy, Z. M. (2013). Effect of
oxytetracycline and florfenicol as growth promoters on the health status of
cultured Oreochromis niloticus. The Egyptian Journal of Aquatic Research, 39(4),
241-248. http://doi.org/10.1016/j.ejar.2013.12.001

Reid, GK, Liutkus, M., Bennett, A., Robinson, S. M. C., MacDonald, B., & Page, F.
(2010). Absorption efficiency of blue mussels (Mytilus edulis and M. trossulus)
feeding on Atlantic salmon (Salmo salar) feed and fecal particulates: Implications
for integrated multi-trophic aquaculture. Aquaculture, 299(1-4), 165-169.
http://doi.org/10.1016/j.aquaculture.2009.12.002

Ren, J. S., Stenton-Dozey, J., Plew, D. R,, Fang, J., & Gall, M. (2012). An ecosystem
model for optimising production in integrated multitrophic aquaculture systems.
Ecological Modelling, 246, 34-46.
http://doi.org/10.1016/j.ecolmodel.2012.07.020

Rico, A., & Van den Brink, P. J. (2014). Probabilistic risk assessment of veterinary
medicines applied to four major aquaculture species produced in Asia. Science of
the Total Environment, 468-469, 630—641.
http://doi.org/10.1016/j.scitotenv.2013.08.063

135



References

Rico, A,, Phu, T. M., Satapornvanit, K., Min, J., Shahabuddin, A. M., Henriksson, P. J.
G., et al. (2013). Use of veterinary medicines, feed additives and probiotics in
four major internationally traded aquaculture species farmed in Asia.
Aquaculture, 412-413(C), 231-243.
http://doi.org/10.1016/j.aquaculture.2013.07.028

Rico, A., Satapornvanit, K., Haque, M. M., Min, J., Nguyen, P. T., Telfer, T. C., & Van
den Brink, P. J. (2012). Use of chemicals and biological products in Asian
aquaculture and their potential environmental risks: a critical review. Reviews in
Aquaculture, 4(2), 75-93. http://doi.org/10.1111/j.1753-5131.2012.01062.x

Rigos, G., Alexis, M., & Nengas, |. (1999). Leaching, palatability and digestibility of
oxytetracycline and oxolinic acid included in diets fed to seabass Dicentrarchus
labrax L. Aquaculture Research, 30(11-12), 841-847.
http://doi.org/10.1046/j.1365-2109.1999.00410.x

Rigos, G., Alexis, M., Andriopoulou, A., & Nengas, I. (2002a). Pharmacokinetics and
tissue distribution of oxytetracycline in sea bass, Dicentrarchus labrax, at two
water temperatures. Aquaculture, 210(1), 59-67.

Rigos, G., Alexis, M., Andriopoulou, A., & Nengas, I. (2002b). Temperature-
dependent pharmacokinetics and tissue distribution of oxolinic acid in sea bass,
Dicentrarchus labrax L., after a single intravascular injection. Aquaculture
Research, 33(14), 1175-1181. http://doi.org/10.1046/j.1365-2109.2002.00783.x

Rigos, G., Alexis, M., Tyrpenou, A. E., Nengas, |., Piper, I., & Troisi, G. (2002c).
Pharmacokinetics of oxolinic acid in gilthead sea bream, Sparus aurata L. Journal
of Fish Diseases, 25(7), 401-408.

Rigos, G., Tyrpenou, A., Nengas, |., & Alexis, M. (2002d). A pharmacokinetic study of
flumequine in sea bass, Dicentrarchus labrax (L.), after a single intravascular
injection. Journal of Fish Diseases, 25(2), 101-105.
http://doi.org/10.1046/j.1365-2761.2002.00340.x

Rigos, G., Nengas, ., Tyrpenou, A. E., Alexis, M., & Troisi, G. M. (2003).
Pharmacokinetics and bioavailability of oxytetracycline in gilthead sea bream
(Sparus aurata) after a single dose. Aquaculture, 221(1), 75-83.
http://doi.org/10.1016/50044-8486(03)00071-1

136



References

Rigos, G., Nengas, |., Alexis, A., Athanassopoulou, F., & Troisi, G. M. (2004a). Poor
bioavailability of oxytetracycline in sharpsnout sea bream Diplodus puntazzo.
Aquaculture, 235(1), 489-497.
http://doi.org/10.1016/j.aquaculture.2003.10.016

Rigos, G., Tyrpenou, A. E., Nengas, |., Alexis, M., & Troisi, G. M. (2004b). The kinetic
profile of oxolinic acid in sharpsnout sea bream, Diplodus puntazzo (Cetti 1777).
Aquaculture Research, 35(14), 1299-1304. http://doi.org/10.1111/j.1365-
2109.2004.01127.x

Rigos, G., & Troisi, G. M. (2005). Antibacterial Agents in Mediterranean Finfish
Farming: A Synopsis of Drug Pharmacokinetics in Important Euryhaline Fish
Species and Possible Environmental Implications. Reviews in Fish Biology and
Fisheries, 15(1-2), 53—73. http://doi.org/10.1007/s11160-005-7850-8

Rigos, G., Nengas, |., & Alexis, M. (2006). Oxytetracycline (OTC) uptake following
bath treatment in gilthead sea bream (Sparus aurata). Aquaculture, 261(4),
1151-1155. http://doi.org/10.1016/j.aquaculture.2006.09.023

Rigos, G., Bitchava, K., & Nengas, |. (2010). Antibacterial drugs in products originating
from aquaculture: assessing the risks to public welfare. Mediterranean Marine
Science, 11(1), 33-42.

Rigos, G., Zonaras, V., Nikolopoulou, D., Henry, M., Nikoloudaki, X., & Alexis, M.
(2011). The effect of diet composition (plant vs fish oil-based diets) on the
availability of oxytetracycline in gilthead sea bream (Sparus aurata) at two water
temperatures. Aquaculture, 311(1), 31-35.
http://doi.org/10.1016/j.aquaculture.2010.11.018

Rigos, G., & Smith, P. (2013). A critical approach on pharmacokinetics,
pharmacodynamics, dose optimisation and withdrawal times of oxytetracycline
in aquaculture. Reviews in Aquaculture. http://doi.org/10.1111/raq.12055

Rigos, G., Zonaras, V., Nikoloudaki, X., Cotou, E., Henry, M., Varo, |., & Alexis, M.
(2013). Distribution and depletion of sulfadiazine after a multiple per os dosing
in gilthead sea bream (Sparus aurata) fed two different diets. Mediterranean
Marine Science, 14(2), 377-383. http://doi.org/10.12681/mms.490

Ritschel, W.A., 1976. Handbook of Basic Pharmacokinetics, sixth ed. Washington,
USA.isbn:9781582121260.

137



References

Robinson, A. A, Belden, J. B., & Lydy, M. J. (2005). Toxicity of fluoroquinolone
antibiotics to aquatic organisms. Environmental Toxicology and Chemistry /
SETAC, 24(2), 423-430.

Robinson, S., Martin, J., Cooper, J., Lander, T., Reid, G., Powell, F., & Griffin, R.
(2011). The role of three dimensional habitats in the establishment of integrated
multi-trophic aquaculture (IMTA) systems. Bull. Aquacul. Assoc. Canada, 109,
23-29.

Rodgers, C. J., & Furones, M. D. (2009). Antimicrobial agents in aquaculture: Practice,
needs and issues. In C. J. Rodgers & B. Basurco (Eds.), The use of veterinary drugs
and vaccines in Mediterranean aquaculture. Options Méditerranéennes.

Rodriguez-Hernandez, A., Camacho, M., Henriquez-Hernandez, L. A., Boada, L. D.,
Valerén, P. F., Zaccaroni, A., et al. (2017). Comparative study of the intake of
toxic persistent and semi persistent pollutants through the consumption of fish
and seafood from two modes of production (wild-caught and farmed). Science of
the Total Environment, the, 575(C), 919-931.
http://doi.org/10.1016/j.scitotenv.2016.09.142

Rogstad, A., Ellingsen, O. F., & Syvertsen, C. (1993). Pharmacokinetics and
bioavailability of flumequine and oxolinic acid after various routes of
administration to Atlantic salmon in seawater. Aquaculture, 110 (3), 207-220.

Romero Gonzalez, R., Fernandez, R. F., Martinez Vidal, J. L., Sdnchez Muros, M. J., &
Garrido Frenich, A. (2010). Depletion of veterinary drugs used in aquaculture
after administration in feed to gilthead seabream (Sparus aurata). Journal of
Food Protection, 73(9), 1664—1670.

Romero, J., Feijod, C. G., & Navarrete, P. (2012). Antibiotics in Aquaculture — Use,
Abuse and Alternatives. Health and Environment in Aquaculture. InTech, Croatia,
414. https://doi.org/10.5772/28157.

Rosa, J., Leston, S., Castro, M., Freitas, A., Barbosa, J., Pardal, M. A., et al. (2018).
Evaluation of antimicrobials residues in farmed gilthead seabream (Sparus
aurata) after administration through medicated feed. Food Control, 86, 110—

116. http://doi.org/10.1016/j.foodcont.2017.11.005

138



References

Rosa, J., Leston, S., Freitas, A., Pouca, A. S. V., Barbosa, J., Lemos, M. F. L,, et al.
(2019). Oxytetracycline accumulation in the macroalgae Ulva: potential risks for
IMTA systems. Chemosphere, 1-28.
http://doi.org/10.1016/j.chemosphere.2019.03.112

Russell, M., Robinson, C. D., Walsham, P., Webster, L., & Moffat, C. F. (2011).
Persistent organic pollutants and trace metals in sediments close to Scottish
marine fish farms. Aquaculture, 319(1-2), 262-271.
http://doi.org/10.1016/j.aquaculture.2011.06.030

Ryther, J. H., Dunstan, W. M., Tenore, K. R., & Huguenin, J. E. (1972). Controlled
Eutrophication: Increasing Food Production from the Sea by Recycling Human
Wastes. Bioscience, 22(3), 144—152. http://doi.org/10.2307/1296076

Samuelsen, O. B. (1989). Degradation of oxytetracycline in seawater at two different
temperatures and light intensities, and the persistence of oxytetracycline in the
sediment from a fish farm. Aquaculture, 83(1), 7-16.
http://doi.org/10.1016/0044-8486(89)90056-2

Samuelsen, O. B. (2006). Pharmacokinetics of quinolones in fish: a review.
Aquaculture, 255(1), 55-75. http://doi.org/10.1016/j.aquaculture.2005.12.008

Samuelsen, O. B., & Bergh, @. (2004). Efficacy of orally administered florfenicol and
oxolinic acid for the treatment of vibriosis in cod (Gadus morhua). Aquaculture,
235(1), 27-35. http://doi.org/10.1016/50044-8486(03)00446-0

Sandermann, H. (1992). Plant metabolism of xenobiotics. Trends in Biochemical
Sciences, 17(2), 82—84. http://doi.org/10.1016/0968-0004(92)90507-6

Sanderson, J. C., Cromey, C. J., Dring, M. J., & Kelly, M. S. (2008). Distribution of
nutrients for seaweed cultivation around salmon cages at farm sites in north —
west Scotland. Aquaculture, 278(1-4), 60—68.
http://doi.org/10.1016/j.aquaculture.2008.03.027

Sapkota, A., Sapkota, A. R., Kucharski, M., Burke, J., McKenzie, S., Walker, P., &
Lawrence, R. (2008). Aquaculture practices and potential human health risks:
current knowledge and future priorities. Environment International, 34(8), 1215—

1226. http://doi.org/10.1016/j.envint.2008.04.009

139



References

Sara, G., Zenone, A., & Tomasello, A. (2009). Growth of Mytilus galloprovincialis
(mollusca, bivalvia) close to fish farms: a case of integrated multi-trophic
aquaculture within the Tyrrhenian Sea. Hydrobiologia, 636(1), 129-136.
http://doi.org/10.1007/s10750-009-9942-2

Sarmah, A. K., Meyer, M. T., & Boxall, A. B. A. (2006). A global perspective on the
use, sales, exposure pathways, occurrence, fate and effects of veterinary
antibiotics (VAs) in the environment. Chemosphere, 65(5), 725-759.
http://doi.org/10.1016/j.chemosphere.2006.03.026

Schnick, R. (2001). International harmonization of antimicrobial sensitivity
determination for aquaculture drugs. Aquaculture, (196), 277-288.

Schweikert, K., & Burritt, D. J. (2012). The organophosphate insecticide Coumaphos
induces oxidative stress and increases antioxidant and detoxification defenses in
the green macroalgae Ulva pertusa. Aquatic Toxicology (Amsterdam,
Netherlands), 122-123, 86—92. http://doi.org/10.1016/j.aquatox.2012.05.003

Sekkin, S., & Kum, C. (2011). Antibacterial Drugs in Fish Farms: Application and Its
Effects. Chapter, 12, 217-250.

Serrano, P.H., 2005. Responsible Use of Antibiotics Aquaculture. FAO Fisheries
Technical Paper. No 469. Rome, FAO. 97p. isbn:92-5-105436-3

Smith, M. D., Roheim, C. A., Crowder, L. B., Halpern, B. S., Turnipseed, M., Anderson,
J. L., et al. (2010). Sustainability and Global Seafood. Science, 327(5967), 784—
786. http://doi.org/10.1126/science.1185345

Smith, P. (2008). Antimicrobial resistance in aquaculture. Revue Scientifique Et
Technique (International Office of Epizootics), 27(1), 243—-264.

Sprague, M., Bendiksen, E. A., Dick, J. R., Strachan, F., Pratoomyot, J., Berntssen, M.
H. G, et al. (2010). Effects of decontaminated fish oil or a fish and vegetable oil
blend on persistent organic pollutant and fatty acid compositions in diet and
flesh of Atlantic salmon (Sa/mo salar). British Journal of Nutrition, 103(10), 1442—
1451. http://doi.org/10.1017/5S0007114510000139

Squadrone, S., Brizio, P., Stella, C., Prearo, M., Pastorino, P., Serracca, L., et al.
(2016). Presence of trace metals in aguaculture marine ecosystems of the
northwestern Mediterranean Sea (ltaly). Environmental Pollution, 215(c), 77-83.

http://doi.org/10.1016/j.envpol.2016.04.096

140



References

Stebbing, A. (1998). A theory for growth hormesis. Mutation Research, 403(1-2),
249-258.

Sterling, A. M., Cross, S. F., & Pearce, C. M. (2016). Co-culturing green sea urchins
(Strongylocentrotus droebachiensis) with mussels (Mytilus spp.) to control
biofouling at an integrated multi-trophic aquaculture site. Aquaculture, 464(C),
253-261. http://doi.org/10.1016/j.aquaculture.2016.06.010

Streit, B. (1998). Bioaccumulation of contaminants in fish, in: Braunbeck, T., Hinton,
D. E., Streit, B. (Eds.) Fish Ecotoxicology. EXS 86, 353—387. Birkh&duser, Basel. doi:
https:// doi.org/10.1007/978-3-0348-8853-0 12

Sunderland, J. (2003). Determination by HPLC of chlortetracycline in pig faeces.
Journal of Antimicrobial Chemotherapy, 52(1), 135-137.
http://doi.org/10.1093/jac/dkg279

Suominen, K., Hallikainen, A., Ruokojarvi, P., Airaksinen, R., Koponen, J., Rannikko, R.,
& Kiviranta, H. (2011). Occurrence of PCDD/F, PCB, PBDE, PFAS, and Organotin
Compounds in Fish Meal, Fish Qil and Fish Feed. Chemosphere, 85(3), 300-306.
http://doi.org/10.1016/j.chemosphere.2011.06.010

Suzuki, S., & Hoa, P. T. P. (2012). Distribution of quinolones, sulfonamides,
tetracyclines in aquatic environment and antibiotic resistance in indochina.
Frontiers in Microbiology, 3, 67. http://doi.org/10.3389/fmicb.2012.00067

Thurman, E. M., Dietze, J. E., & Scribner, E. A. (2002). Occurrence of antibiotics in
water from fish hatcheries.

Torres, M. A., Barros, M. P., Campos, S. C. G,, Pinto, E., Rajamani, S., Sayre, R. T., &
Colepicolo, P. (2008). Biochemical biomarkers in algae and marine pollution: a
review. Ecotoxicology and Environmental Safety, 71(1), 1-15.
http://doi.org/10.1016/j.ecoenv.2008.05.009

Troell, M., Halling, C., Neori, A., Chopin, T., Buschmann, A. H., Kautsky, N., & Yarish,
C. (2003). Integrated mariculture: asking the right questions. Aquaculture,
226(1), 69-90. http://doi.org/10.1016/50044-8486(03)00469-1

Troell, M., Joyce, A., Chopin, T., Neori, A., Buschmann, A. H., & Fang, J.-G. (2009).
Ecological engineering in aquaculture — Potential for integrated multi-trophic
aquaculture (IMTA) in marine offshore systems. Aquaculture, 297(1-4), 1-9.
http://doi.org/10.1016/j.aquaculture.2009.09.010

141



References

Troell, M., Kautsky, N., Beveridge, M., Henriksson, P., Primavera, J., Ronnback, P., et
al. (2017). Aquaculture. In Reference Module in Life Sciences. Elsevier.
http://doi.org/10.1016/B978-0-12-809633-8.02007-0

Troell, M., Naylor, R. L., Metian, M., Beveridge, M., Tyedmers, P. H., Folke, C., et al.
(2014). Does aquaculture add resilience to the global food system? Proceedings
of the National Academy of Sciences of the United States of America, 111(37),
13257-13263. http://doi.org/10.1073/pnas.1404067111

Trouchon, T., & Lefebvre, S. (2016). A Review of Enrofloxacin for Veterinary Use.
Open Journal of Veterinary Medicine, 06(02), 40-58.
http://doi.org/10.4236/0jvm.2016.62006

Tusevljak, N., Dutil, L., Raji¢, A., Uhland, F. C., McClure, C., St-Hilaire, S., et al. (2012).
Antimicrobial Use and Resistance in Aquaculture: Findings of a Globally
Administered Survey of Aquaculture-Allied Professionals. Zoonoses and Public
Health, 60(6), 426—436. http://doi.org/10.1111/zph.12017

Tyrpenou, A E, Kotzamanis, Y. P., & Alexis, M. N. (2003). Flumequine depletion from
muscle plus skin tissue of gilthead seabream (Sparus aurata L.) fed flumequine
medicated feed in seawater at 18 and 24 °C. Aquaculture, 220(1-4), 633—642.
http://doi.org/10.1016/50044-8486(02)00251-X

Usydus, Z., Szlinder-Richert, J., Polak-Juszczak, L., Komar, K., Adamczyk, M., Malesa-
Ciecwierz, M., & Ruczynska, W. (2009). Fish products available in Polish market —
Assessment of the nutritive value and human exposure to dioxins and other
contaminants. Chemosphere, 74(11), 1420-1428.
http://doi.org/10.1016/j.chemosphere.2008.12.023

Valente, L., Cornet, J., Donnay-Moreno, C., Gouygou, J.-P., Berge, J.-P., Bacelar, M.,
et al. (2011). Quality differences of gilthead sea bream from distinct production
systems in Southern Europe: Intensive, integrated, semi-intensive or extensive
systems. Food Control, 22(5), 708-717.
http://doi.org/10.1016/j.foodcont.2010.11.001

Van Doorslaer, X., Dewulf, J., Van Langenhove, H., & Demeestere, K. (2014).
Fluoroquinolone antibiotics: An emerging class of environmental
micropollutants. Science of the Total Environment, the, 500-501(C), 250-269.
http://doi.org/10.1016/j.scitotenv.2014.08.075

142



References

van Rijn, J. (2013). Waste treatment in recirculating aquaculture systems.
Aquacultural Engineering, 53, 49-56.
http://doi.org/10.1016/j.aquaeng.2012.11.010

Vandermeersch, G., Lourenco, H. M., Alvarez-Mufioz, D., Cunha, S., Diogene, J.,
Cano-Sancho, G., et al. (2015). Environmental contaminants of emerging concern
in seafood — European database on contaminant levels. Environmental Research,
143(Part B), 29-45. http://doi.org/10.1016/j.envres.2015.06.011

Vardali, S. C., Kotzamanis, Y. P., Tyrpenou, A. E., & Samanidou, V. F. (2017).
Danofloxacin depletion from muscle plus skin tissue of European sea bass
(Dicentrarchus labrax) fed danofloxacin mesylate medicated feed in seawater at
16 °C and 27 °C. Aquaculture, 479, 538-543.
http://doi.org/10.1016/j.aquaculture.2017.06.036

Veach, A. M., & Bernot, M. J. (2011). Temporal variation of pharmaceuticals in an
urban and agriculturally influenced stream. The Science of the Total
Environment, 409(21), 4553-4563.
http://doi.org/10.1016/j.scitotenv.2011.07.022

Walker, C. H., Sibly, R. M., Hopkin, S. P., & Peakall, D. B. (2012). Principles of
Ecotoxicology. (P. CRC, Ed.). Taylor and Francis Group. isbn: 9781439862667

Wang, H. S,, Dy, J.,, Leung, H. M., Leung, A. O. W., Liang, P., Giesy, J. P., et al. (2011).
Distribution and source apportionments of polychlorinated biphenyls (PCBs) in
mariculture sediments from the Pearl River Delta, South China. Marine Pollution
Bulletin, 63(5-12), 516-522. http://doi.org/10.1016/j.marpolbul.2011.02.009

Wang, Q., Liu, Q., & Li, J. (2004). Tissue distribution and elimination of
oxytetracycline in perch Lateolabras janopicus and black seabream (Sparus
macrocephalus) following oral administration. Aquaculture, 237(1), 31-40.
http://doi.org/10.1016/j.aquaculture.2004.03.016

Wang, Z., Wang, X., & Ke, C. (2013). Bioaccumulation of trace metals by the live
macroalga Gracilaria lemaneiformis. Journal of Applied Phycology, 26(4), 1889—
1897. http://doi.org/10.1007/s10811-013-0222-1

143



References

Weston, D. P. (2000). Ecological effects of the use of chemicals in aquaculture. In:
J.R. Arthur, C.R. Lavilla-Pitogo, & R.P. Subasinghe (Eds.) Use of Chemicals in
Aguaculture in Asia: Proceedings of the Meeting on the Use of Chemicals in
Aguaculture in Asia. 20-22 May 1996, Tigbauan, lloilo, Philippines (pp. 23-30).
Tigbauan, lloilo, Philippines: Aquaculture Department, Southeast Asian Fisheries
Development Center.

Wongtavatchai, J., McLean, J. G., Ramos, F., & Arnold, D. (2004). Chloramphenicol.
WHO Food Additives Series, 53, 7-85.

World Health Organization. (1998). Evaluation of certain veterinary drug residues in
food (No. 879) (pp. 1-80).

Xuan, R,, Arisi, L., Wang, Q., Yates, S. R., & Biswas, K. C. (2009). Hydrolysis and
photolysis of oxytetracycline in aqueous solution. Journal of Environmental
Science and Health, Part B, 45(1), 73-81.
http://doi.org/10.1080/03601230903404556

Xuan, R,, Arisi, L., Wang, Q., Yates, S. R., & Biswas, K. C. (2010). Hydrolysis and
photolysis of oxytetracycline in aqueous solution. Journal of Environmental
Science and Health. Part. B, Pesticides, Food Contaminants, and Agricultural
Wastes, 45(1), 73—-81. http://doi.org/10.1080/03601230903404556

Zeraatkar, A.K., Ahmadzadeh, H., Talebi, A.F., Moheimani, N.R., McHenry, M.P.,
2016. Potential use of algae for heavy metal bioremediation, a critical review.
Journal of Environmental Management 181, 817-831.
doi:10.1016/j.jenvman.2016.06.059

Zhou, Y., Yang, H., Hu, H,, Liu, Y., Mao, Y., Zhou, H., et al. (2006). Bioremediation
potential of the macroalga Gracilaria lemaneiformis (Rhodophyta) integrated
into fed fish culture in coastal waters of north China. Aquaculture, 252(2), 264—
276. http://doi.org/10.1016/j.aquaculture.2005.06.046

Zonaras, V., Tyrpenou, A., Alexis, M., & Koupparis, M. (2016). Determination of
sulfadiazine, trimethoprim, and N(4)-acetyl-sulfadiazine in fish muscle plus skin
by Liquid Chromatography-Mass Spectrometry. Withdrawal-time calculation
after in-feed administration in gilthead sea bream (Sparus aurata L.) fed two
different diets. Journal of Veterinary Pharmacology and Therapeutics, 39(5),

504-513. http://doi.org/10.1111/jvp.12300

144



