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ABSTRACT 

Aquaculture is the fastest-growing food-producing sector worldwide and an important 

economic activity in many countries, contributing to the increasing demand for food of 

aquatic origin. The use of lactic acid bacteria (LAB) as probiotics constitutes an alternative to 

chemotherapy and vaccination to control fish diseases in aquaculture, including lactococcosis 

caused by Lactococcus garvieae. 

In Chapter 1, the cultivable total microbiota (TM) and LAB from rainbow trout and 

rearing environment from selected stages of the life-cycle was isolated and taxonomically 

identified. Enterobacteriaceae and Aeromonadaceae were clearly prevalent in the TM while 

the genus Lactococcus was the predominant LAB. From a total of 1,620 randomly selected 

LAB, 1,159 isolates (71.5%) showed antimicrobial activity against the main fish pathogens, 

including 248 isolates (21.4%) that showed antimicrobial activity against, at least, four fish 

pathogens. The taxonomical identification revealed that Lactococcus lactis was the most 

common species (164 isolates, 66.1%). 

The safety assessment, genetic relatedness and bacteriocinogenic activity of 75 potential 

probiotic Lc. lactis strains were evaluated in Chapter 2. Moreover, the biochemical and 

genetic characterization of the bacteriocin most active against lactococcosis was performed. 

Seventeen strains (22%) produced, at least, one biogenic amine, and 30 strains (40%) showed 

resistance to, at least, one antibiotic. The genes tet(K), tet(O) and tet(T) were detected for the 

first time in Lc. lactis. Hemolysin and gelatinase production, mucin degradation and bile salts 

deconjugation were not found. ERIC-PCR allowed clustering the lactococci in three highly 

divergent groups (31.0% similarity). Nine strains (12%) were identified as bacteriocin 

producers and the purification, mass spectrometry and DNA sequencing of the bacteriocin 

produced by Lc. lactis subsp. cremoris WA2-67 revealed its identity to nisin Z (nisZ). Thirty 

four putatively safe lactococci (45.3%) were identified, including the bacteriocinogenic strain 

Lc. cremoris WA2-67. 

In Chapter 3, the safety assessment, genetic relatedness and bacteriocinogenic activity of 

eight Pediococcus acidilactici strains isolated from rainbow trout feed and larvae were 

evaluated. Furthermore, the biochemical and genetic characterization of the bacteriocin 

produced by the strain more interesting for being used as probiotic in aquaculture was 

performed. None of the pediococci showed antibiotic resistance nor produced hemolysin or 

gelatinase, degraded gastric mucin or deconjugated bile salts, and only four strains produced 
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tyramine or putrescine. ERIC-PCR allowed clustering the pediococci in two well-defined 

groups (68.0% similarity). Six strains (75%) were identified as bacteriocin producers and the 

bacteriocin produced by P. acidilactici L-14 was purified, and mass spectrometry and DNA 

sequencing revealed its identity to pediocin PA-1. Four putatively safe pediococci (50%) were 

identified, including the bacteriocinogenic P. acidilactici L-14. 

In Chapter 4, the taxonomical identification, safety assessment and antimicrobial activity 

against fish pathogens of 64 enterococci isolated from rainbow trout, feed and rearing 

environment were evaluated. Enterococcus faecium and Enterococcus hirae were the most 

common species (42.2 and 35.9%, respectively). Forty-eight strains (75%) showed phenotypic 

resistance to, at least, one antibiotic, and from these, 25 strains (39.1%) harbored, at least, one 

antibiotic resistance gene [erm(B), tet(M), tet(S), tet(K), tet(L), tet(T), vanC2, and aad(E)]. 

Gelatinase production was detected in one strain; however, hemolysin production, bile salts 

deconjugation and mucin degradation were not detected. Several virulence genes were 

detected, including gelE (46.9%), efaAfs (17.2%), agg (1.6%), and hyl (1.6%). Forty-eight 

strains exerted antimicrobial activity against, at least, one of the tested fish pathogens, 

including 21 (43.8%) strains harboring, at least, one bacteriocin-encoding gene (entP, 

entL50A and entL50B, hirJM79, entSE-K4, entQ and entA). From a total of 17 enterococci 

(26.6%) considered as putatively safe, six strains harbored, at least, one bacteriocin-encoding 

gene. 

The in vitro probiotic properties of three bacteriocinogenic Lc. cremoris, the in vivo 

ability of Lc. cremoris WA2-67 to protect rainbow trout against lactococcosis infection and 

the role of NisZ production as an anti-infective mechanism were evaluated in Chapter 5. The 

three Lc. cremoris showed ability to survive/tolerate the freshwater, acidic and bile 

environment, and different cell surface hydrophobicity (37.93–58.52%). The wild-type NisZ-

producer Lc. cremoris WA2-67 and its non-bacteriocinogenic mutant Lc. cremoris WA2-67 

∆nisZ were administered orally to rainbow trout for 21 days and, afterwards, fish were 

challenged with Lc. garvieae by the cohabitation method. The fish fed with the 

bacteriocinogenic strain Lc. cremoris WA2-67 reduced significantly (p<0.01) the mortality 

(20%) compared to the fish treated with its non-bacteriocinogenic knockout isogenic mutant 

(50%) and the control (72.5%). 

This thesis showed that host-derived LAB active against fish pathogens comprise 

potential candidates as probiotics in rainbow trout farming. Our results suggest that the wild-
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type NisZ-producer strain Lc. cremoris WA2-67 could be used in fish farming to prevent 

lactococcosis in rainbow trout. 

Keywords: Aquaculture; Rainbow trout (Oncorhynchus mykiss, Walbaum); Lactococcosis; 

Probiotics; Lactic acid bacteria; Bacteriocin production; Biotechnology. 
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RESUMO 

A aquicultura é um dos sectores alimentares que tem crescido mais rapidamente em todo 

o mundo. Sendo uma atividade económica importante em muitos países contribuiu para o 

aumento da procura de alimentos de origem aquática. A utilização de bactérias ácido-lácticas 

(LAB) como probióticos constitui uma alternativa aos antibióticos e à vacinação no controlo 

das doenças dos peixes de aquicultura, incluindo a lactococose causada por Lactococcus 

garvieae. 

No Capítulo 1, a microbiota cultivável total (TM) e as LAB de truta arco-íris e do seu 

ambiente aquícola, em diferentes estados do ciclo de vida, foram isoladas e identificadas 

taxonomicamente. Enterobacteriaceae e Aeromonadaceae foram prevalentes na TM, 

enquanto o género Lactococcus foi a LAB predominante. De um total de 1620 LAB 

selecionadas aleatoriamente, 1159 isolados (71,5%) apresentaram atividade antimicrobiana 

contra os principais patógenos de peixes, incluindo 248 isolados (21,4%) que apresentaram 

atividade antimicrobiana contra, pelo menos, quatro patógenos de peixes. A identificação 

taxonómica revelou que Lactococcus lactis foi a espécie mais comum (164 isolados, 66,1%). 

A inocuidade, a relação genética e a actividade bacteriocinogénica de 75 estirpes de Lc. 

lactis com potencial probiótico foram avaliadas ao longo do Capítulo 2. Adicionalmente, a 

bacteriocina mais ativa contra a lactococose foi caracterizada ao nível bioquímico e genético. 

Dezassete estirpes (22%) produziram, pelo menos, uma amina biogénica, e 30 estirpes (40%) 

foram resistentes contra, pelo menos, um antibiótico. Os genes tet(K), tet(O) e tet(T) foram 

detetados pela primeira vez em Lc. lactis. A desconjugação dos sais biliares, produção de 

gelatinase e hemolisina tal como a degradação da mucina não foram observados. ERIC-PCR 

permitiu agrupar os lactococcos em três grupos altamente divergentes (31,0% de 

similaridade). Nove estirpes (12%) foram identificadas como produtoras de bacteriocinas e 

mediante purificação, espectrometria de massa e sequenciação de DNA da bacteriocina 

produzida por Lc. lactis subsp. cremoris WA2-67, foi possível identificar esta bacteriocina 

como nisina Z (nisZ). Trinta e quatro lactococos supostamente inócuos (45,3%) foram 

identificados, incluindo a estirpe bacteriocinogénica Lc. cremoris WA2-67. 

No Capítulo 3 foram estudadas a inocuidade, a relação genética e a atividade 

bacteriocinogénica de oito estirpes de Pediococcus acidilactici isoladas da ração e de larvas 

de truta arco-íris. Além disso, a bacteriocina produzida pela estirpe mais ativa para ser 

utilizada como probiótico na aquicultura foi caracterizada ao nível bioquímico e genético. 
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Nenhum dos pediococos foi resistente aos antibióticos, produziu hemolisina ou gelatinase, 

degradou a mucina gástrica ou desconjugou os sais biliares, ainda que apenas quatro estirpes 

produziram tiramina ou putrescina. ERIC-PCR permitiu agrupar os pediococos em dois 

grupos bem definidos (68,0% de similaridade). Seis estirpes (75%) foram identificadas como 

bacteriocinogénicas e mediante purificação, espectrometria de massa e sequenciação de DNA 

da bacteriocina produzida por P. acidilactici L-14 foi possível identificar esta bacteriocina 

como pediocina PA-1. Quatro pediococos supostamente inócuos (50%) foram identificados, 

incluindo a estirpe bacteriocinogénica P. acidilactici L-14. 

No decorrer do Capítulo 4, estudou-se a inocuidade e atividade antimicrobiana contra 

patógenos de 64 enterococos identificados taxonomicamente isolados de truta arco-íris, ração 

e ambiente aquícola. Enterococcus faecium e Enterococcus hirae foram as espécies mais 

comuns (42,2 e 35,9%, respetivamente). Quarenta e oito estirpes (75%) foram 

fenotipicamente resistentes a pelo menos um antibiótico. Deste conjunto, 25 estirpes (39,1%), 

continham, pelo menos, um gene de resistência a antibióticos [erm(B), tet(M), tet(S), tet(K), 

tet(L), tet(T), vanC2 e aad(E)]. Detetou-se uma estirpe gelatinase positiva, e não se observou 

a produção de hemolisina, desconjugação de sais biliares e degradação de mucina. Vários 

genes de virulência foram detetados, incluindo gelE (46,9%), efaAfs (17,2%), agg (1,6%), e 

hyl (1,6%). Quarenta e oito estirpes inibiram o crescimento de, pelo menos, um dos patógenos 

de peixes testados, incluindo 21 (43,8%) estirpes que continham, no mínimo, um gene que 

codifica bacteriocina (entP, entL50A and entL50B, hirJM79, entSE-K4, entQ and entA). De 

um total de 17 enterococos (26,6%) considerados como supostamente inócuos, seis estirpes 

continham, pelo menos, um gene que codifica bacteriocina. 

As propriedades probióticas in vitro de três estirpes Lc. cremoris bacteriocinogénicas, a 

capacidade in vivo de Lc. cremoris WA2-67 para proteger a truta arco-íris contra a 

lactococose e o papel da produção de NisZ como um mecanismo anti-infeccioso foram 

analisadas no Capítulo 5. As três estipes de Lc. cremoris mostraram capacidade para 

sobreviver em água doce, meio ácido e bílis, e exibiram diferente hidrofobicidade da 

superfície celular (37,93-58,52%). A estirpe selvagem Lc. cremoris WA2-67 e o seu mutante 

não-bacteriocinogénico Lc. cremoris WA2-67 ΔnisZ foram administrados oralmente à truta 

arco-íris durante 21 dias e, posteriormente, os peixes foram infetados com Lc. garvieae pelo 

método de coabitação. A mortalidade observada nos peixes alimentados com a estirpe 

bacteriocinogénica Lc. cremoris WA2-67 (20%) foi significativamente (p <0,01) inferior à 

observada nos peixes tratados com a estirpe mutante (50%) e no grupo controlo (72,5%). 
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Neste trabalho demonstrou-se que as LAB isoladas diretamente do hospedeiro, ativas 

contra patógenos de peixes, englobam potenciais candidatos a probióticos. Os resultados 

obtidos através da avaliação biotecnológica sugerem que a estirpe Lc. cremoris WA2-67 

produtora de NisZ poderia ser utilizada na aquicultura para evitar a lactococose na truta arco-

íris. 

Palavras-chave: Aquicultura; Truta arco-íris (Oncorhynchus mykiss, Walbaum); 

Lactococose; Probióticos; Bactérias ácido-lácticas; Produção de bacteriocina; Biotecnologia. 
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1. RESEARCH FOCUS 

Currently, the over-exploitation of the fishing sources and the lack of new fishing 

grounds seem to have reached the extractive fishing limit. Therefore, aquaculture has become 

the fastest-growing food-producing sector worldwide and is considered as the unique 

alternative to contribute to the increasing demand for food of aquatic origin (Defoirdt et al., 

2011; FAO, 2010). The rainbow trout is a fish farmed species of worldwide commercial 

interest, being the fourth species produced in terms of weight and the fifth in terms of 

economical value in the European Union. Moreover, this is the only freshwater species 

cultivated in Portugal since 2012 (INE/DGRM, 2014). Although the modern aquaculture 

industry has expanded, diversified and intensified in the last years, the emergence of a large 

variety of pathogens represents a major limiting factor for this sector (Pérez-Sánchez et al., 

2014). In this respect, the prevention and control of fish diseases, mainly those of bacterial 

origin during the larval and early fry stages, avoid important losses in the production 

(Almeida et al., 2009; Toranzo et al., 2005). In order to prevent and control fish diseases, the 

use of veterinary drugs, especially antibiotics, was frequently used in the last decades 

(Mohapatra et al., 2012); however, their widespread use has been associated with detrimental 

effects for the human and animal health, food safety and the environment, including the 

emergence of antibiotic resistances and the alteration of the aquaculture environment 

microbiota (Cabello, 2006; EFSA, 2008a; FAO, 2005; Muñoz-Atienza et al., 2013). 

Consequently, the majority of the developed countries have enforced very stringent 

regulations about the use of antibiotics in aquaculture, including the ban of antibiotics as 

prophylactic treatment, the reduction of authorized antibiotics, the control of the veterinary 

prescription, the establishment and surveillance of maximum residue limits and the 

prohibition of the use of certain antibiotics for their high toxicity or importance in human 

medicine and capability to induce antibiotic resistances (Cabello, 2006; EFSA, 2008a; 2008b; 

FAO, 2005). Furthermore, vaccination seems to represent the ideal control method to prevent 

fish diseases although its application may be hampered by several factors, such as availability, 

level of protection, economic cost, inefficacy in larval stages, growth delay, limitation in its 

efficacy when fish are infected by other pathogens or when immunostimulants are not used, 

alterations in product quality, and animal stress, especially when vaccines are administered by 

intraperitoneal injection with the consequent repercussion in their immune response and, 

consequently, in their productivity (EFSA, 2008b; Subasinghe, 2009; Toranzo et al., 2009). In 

this scenario, the use of lactic acid bacteria (LAB) of aquatic origin as probiotic cultures 
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constitutes an effective, safe, easy to apply, economically efficient and environmentally 

friendly alternative or complementary strategy to the chemotherapy and vaccination for 

disease control in the aquaculture farming (Balcázar et al., 2006; Defoirdt et al., 2011; 

Merrifield et al., 2010b; Nayak, 2010; Pérez-Sánchez et al., 2014; Ringø et al., 2010a; 

Verschuere et al., 2000b). Probiotics are defined as live microbial adjuncts which have a 

beneficial effect on the host by: (i) modifying the host-associated or ambient microbial 

community, (ii) improving feed use or enhancing its nutritional value, (iii) enhancing the host 

response towards disease, and/or (iv) improving the physico-chemical and microbiological 

quality of its environment (Verschuere et al., 2000b). 

LAB (mainly the genera Lactobacillus, Lactococcus, Leuconostoc, Enterococcus and 

Carnobacterium) are the bacterial group most commonly proposed as probiotics in 

aquaculture (Nayak, 2010; Verschuere et al., 2000b); however, to date, there is only one 

strain (Pediococcus acidilactici CNCM MA18/5 M, Bactocell®) legally authorized for this 

purpose in the European Union. Notwithstanding LAB do not constitute the predominant 

intestinal microbiota of fish, these bacteria are part of this microbiota, supporting their use as 

probiotics in aquaculture (Gatesoupe, 2008; Merrifield et al., 2010b; Ringø et al., 2010a; 

Verschuere et al., 2000b). The most important antimicrobial effects of LAB is due to 

competition for nutrients, and the formation of organic acids (lactic acid and acetic acid), and 

the production of ribosomally-synthesized antimicrobial peptides or proteins referred to as 

bacteriocins (Cintas et al., 2001; Cotter et al., 2005; Deegan et al., 2006). Taking into 

consideration that most LAB are currently considered as safe microorganisms for human and 

animal consumption (EFSA, 2005a; 2005b; 2007), and that some bacteriocin-producing 

strains inhibit pathogenic microorganisms responsible for human and animal infections, their 

use as probiotics in humans and animals as an alternative to the use of antibiotics has been 

recommended (Gatesoupe, 2008; Gillor et al., 2008; Millette et al., 2008; Ross et al., 1999; 

Sang and Blecha, 2008). 

It should be mentioned that despite the inexistence of specific national or international 

guidelines about the evaluation of probiotics intended for use in aquaculture, the planning and 

development of the objectives in this research work were performed considering the 

international general recommendations for the evaluation of the use of probiotics in food, 

such as the Guidelines for the Evaluation of Probiotics in Food, made by a Joint FAO (Food 

and Agriculture Organization of the United Nations)/WHO (World Health Organization) 

Working Group (FAO/WHO, 2002). Similarly, several documents published by the Scientific 
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Committee on Animal Nutrition (SCAN) of European Food Safety Authority (EFSA) about 

the Qualified Presumption of Safety (QPS) status, safety assessment of microorganisms used 

in food and feed, their identification and taxonomic identification, and their resistance to 

antibiotic of clinical importance have been taken into consideration in this research work 

(EFSA, 2005a; 2005b; 2007; 2011; 2012a; 2012b). Moreover, the recommendations of recent 

scientific literature about this theme of great interest and unquestionable importance for the 

Public Health and environmental protection were also considered (Balcázar et al., 2006; 

Dimitroglou et al., 2011; Farzanfar, 2006; Gatesoupe, 2008; Merrifield et al., 2010b; Nayak, 

2010; Pérez-Sánchez et al., 2014; Ringø et al., 2010a; Verschuere et al., 2000b). 

2. AQUACULTURE 

2.1. Definition of aquaculture 

The Food and Agriculture Organization of the United Nations (FAO) defined aquaculture 

as the “farming of aquatic organisms including fish, molluscs, crustaceans and aquatic plants. 

Farming implies some sort of intervention in the rearing process to enhance production, such 

as regular stocking, feeding, and protection from predators. Farming also implies individual 

or corporate ownership of the stock being cultivated. For statistical purposes, aquatic 

organisms which are harvested by an individual or corporate body which has owned them 

throughout their rearing period contribute to aquaculture while aquatic organisms which are 

exploitable by the public as a common property resource, with or without appropriate 

licences, are the harvest of fisheries” (FAO/NACA/WHO, 1999). 

2.2. Aquaculture methods 

Several aquaculture practices are used world-wide for a great variety of culture organisms 

in different types of environment, such as freshwater, brackish water, and marine, ranging 

from extensive to intensive culture systems depending on the stocking density of the culture 

organisms, the level of inputs, and the degree of management (EC, 2012). 
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2.2.1. Extensive fresh water aquaculture 

The maintenance of the ponds increases the development of aquatic fauna at a higher 

yield than that of the natural ecosystem. Density is low and fish feed naturally; however, 

several producers provide additional feed. These ponds play an important and positive role in 

the landscape, water management and biodiversity. The common examples of extensive 

freshwater fish farming are the production of different species of carp (family Cyprinidae) in 

mixed farming with other species such as whitefishes (Coregonus spp.), Arctic charr 

(Salvelinus alpines), zander (Sander lucioperca), pike (Esox lucius), catfish (order 

Siluriformes) and sturgeons (family Acipenseridae). 

2.2.2. Intensive fresh water aquaculture 

Fish are raised in tanks of different sizes and depths suited to the different stages of 

growth until they reach the marketable size. This method include two techniques: continuous 

flow (river water enters tanks upstream and leaves downstream, known as a flow-through 

system) and recirculation (the water remains in a closed circuit and is recycled and 

‘recirculated’ in the tanks). Recirculation systems are more costly due to the energy 

consumption and the complex technology involved, but separate the tanks from the external 

environment, which means enhanced water quality since all the parameters of the water can 

be controlled (temperature, acidity, salinity, disinfection, etc). This method is used for 

rainbow trout (Oncorhynchus mykiss), eel (Anguilla anguilla), catfish, sturgeon and tilapia 

(Oreochromis niloticus). 

2.2.3. Extensive brackish water aquaculture 

In this system, fish are kept in lagoons developed for this purpose (ex.: Italian 

valliculture, Spanish esteros). The introduction of fry from hatcheries and the supplemental 

feed supply reinforce the semi-extensive nature of this breeding. This type of aquaculture 

plays an important role in conservation of the natural coastal heritage. The common examples 

using this method are eel, common sole (Solea solea), Senegalese sole (Solea senegalensis), 

gilthead seabream (Sparus aurata), mullet (Liza spp.), sturgeon and shrimps (infraorder 

Caridea). 
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2.2.4. Aquaculture of marine species in shore-based installations  

The breed of marine fishes, particularly flatfishes, can also take place in artificial shore-

based tanks supplied with seawater pumped directed from the ocean. Recirculation of the 

water creates a closed and controlled environment that is necessary for optimal production in 

hatcheries and nurseries for marine species. The common species raised with this system are 

turbot (Scophthalmus maximus L.), common sole, Senegalese sole and gilthead seabream. 

2.2.5. Marine cage aquaculture 

Fish are held captive in cages anchored to the bottom and maintained on the surface by 

means of a floating plastic framework. This form of breeding is practiced mainly in sheltered 

zones near shore. This method is used to raise Atlantic salmon (Salmo salar), sea bream and 

meager (Argyrosomus regius). 

2.2.6. Shellfish farming 

Shellfish farming is based on the collection of wild or hatchery spat, which feed on 

natural nutrients provided by the environment, without any type of input. Oyster and mussel 

farming use a wide range of techniques such as bottom-farming, on tables, wooden posts, 

ropes, among others. The common shellfish bred with this system are oysters (Ostrea spp.), 

mussels (family Mytilidae), clams (orders Myoida and Veneroida) and abalones (Haliotis 

spp). 

2.3. The state of world fisheries and aquaculture 

The document The State of World Fisheries and Aquaculture (FAO, 2014), also known 
as SOFIA, prepared by the FAO Fisheries and Aquaculture presents the state of world 
fisheries and aquaculture and includes trends and industry statistics. This document is 
published biennially to provide to the policymakers, civil society and people whose 
livelihoods depend on the sector, a comprehensive, objective and global view of fisheries and 
aquaculture. A brief summary of what is stated in the latest available version of this document 
is presented. 
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2.3.1. World aquaculture production 

Global aquaculture production has continued to grow in the new millennium and has 
evolved in terms of technological innovation and adaptation to meet changing requirements. 
Since the 1950s, aquaculture production has expanded from being almost negligible, 0.6 
million tonnes (t), to attain an all-time high of 90.4 million t in 2012, including 66.6 million t 
of food fish and 23.8 million t of aquatic algae (mostly seaweeds). In this sense, the term 
“food fish” includes finfishes, crustaceans, molluscs, amphibians, freshwater turtles and other 
aquatic animals (such as sea cucumbers, sea urchins, sea squirts and edible jellyfish) produced 
as food for human consumption. In the last five years, global capture fishery has been 
stabilizing (91.3 million t), while aquaculture production reached 66.6 million t, representing 
an increase above 16 million t in comparison with 2007 (Table I.1).  

Table I.1. World fisheries and aquaculturea production and utilization. 
  2007 2008 2009 2010 2011 2012b 
  Million tonnes 
Production 
Capture             
Inland 10.1 10.3 10.5 11.3 11.1 11.6 
Marine 80.7 79.9 79.6 77.8 82.6 79.7 
Total capture 90.8 90.1 90.1 89.1 93.7 91.3 
Aquaculture             
Inland 29.9 32.4 34.3 36.8 38.7 41.9 
Marine 20.0 20.5 21.4 22.3 23.3 24.7 
Total aquaculture 49.9 52.9 55.7 59.0 62.0 66.6 
Total world fisheries 140.7 143.1 145.8 148.1 155.7 158.0 
Utilization 
Human consumption 117.3 120.9 123.7 128.2 131.2 136.2 
Non-food uses 23.4 22.2 22.1 19.9 24.5 21.7 
Population (billions) 6.7 6.8 6.8 6.9 7.0 7.1 
Per capita food fish supply (kg) 17.6 17.9 18.1 18.5 18.7 19.2 

aExcluding aquatic plants. bData in this section for 2012 are provisional estimates. Totals may not match due to rounding. 
Source: FAO (2014). 

With regard to the most up-to-date information, FAO estimates that world food fish 
aquaculture production rose by 5.8% to 70.5 million t in 2013, with production of farmed 
aquatic plants (including mostly seaweeds) being estimated at 26.1 million t. 

The global trend of aquaculture development gaining importance in total fish supply has 
remained uninterrupted. Farmed food fish contributed a record 42.2% of the total 158 million 
t of fish produced by capture fisheries (including for non-food uses) and aquaculture in 2012 
(Fig. 1.1), which is significant higher than the 13.4% in 1990 and 25.7% in 2000. 
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Figure 1.1. World capture fisheries and aquaculture production for the period between 1950 and 2012. 
Source: FAO (2014). 

World per capita apparent fish consumption increased from an average of 9.9 kg in the 

1960s to an preliminary estimate of 19.2 kg in 2012 (Table I.1; Fig. 1.1), which has been 

motivated by a combination of population growth, rising incomes and urbanization, and 

facilitated by the strong expansion of fish production and more efficient distribution channels. 

The projection for 2030 is that capture fisheries and aquaculture will be contributing 

equally to global fish production, and with aquaculture probably dominating beyond this year 

and also supplying more than 60% of fish destined for direct human consumption. 

2.3.2. Global aquaculture production distribution 

Aquaculture development is imbalanced and its production distribution is uneven (Table 

I.2), with Asia accounting for about 88% of world aquaculture production by volume, being 

China the country highest producer of farmed food fish (41.1 million t). Worldwide, a total of 

15 countries produced 92.7% of all farmed food fish in 2012 and among them, Chile and 

Egypt became million-t producers and Brazil’s global ranking has improved significantly in 

recent years. On the other hand, Thailand, after its record-high production of 1.4 million t in 

2009, suffered a production fall to 1.3 million t in 2010 and 1.2 million t in 2011 and 2012, 

due to the flood damage in 2011 and to shrimp early mortality syndrome. 
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Table I.2. Aquaculture production by region: quantity (t) and percentage (%) of world total 
productiona. 

Continent 
Aquaculture production (year) 

1990 1995 2000 2005 2010 2012b 

Africa 81,015c 110,292 399,688 646,182 1,286,591 1,485,367 
  0.62d 0.45 1.23 1.46 2.18 2.23 
              
Americas 548,479 919,571 1,423,433 2,176,740 2,581,089 3,187,319 
  4.19 3.77 4.39 4.91 4.37 4.78 
              
Asia 10,801,531 21,677,062 28,420,611 39,185,417 52,436,025 58,895,736 
  82.61 88.9 87.67 88.46 88.82 88.39 
              
Europe 1,601,649 1,581,359 2,052,567 2,137,340 2,548,094 2,880,641 

 12.25 6.49 6.33 4.83 4.32 4.32 

       
Oceania 42,005 94,238 121,482 151,466 185,617 184,191 
  0.32 0.39 0.37 0.34 0.31 0.28 
World 13,074,679c 24,382,522 32,417,781 44,297,145 59,037,416 66,633,253 

aData exclude aquatic plants and non-food products. bData for 2012 are provisional and subject to revisions. cData shown in 
tonnes. dData shown in percentage. Source: FAO (2014). 

2.3.3. Inland aquaculture, mariculture and species groups farmed 

In the year 1980, global food fish productions from inland aquaculture and from 

mariculture were levelled to 2.35 million t (Fig. 1.2). However, inland aquaculture showed an 

average annual growth (9.2%) higher than mariculture growth (7.6%), resulting in an 

increased contribution to total farmed food fish production from 50% in 1980 to 63% in 2012. 

 
Figure 1.2. World inland aquaculture and mariculture production for the period between 1980 and 2012. 
Source: FAO (2014). 
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A total of 44.2 million t, representing two-thirds of the farmed food fish produced in 

2012, were finfish grown from inland aquaculture (38.60 million t) and mariculture (5.55 

million t) (Table I.3). Even if finfish species, such as Atlantic salmon and groupers, grown 

from mariculture represent only 12.6% of the total farmed finfish production by volume, their 

value represents 26.9% of the total value of all farmed finfish species due to a higher unit 

value than most freshwater-farmed finfish. 

In 2012, farmed crustaceans accounted for 9.7% (6.4 million t) of food fish aquaculture 

production by volume, but 22.4% by value. Mollusc production (15.2 million t) was more 

than double that of crustaceans, although its value was half that of crustaceans. 

Table I.3. World production of farmed species groups from inland aquaculture and mariculture 
in 2012. 

Farmed species 
groups 

Inland aquaculture Mariculture Quantity subtotal 
(million tonnes) (million tonnes) Million tonnes Percentage (%) 

Finfish 38.60 5.55 44.15 66.20 
          
Crustaceans 2.53 3.92 6.45 9.70 
          
Molluscs 0.29 14.88 15.17 22.80 
          
Other species 0.53 0.34 0.87 1.30 

     
Total 41.95 24.69 66.64 100 

Source: FAO (2014). 

2.3.4. Species produced in aquaculture 

The number of species recorded in FAO aquaculture production statistics increased to 

567 species and species groups in 2012, including 354 finfishes, 102 molluscs, 59 

crustaceans, 37 marine and freshwater algae, 9 aquatic invertebrates and 6 amphibians and 

reptiles. 

In the absence of significant changes in the past two years regarding the species 

produced, the 2012 edition of "The State of World Fisheries and Aquaculture" document 

provides more detailed information on the major species and groups of species produced in 

aquaculture (FAO, 2012a). 

In 2010, the composition of world aquaculture production was: freshwater fishes (56.4%, 

33.7 million t), molluscs (23.6%, 14.2 million t), crustaceans (9.6%, 5.7 million t), 

diadromous fishes (6.0%, 3.6 million t), marine fishes (3.1%, 1.8 million t) and other aquatic 

animals (1.4%, 814 300 t). 
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Carps had always dominated the production of freshwater fishes (71.9%, 24.2 million t, 

in 2010). Production of tilapias has a wide distribution, being 72% raised in Asia (particularly 

in China and Southeast Asia), 19% in Africa, and 9% in America. Vietnam dominates 

production of omnivorous Pangasius catfishes (Pangasius spp.) although there are other 

producers, such as Indonesia and Bangladesh. Carnivorous species such as perches, basses 

and snakeheads (Channa striata) accounted for only 2.6 % of all freshwater fish produced. 

Concerning the world production of diadromous fishes, Atlantic salmon production was 

predominant followed by milkfish (Chanos chanos) and rainbow trout. The production of 

Japanese and European eels, mostly raised in East Asia, has remained at about 270 000 t in 

recent years. Culture of sturgeons, for meat and for caviar, has risen steadily in Asia, Europe 

and America although production is still small. 

The worldwide marine fish production is more uniformly distributed across the cultured 

species (jacks, pompanos and mackerels, drums and croakers, gilthead seabream, mullets, 

European seabass, Japanese seabass, groupers, turbot and cobia). Nevertheless, almost half a 

million t, representing one-quarter of global production, are reported without identifying the 

species, mainly by a few Asia top producers. 

World aquaculture production of crustaceans in 2010 consisted of freshwater species 

(29.4%) and marine species (70.6%). The production of marine species is dominated by white 

leg shrimp (Litopenaeus vannamei formerly Penaeus vannamei), in contrast with the giant 

tiger prawn (Penaeus monodon) that has lost importance in the last decade. Major freshwater 

species include red swamp crayfish (Procambarus clarkii), Chinese mitten crab (Eriocheir 

sinensis) and giant river prawn (Macrobrachium rosenbergii). With regard to molluscs, in 

1990, aquaculture production of clams and cockles (family Cardiidae) was half that of 

oysters, but by 2008 it exceeded oysters and became the most-produced species group of 

molluscs. Among other aquatic animals, production of sea cucumbers and soft-shell turtles 

has increased rapidly. 

2.3.5. Farmed food fish production by leading producers 

The major groups of species farmed and the farming systems vary greatly among the 

world leading aquaculture producers in 2012. India, Bangladesh, Egypt, Myanmar and Brazil 

rely very heavily on inland aquaculture of finfish. On the other hand, Norwegian aquaculture 

rests almost exclusively on finfish mariculture, particularly marine cage culture of Atlantic 

salmon. Chilean and Norwegian aquaculture are similar but Chile have also a significant 
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production of molluscs (mostly mussels) and finfish farmed in freshwater. In Japan and the 

Republic of Korea, well over half of their respective food fish production is marine molluscs, 

and their farmed finfish production depends more on marine cage culture. In Thailand, half of 

the production is crustaceans, consisting mostly of internationally traded marine shrimp 

species. Indonesia has a relatively large proportion of finfish production from mariculture, 

which depends primarily on coastal brackish-water ponds. It also has the world’s fourth-

largest marine shrimp farming subsector. In the Philippines, finfish production, mostly 

produced from mariculture than freshwater aquaculture, surpasses that of crustaceans and 

molluscs. In Vietnam, more than half of the finfish from inland aquaculture are Pangasius 

catfish, which are traded overseas. In addition, its crustacean culture subsector, including 

marine shrimps and giant freshwater prawn, is one of the biggest, only overshadowed by 

China and Thailand. China have diversification in terms of aquaculture species and farming 

systems, and its finfish culture in freshwater forms the staple supply of food fish for its 

domestic market.  

2.4. Aquaculture in the European Union 

According to FAO and the Scientific, Technical and Economic Committee for Fisheries 

(STECF) data, aquaculture is an important source of aquatic products with high level of 

quality in the European Union (EU). In 2012, the EU produced 1.26 million t of aquaculture 

products, which represents 1.9% of the world aquaculture production in volume. 

The importance of aquaculture is not the same in all EU countries. In this regard and 

according to data from 2012, Spain is the member state of the EU with a greater volume of 

production (264,160 t; 21 % of the EU), followed by France (205,210 t; 16.3%) and the 

United Kingdom (203,036 t; 16.1%) (Fig. 1.3). However, when considering the value of 

production, the United Kingdom is the main producer of the EU (732.8 million €), followed 

by France (701.1 million €), Greece (457.2 million €) and Spain (433.5 million €). It should 

be noted that even though Spain has the largest aquaculture production volume, it is only 

fourth in value, which is due to the low market value of mussels (around 0.44 € per kg) that 

represents 77% of the Spanish aquaculture production volume, but only 19% of the value. 
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Figure 1.3. Aquaculture production (t) in the members countries of the EU in 2012. Source: 
FAO (2012b). 

In the EU, the main aquaculture products are fish and shellfish, while production of 

crustaceans, algae and other invertebrates is very small. In 2012, fish production totalled 

662,281 t (52.2% of total weight) and shellfish harvested totalled 601,736 t (47.4%). The EU 

also produced algae (5,361 t) and crustaceans (285 t). The main species produced in the EU 

was the mussel (466,995 t), followed by rainbow trout (177,934 t) and Atlantic salmon 

(175,349 t). Considering the value, the Atlantic salmon is the first species of breeding (822 

million €), followed by gilthead seabream (519 million €) and rainbow trout (483 million €). 

The annual consumption of aquatic products per capita in the EU is 22.69 kg, well above the 

world average of 18 kg value. This consumption varies among the EU countries, from 5.3 kg 

in Hungary to 57.2 kg in Portugal (Fig. 1.4) (APROMAR, 2014). 

 
Figure 1.4. Consumption of aquatic products per capita (kg) in the EU countries in 
2009. Source: APROMAR (2014). 
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2.5. Aquaculture in Portugal 

The Strategic Plan for the Portuguese Aquaculture (Plano Estratégico para a Aquicultura 

Portuguesa) is a document with the objective to establish the principles and lines of action 

with regard to the granting of public support to the development of the aquaculture sector in 

Portugal between 2014 and 2020 (DGRM, 2014). This document follows the guidelines of the 

European Commission in order “to promote an environmentally sustainable, efficient in terms 

of resources, innovative, competitive and knowledge-based aquaculture" (EC, 2014). 

Moreover, in 2014, Statistics Portugal (Instituto Nacional de Estatística, INE) and Directorate 

General for Natural Resources, Safety and Maritime Services (Direção-Geral de Recursos 

Naturais, Segurança e Serviços Marítimos, DGRM), presented an annual Fishery Statistics 

compendium, within their technical cooperation aiming at the production and dissemination 

of the official fishery statistics (INE/DGRM, 2014). 

The geographical location of the Portuguese coast (about 1,187 kilometres, including 

Madeira islands) is considered one of the richest areas considering the quality of its waters 

and diversity of species existing in them. However, the exposed coast and the sea conditions 

in the winter months are important adverse factors for the installation of units of ocean 

aquaculture in the Portuguese coast and the Atlantic islands, requiring the use of technological 

solutions adapted to the conditions of the coast. Despite this limitation, the Algarve coast, the 

south coast of Madeira, as well as the lakes, lagoons, estuaries, and some sheltered bays, 

gather suitable conditions for the practice of aquaculture in the sea. 

The inland aquaculture sector in Portugal includes public units, geographic located in the 

hydrographic basin of the Douro river (Torno [Amarante] and, Boticas and Castrelos 

[Bragança]), the Tagus river, the Ribeiras do Oeste (Fonte Santa [Manteigas] and Campelo 

[Figueiró dos Vinhos]) and also one under the management of the Direção Regional de 

Florestas da Madeira. 

In 2012, there were 1,492 licensed aquaculture establishments, for freshwater, 

mariculture and brackish waters. In comparison with the year 2011, there was a decrease of 78 

aquaculture establishments, which represent a decrease of 7.3% of the total area occupied by 

aquaculture activity due to the licensing review of some aquaculture establishments, including 

mollusc farms. 
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2.5.1. Main species production 

Portuguese aquaculture production increased from 4,457 t in 1990 to 10,317 t in 2012, 

representing a value of 54 million €. Since the 90s, production has been diversified, whereas 

in 1990 the production was limited to two species, trout and clams, in 2012 there are 

significant productions of various species of fish or shellfish, especially the production of 

turbot (4.4 t; 42.7% of the total production by volume), followed by clams (2.4 t; 23.2% of the 

total production by volume) (Table I.4). In 2012, freshwater production resumed to rainbow 

trout with 479 t farmed, corresponding to 4.6% of the total production by volume. 

Table I.4. Portuguese production of the main farmed fish and mollusc species (t) and their 
commercial value (€) in 2012. 
Species Production 

(tonnes) 
Commercial value  

(thousand €) 
Inland aquaculture     

Rainbow trout (Oncorhynchus mykiss) 479 1,418 

Mariculture     

Fish     

Turbot (Scophthalmus maximus) 4,406 20,374 

Gilthead seabream (Sparus aurata)  895 4,752 

Seabass (Dicentrarchus labrax) 531 3,404 

Sole (Solea solea)  45 593 

Molluscs     

Clam (Venerupis pullastra and Ruditapes decussatus) 2,394 20,227 

Cockle (Cerastoderma edule) 449 301 

Mussel (Mytilus spp.) 338 154 

Pacific cupped oyster (Crassostrea gigas) 338 885 

Oyster (Crassostrea spp.) 210 480 

Portuguese cupped oyster (Crassostrea angulata) 188 778 
Source: INE/DGRM (2014). 

2.5.1.1 Rainbow trout 

The rainbow trout has an elongated, fusiform body shape with an adipose fin usually with 

a black edge (Fig. 1.5). The body is covered by small black spots and the coloration varies 

from blue to olive green above a pink iridescent stripe from gills to the tail and silver-platead 

below it. The coloration varies with habitat, size, and sexual condition, from intense dark to 

bright silver. The rainbow trout is capable of occupying different habitats and to adapt to all 
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kinds of water, ranging from an anadromous life cycle (live in the sea but spawn in rivers) to 

permanently inhabiting lakes or rivers. This species natural habitat is freshwater and is 

capable of support a wide range of temperatures (0-27ºC), although spawning and growth 

occurs in a narrower range (9-14ºC).  

 
Figure 1.5. Specimen of rainbow trout. 

Interestingly, in an anadromous life cycle, the growth is faster than in freshwater, 

achieving 7 to10 kg and 4.5 kg in three years, respectively. Breeding centres have breeding 

females laying up to 2,000 eggs/kg of body weight. After birth, the fry are fed for a short 

period of time with reserve food that provides the yolk sac and then a diet based on animal 

feed made from natural ingredients. Rainbow trout usually takes about 10 months from 

hatching to achieve the commercial size (250-300g) (Fig. 1.6) (APROMAR, 2014). 

According to FAO, worldwide total rainbow trout aquaculture production in 2012 was 

855,982 t, representing an increase of 11.5% since 2011 and the highest value since 1950, 

enhancing its unstoppable rise. Rainbow trout is cultivated all around the world, but the main 

producer was Chile, with about 254,000 t (30% of the total), and followed by Iran with 

131,000 t (15.3%), Turkey with 114,569 t (13.4%) and Norway with 74,583 t (8.7%). In the 

EU, rainbow trout was the fourth main aquacultured species produced in weight terms 

(134,000 t; 11% of total EU production) and fifth in terms of value (416 million €; 10% of 

total EU value). 
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Figure 1.6. The production cycle of rainbow trout. Source: FAO (2005-2015). 

3. BACTERIAL FISH DISEASES AND CONTROL MEASURES IN 

AQUACULTURE 

Extractive fishing seems to have reached its limit due to the over-exploitation of the 

fishing sources and the lack of new fishing grounds. Hence, aquaculture is considered as the 

unique strategy to meet the global growing demand for fish in the near future (FAO, 2010). 

Aquaculture production has expanded, diversified and intensified in recent decades, which 

has caused the exposition of fish to numerous stressors (such as handling, high animal density 

and changes in temperature and salinity) that negatively affect their health (Brock and Bullis, 

2001). These overproduction conditions lead to vulnerability of fish against a variety of 

pathogens and opportunistic microorganisms that cause high mortality resulting in large 

economic losses for the sector (Almeida et al., 2009; Toranzo et al., 2005). In this context, 

aquaculture is currently facing the problem of the prevention and control of fish diseases, 

mainly those of bacterial origin during the larval and early fry stages. 
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Moreover, fish might act as reservoirs and vectors of bacterial pathogens 

(Photobacterium damselae, Listonella anguillarum, Aeromonas hydrophila, Aeromonas 

salmonicida, Vibrio vulnificus, Edwardsiella tarda, Mycobacterium marinum, Streptococcus 

iniae, Streptococcus agalactiae, Streptococcus parauberis and Lactococcus garvieae) highly 

relevant for public health and food safety (Almeida et al., 2009; Chan et al., 2011; EFSA, 

2008a; Haenen et al., 2013; Lunestad et al., 2007; Ringø et al., 2010a; Toranzo et al., 2005). 

3.1. Bacterial fish diseases 

The most important bacterial fish diseases affecting marine and inland aquaculture 

species include the following groups of microorganism: (i) Gram-positive cocci and bacilli 

such as Streptococcus spp. (St. iniae, St. parauberis, St. phocae and St. agalactiae), 

Lactococcus spp. (Lc. garvieae and Lc. piscium), Carnobacterium spp. (C. maltaromaticum), 

Vagococcus spp. (Vg. salmoninarum) and Renibacterium spp. (R. salmoninarum); (ii) 

Mycobacteriaceae (M. marinum) and Nocardiaceae; (iii) Gram-negative aerobic and 

facultative anaerobes bacilli, including Enterobacteriaceae such as Yersinia spp. (Y. ruckeri) 

and Edwardsiella spp. (Ed. tarda), Vibrionaceae such as Vibrio spp. (V. parahaemolyticus, V. 

alginolyticus, V. vulnificus, V. splendidus, V. harveyi and V. campbellii), Listonella spp. (Ls. 

anguillarum and Ls. pelagia), Photobacterium spp. (Ph. damselae) and Aliivibrio spp. (Al. 

salmonicida), Aeromonadaceae such as Aeromonas spp. (A. salmonicida and A. hydrophila) 

and Pseudomonadaceae such as Pseudomonas spp. (Ps. anguilliseptica and Ps. fluorescens); 

(iv) Flavobacteria such as Flavobacterium spp. (F. psychrophilum and F. columnare) and 

Tenacibaculum spp. (T. maritimum), and (v) Piscirickettsia (Pc. salmonis) (Fryer and 

Hedrick, 2003; Ghittino et al., 2003; Padrós and Furones, 2002; Toranzo et al., 2005). 

3.1.1. Bacterial fish diseases affecting the rainbow trout production 

The most serious bacterial infections affecting the rainbow trout production are 

lactococcosis (Lc. garvieae), streptococcosis (St. iniae), bacterial kidney disease (R. 

salmoninarum), “Pseudo kidney disease” (C. maltaromaticum), enteric red-mouth disease (Y. 

ruckeri), furunculosis (A. salmonicida subsp. salmonicida), rainbow trout fry syndrome (F. 

psychrophilum) and vibriosis (Ls. anguillarum). 
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3.1.1.1. Lactococcosis 

The Gram-positive bacterium Lc. garvieae is the aetiological agent of lactococcosis. The 

lactococcosis disease is characterised by a haemorrhagic septicaemia and meningoencephalitis 

beginning with the appearance of a rapid and general anorexia, melanosis, lethargy, loss of 

orientation and erratic swimming. Moreover, typical signs of the disease includes 

exophthalmia (uni- or bilateral), hemorrhages in the periorbital and intraocular area, base of 

fins, perianal region, opercula and bucal region. At necropsy, the peritoneal cavity usually 

presents an accumulation of ascetic fluid, which may be purulent or may contain blood. The 

water temperature is an important factor in the development of lactococcosis, which is 

seasonal and associated with high water temperature. Most acute outbreaks appear when 

water temperature is over 18 ºC, although acute outbreaks have been also described with 

water temperature of 14–15 ºC (Austin and Austin, 2007; Vendrell et al., 2006). 

3.1.1.2. Streptococcosis 

In rainbow trout, streptococcosis causative agent is the Gram-positive bacterium St. iniae. 

Additionally, St. agalactiae has been also reported as the causative agent but in a lower 

incidence in this fish species. In St. iniae-infected rainbow trout, the disease is characterized 

by signs such as lethargy, discoloration, loss of orientation, bilateral exophthalmia, corneal 

opacity and haemorrhaging in the eye, and fatal surface and internal haemorrhaging. 

Environmental factors, notably water temperature, have profound effect on the progression of 

infection caused by St. iniae (Austin and Austin, 2007; Lahav et al., 2004). 

3.1.1.3. Bacterial kidney disease (BKD) 

The causative agent of BKD is the Gram-positive bacterium R. salmoninarum. BKD is a 

slowly progressive systemic infection due to the slow-growing nature of the causative agent, 

which may take several months before disease signs appear. Infected fish could be 

asymptomatic or displaying a wide range of clinical signs, including lethargy, skin darkening, 

exophthalmia, anaemia, distended abdomens, blood-filled blisters on the flanks and bruising 

(haemorrhaging) around the vent. BKD may be transmitted horizontally, through contact with 

infected fish or water, and vertically, from infected broodstock eggs (Bruno et al., 2013). 
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3.1.1.4. “Pseudo kidney disease” 

C. maltaromaticum (formerly C. piscicola) is the aetiological agent responsible of the 

condition recognised as “pseudo kidney disease”. This bacterium can be isolated from 

apparently healthy fish and probably part of the normal microbiota of the gastrointestinal 

tract. Handling, post-spawning and other forms of stress emerge to be the contributory factors 

to what may become a chronic condition. Clinical signs are inconsistent but includes 

septicaemia, general darkening, sub-dermal blisters, abdominal distension, pronounced 

bilateral exophthalmia with periocular haemorrhaging (Bruno et al., 2013). 

3.1.1.5. Enteric red-mouth disease 

The causative agent of enteric red mouth disease is Y. ruckeri, being the serotype O1 

biotype 1 considered the most virulent. Bacterial pathogens adhere and penetrate through 

mucosal surfaces, such as the gut mucosa known to be one route of entry for Y. ruckeri in 

rainbow trout. Subcutaneous hemorrhages in the mouth and throat are strongly indicative of 

the disease, therefore the term enteric red-mouth disease. The most significant clinical 

diagnostic sign of this disease is the inflamed lower intestine, which mucosa becomes 

edematous and necrotic and the lumen is filled with yellow pus containing Y. ruckeri and 

epithelial cells. Chronically infected carriers spread Y. ruckeri from the intestine with the 

feces to the water and thus infect other fish (Deshmukh et al., 2012; Villumsen et al., 2014). 

3.1.1.6. Furunculosis 

The Gram-negative bacterium A. salmonicida subsp. salmonicida is the aetiological agent 

of furunculosis, infecting salmonids species worldwide. The disease is characterized by the 

presence of general septicaemia, lack of appetite, dark skin, lethargy and haemorrhagic and 

necrotic lesions in gills, gut and muscle. Enlargement of the spleen and inflammation of the 

lower intestine are common features of chronic infections, but in severe outbreaks fish may 

die quickly with few symptoms. The disease is named after the raised liquefactive muscle 

lesions (furuncles), which occurs in chronically infected fish (Munro and Hastings, 1993). 

3.1.1.7. Rainbow trout fry syndrome (RTFS) 

The Gram-negative bacterium F. psychrophilum is the causative agent of RTFS, 

producing an acute septicemic infection in salmonids (Wood and Yasutake, 1956). Infected 
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fish may exhibit a series of clinical signs, including large open lesions on the caudal peduncle 

(tail area), lethargy, poor appetite and dark coloration. Of particular concern is that fish 

surviving an epizootic of RTFS may develop spinal deformities, such as, spinal compressions 

in the anterior, mid, or posterior regions of the fish. The disease is typically related to early 

life stage mortalities in trout and outside of Europe, the disease is referred as bacterial 

coldwater disease (CWD) because it occurs at low temperatures (4-10°C) (LaFrentz and Cain, 

2004). 

3.1.1.8. Vibriosis 

The Gram-negative bacterium Ls anguillarum (formerly known as V. anguillarum) is the 

aetiological agent of vibriosis. Nevertheless, infections with Vibrio ordalii and other Vibrio 

spp. are often collectively termed ‘vibriosis’, and may cause disease with similar clinical and 

pathological manifestation as Ls. anguillarum. Clinical signs and pathological lesions may be 

variable, but similar to several other Gram negative septicaemias, and dependant on water 

temperature (particularly in the summer months at temperatures above 10ºC), fish age and 

pathogen virulence. Most common external signs of vibriosis include dark skin coloration, 

anorexia, pale gills with increased mucous, periorbital oedema, swollen vent and haemorrhage 

near the base of the pectoral and pelvic fins. Internally, petechiae may be present on the 

peritoneal surface and in internal organs. Ls. anguillarum may be present among the normal 

gut microflora of healthy fish and clinical outbreaks triggered only by stress activated virulent 

strains present in the gastrointestinal tract. Poor water quality and rapid temperature changes 

can also activate infection which then spreads horizontally (Bruno et al., 2013). 

3.2. Control measures 

3.2.1. Antibiotics 

Antibiotics have been traditionally used as therapeutic agents and in some cases, as 

prophylactic treatment of bacterial fish diseases, by direct addition of feed, injection or by 

therapeutic baths; however, health agencies, fish farms and consumers are reluctant to the use 

of antibiotics, due to possible adverse effects on human and animal health, food safety and 

environmental environment. These adverse effects can be: (i) occurrence and transfer of 

(multiple) antibiotic resistance in pathogenic microbiota of fish, which implies a high risk of 

increasing the number of animal diseases; (ii) spreading of this resistance to the environment 
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and other microorganisms, such as pathogenic bacteria of humans, fish and other animals and 

saprophytic bacteria, which in turn can act as reservoirs of antibiotic resistance genes and by 

horizontal transfer (e.g., mediated by transposons or plasmids), can be transmitted to disease 

producing bacteria; (iii) presence of antibiotic residues in foods, which can cause 

toxicological effects, allergic reactions and intestinal dysbiosis on consumers and handlers of 

fish, and (iv) the accumulation of antibiotic residues from uneaten feed and faeces of fish in 

the marine sediment, which may exert a selective pressure that causes the modification of the 

microbiota and the selection of bacteria resistant to these antimicrobials (Cabello, 2006; 

EFSA, 2008a; FAO, 2005). 

In the 1970s and 1980s oxolinic acid, oxytetracycline, furazolidone, potential 

sulphonamides (sulphadiazine and trimethoprim) and amoxicillin were the most commonly 

used antibiotics in fish farming (Ringø et al., 2014). In this respect, it has been associated the 

development of antibiotic resistance in a large number of fish pathogens (A. hydrophila, A. 

salmonicida, Ed. tarda, Ls. anguillarum, Ph. damselae, Y. ruckeri, V. harveyi and F. 

psychrophilum) with the use of antibiotic treatment in aquaculture, especially with the use of 

subtherapeutic doses (de Paola et al., 1995; Hatha et al., 2005; Karunasagar et al., 1994; 

Orozova et al., 2010; Schmidt et al., 2000; Teo et al., 2000). The main antibiotic resistances 

which have been observed include (i) antibiotics affecting the protein synthesis 

(oxytetracycline, erythromycin, chloramphenicol and streptomycin); (ii) inhibitors of cell wall 

synthesis (ampicillin and penicillin); (iii) inhibitors of nucleic acid synthesis (quinolones), and 

(iv) inhibitors of folic acid synthesis (sulfonamides) (Dixon, 1994; Hatha et al., 2005; 

Karunasagar et al., 1994; Orozova et al., 2010; Schmidt et al., 2000; Teo et al., 2000). The 

emergence and transfer of antibiotic resistance genes in fish pathogens not only has an impact 

on the ineffectiveness of treatment of cultured aquatic species in fish farms, but also increases 

the possibility of transferring these genetic determinants to multiple organisms, including 

pathogens of land animals and humans, compromising effective therapy to treat human 

bacterial infections (Cabello, 2006). Several studies report the presence of resistance genes in 

fish pathogens. Furthermore, Schmidt et al. (2000) detected tetracycline resistance genes 

[tet(A), tet(E) and tet(D)] in Aeromonas spp. isolated from rainbow trout fish farms in 

Denmark. The genes tet(A) and tet(E) were also detected by Miranda et al. (2003) in strains 

of Ps. fluorescens and A. hydrophila isolated from salmon farms in Chile. Dang et al. (2007) 

detected tetracycline resistance genes [tet(A), tet(B), tet(M) and tet(D)] and chloramphenicol 

(cat II and floR) in V. splendidus and Pseudoalteromonas spp. isolated from abalone (Haliotis 
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discus hannai) and turbot rearing water in China. Moreover, Cattoir et al. (2007) suggested 

that V. splendidus could be the reservoir of the plasmid containing the gene conferring 

resistance to quinolones (qnrS). Ishida et al. (2010) revealed the presence of genes conferring 

resistance to tetracycline [tet(A), tet(C) and tet(D)] in A. hydrophila and V. alginolyticus 

strains and also genes conferring resistance to β-lactam antibiotics (blaTEM), quinolones 

(qnrS), chloramphenicol (catB3) and trimethoprim (dfrA1 and dfrA2) in A. hydrophila strains 

isolated from mullets and tilapia from brackish-water fish farms in Egypt. Moreover, several 

epidemiological and molecular studies have shown, for example, the transfer of antibiotic 

resistance from fish pathogenic bacteria (e.g., A. salmonicida and Ls. anguillarum) to 

pathogenic species of great importance for human health, such as Escherichia coli, 

Salmonella typhimurium and Vibrio cholerae (Cabello, 2006; Defoirdt et al., 2011). 

Therefore, in most industrialized countries, including EU, USA, Canada and Japan, have 

enforced very stringent regulations about the use of antibiotics in aquaculture. These 

restrictions include, for example, the ban of antibiotics as prophylactic treatment, the 

reduction of authorized antibiotics, the control of the veterinary prescription, the 

establishment and surveillance of maximum residue limits and the prohibition of the use of 

certain antibiotics for their high toxicity or importance in human medicine and capability to 

induce antibiotic resistances (Cabello, 2006; EFSA, 2008a; 2008b; FAO, 2005). According to 

FAO, antibiotics authorized for use as therapeutic treatment of bacterial diseases in 

aquaculture are: oxytetracycline, florfenicol, sarafloxacin, erythromycin and sulphonamides 

with trimethoprim or ormethoprim (FAO, 2005). In the EU, the main antibiotics authorized 

for use as therapeutic treatment of bacterial diseases in aquaculture are: amoxicillin, 

florfenicol, flumequine, oxolinic acid, oxytetracycline, sarafloxacin and sulphonamides with 

trimethoprim (EFSA, 2008b; Rodgers and Furones, 2009). 

3.2.2. Alternatives to the use of antibiotics 

There is an increasing interest in research and development of alternative methods to the 

use of antibiotics, which should be effective not only for the control of bacterial fish diseases 

but also safe, environmental-friendly, economically viable and of simple application. In this 

context, it is becoming increasingly important the use of vaccines and immunostimulants, 

probiotics, prebiotics and bacteriophages as replacement for chemotherapy for biocontrol of 

pathogens (Balcázar et al., 2006; Bricknell and Dalmo, 2005; Brudeseth et al., 2013; Defoirdt 

et al., 2011; Farzanfar, 2006; Gatesoupe, 1999; Mathur et al., 2003; Nakai and Park, 2002; 
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Pérez-Sánchez et al., 2014; Ringø et al., 2010b; 2014; Song et al., 2014; Verschuere et al., 

2000b; Yousefian and Amiri, 2009). 

3.2.2.1. Vaccines and immunostimulants 

Fish vaccine development has a very short history starting in the 1970s with the first 

licensed fish vaccine made commercially available in 1976 to protect salmonids against 

enteric red mouth disease caused by Y. ruckeri (Ringø et al., 2014). Since then, the industry’s 

rapid expansion and the increasing market size attract heavier investment in vaccine 

development, which allowed, by the beginning of the 1990s, the availability of a range of 

effective vaccines against different fish pathogens (FAO, 2005). Similar to other animal 

species, vaccines stimulate the immune response of fish to produce antibodies that bind with 

the disease-causing bacteria and destroy it (FAO, 2005). However, unlike terrestrial animals, 

there are three common methods to administer a vaccine to fish: immersion (bath or spray), 

injection and oral. These methods vary in terms of fish species, ease of administration, cost, 

stress on the fish, survival rates, dosage control, amount of labour involved and duration of 

the protection (FAO, 2005). At the moment, there are vaccines available for a large number of 

farmed fish (Atlantic salmon, Pacific salmon [Oncorhynchus kisutch], rainbow trout, 

amberjack [Seriola quinqueradiata] ayu [Plecoglossus altivelis], seabass, Gilthead seabream, 

tilapia, Atlantic cod, turbot, Japanese flounder, iridescent shark [Pangasianodon 

hypophthalmus], channel catfish [Ictalurus punctatus]) against several bacterial diseases such 

as vibriosis (Ls. anguillarum and V. ordalii), cold water vibriosis (Al. salmonicida), 

furunculosis (A. salmonicida subsp. salmonicida), enteric red-mouth disease (Y. ruckeri), 

pasteurellosis (Ph. damselae subsp. piscicida), columnaris disease (F. columnare), 

piscirickettsiosis (Pc. salmonis), edwardsiellosis (Ed. ictaluri), tenacibaculosis (T. 

maritimum), streptococcosis (St. iniae) and lactococcosis (Lc. garvieae) (Brudeseth et al., 

2013; Ringø et al., 2014). 

Vaccination seems to constitute the ideal control method to prevent fish diseases but its 

application may be hampered by, among others, the following circumstances: (i) the limited 

number of effective commercial vaccines in the market, for example, unavailable or 

ineffective vaccines to prevent infections caused by St. parauberis, F. psychrophilum, F. 

columnare, A. hydrophila, Ps. Anguilliseptica, Ed. tarda, Mycobacterium marinum or 

Candidatus arthromitus (aetiological agent of trout enteric syndrome) among other fish 

pathogens; (ii) the effectiveness variation depending on the aquatic species used; (iii) the level 
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of protection offered, often very limited in time (e.g., 3-6 months) and usually against a few 

pathogenic species (and, in many cases, serotypes); (iv) high cost; (v) the problems associated 

to their application at the larval stages (the immaturity of their immune system and the 

handling difficulties); (vi) the growth retardation that can cause; (vii) reduced effectiveness 

when immunostimulants are not used or by various factors (e.g., fish size, type of adjuvant 

added in its formulation and salinity); (viii) the limitation of their effectiveness when fish 

suffer from other diseases simultaneously; (ix) the possibility of alterations in product quality 

(e.g., adhesions, chronic inflammation and melanosis), and, finally, (x) the stress that causes 

on the fish, especially when applied by intraperitoneal injection, with the consequent impact 

on its immune response and, therefore, productivity (EFSA, 2008b; Toranzo et al., 2009). 

The immunostimulants used in aquaculture are compounds which modulate the innate 

immune system of fish to improve their immune response against fish pathogens preventing 

diseases (Bricknell and Dalmo, 2005). Immunostimulants that have been studied in fish can 

be divided into different groups according to their nature: chemical agents (levamisole and 

lactoyl tetrapeptide FK-156), bacterial components (lipopolysaccharide, peptidoglycan, 

muramyl dipeptide and Freund's complete adjuvant), animal, plants or algae extracts (alginate, 

Ergosan, glycyrrhizin, etc.), diet components (vitamins C and E), cytokines and lactoferrin 

(Sakai, 1999). These immunostimulants can be administered in fish by immersion, orally as 

food supplements and as vaccine adjuvants (Bricknell and Dalmo, 2005; Sakai, 1999; Tafalla 

et al., 2013). In this regard, most commercial products currently used as immunostimulants in 

aquaculture, are derived from yeast (e.g., β1-3 and β1-6 glucans) and Ergosan, a food 

supplement extracted from marine algae with a high content of alginates and polysaccharides. 

Peddie et al. (2002) showed that a single dose of Ergosan (1 mg) administered by 

intraperitoneal injection significantly increased the proportion of neutrophils, phagocytosis, 

respiratory burst activity and expression of interleukin-1β (IL-1β) and interleukin-8 (IL-8) and 

one of the two isoforms of tumor necrosis factor-α (TNF2) in peritoneal leukocytes of 

rainbow trout after 24 hours of administration. Also, it has been shown that the use of 

immunostimulants as vaccines adjuvants, especially β1-3 and β1-6 glucans, activate the 

specific immune response of fish without observing any adverse effects (Anderson, 1997). 

Furthermore, the immunostimulation of fish larvae have been proposed as a method to 

improve survival in this stage due to the activation of the innate immune response (Bricknell 

and Dalmo, 2005). 
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3.2.2.2. Probiotics 

The term probiotic was first defined by Fuller (1989) as “a live microbial feed 

supplement which beneficially affects the host animal by improving its intestinal microbial 

balance”. Currently, according to the definition by FAO and the World Health Organization 

(WHO), probiotics are considered as “live microorganisms which when administered in 

adequate amounts confer a health benefit on the host” (FAO, 2002). Probiotics have opened a 

new era in the prophylactic and therapeutic strategy in human and veterinary medicine, 

including fish and shellfish, being an alternative to control fish diseases in aquaculture 

(section 4). 

3.2.2.3. Prebiotics 

In recent years, the importance of the evaluation of prebiotics as food supplements 

promoting the health of the species of interest in aquaculture has been highlighted. In this 

respect, the term “prebiotic” refers to non-digestible substances or products that: (i) serve as a 

substrate for beneficial bacteria in the gastrointestinal tract enhancing their growth or 

metabolic activity, (ii) favourably modify the intestinal microbiota, and finally, (iii) exert 

beneficial effects on the host, both systemic and gut. Common prebiotics include 

oligosaccharides, such as fructooligosaccharides (FOS), galactooligosaccharides (GOS), 

mannan oligosaccharides (MOS), arabinoxylan-oligosaccharides (AXOS) and chito-

oligosaccharides (COS), and polysaccharides such as inulin (long-chain fructan) and β-

glucans (polysaccharides of D-glucose monomers linked through β-glycosidic bonds) (Gibson 

and Roberfroid, 1995; Song et al., 2014; Yousefian and Amiri, 2009). One of the main effects 

of prebiotics studied in aquaculture is the effect on the nonspecific immune system of fish and 

shellfish. In fact, the oligosaccharides and polysaccharides are referred to as 

immunosaccharides due to their ability to activate the immune system (Kocher, 2004). In 

aquaculture, it has been observed that these immunosaccharides have the ability to stimulate 

the innate immune system through various mechanisms, including the increase of the 

phagocytic, respiratory burst and lysozyme activity in leukocytes of several species such as 

salmonids, cyprinids, sturgeons, flatfish and crustaceans (Song et al., 2014). It should be 

mentioned that the inclusion of prebiotics in the diet of species of interest in aquaculture can 

be carried out independently or jointly with probiotics, specifically symbiotic preparations, 

which may encourage colonization ability of probiotic microorganisms and/or survival and 



I. General Introduction 

  28  
  

consequently, the development of its beneficial effects (Mahious et al., 2006; Teitelbaum and 

Walker, 2002). 

3.2.2.4. Phage therapy 

Bacteriophages are defined as viruses that can infect, multiply in and kill susceptible 

bacteria. Since their discovery in 1915, bacteriophages have been studied for their therapeutic 

properties and ability to control infectious bacteria; however these studies were later 

abandoned due to the introduction of cheap, broad-spectrum antibiotics. Recently, after the 

increase in bacterial antibiotic resistance, phage therapy has been considered as an effective 

alternative to the use of antibiotics (Romero et al., 2012). In contrast to antibiotics, 

bacteriophages have the advantages of having specificity for particular bacteria without 

affecting the normal intestinal microbiota of the host, can replicate by themselves in the target 

bacteria avoiding the need for multiple dosing and can penetrate in any infected tissue 

(Mathur et al., 2003; Nakai and Park, 2002). In this regard, there have been several studies 

that have shown the therapeutic and prophylactic application of bacteriophages in aquaculture 

(Imbeault et al., 2006; Nakai et al., 1999; Vinod et al., 2006). The first study of phage therapy 

in aquaculture (Nakai et al., 1999) showed the ability of phages to prevent Lc. garvieae 

infection in Japanese amberjack. In addition, Vinod et al. (2006) described a bacteriophage 

lytic activity against V. harveyi, which improved the survival of tiger shrimp larvae infected 

with this pathogen. Moreover, Imbeault et al. (2006) showed that the bacteriophage HER110 

hold-up furunculosis caused by A. salmonicida and reduces mortality caused in brook trout 

(Salvelinus fontinalis). Despite the progress made in recent years, phage therapy also has 

limitations such as the cost, the rapid release of bacterial endotoxins due to the lytic effect of 

the phage, the risk that phages might mediate genetic exchange among bacteria, some 

temperate phages contribute to bacterial virulence, the development of antibodies against 

phages may also lead to their decreased effectiveness, the rapid appearance of phage-resistant 

bacteria and finally the presence of a disease outbreak with unknown bacteria in which high 

specificity may be a problem (Defoirdt et al., 2011; Mathur et al., 2003; Romero et al., 2012). 

3.2.2.5. Other alternatives 

Other alternatives that have been proposed to control bacterial fish diseases in 

aquaculture are: (i) the use of fatty acids and short chain polyhydroxyalkanoates to inhibit the 

growth of pathogens like V. campbellii; (ii) phototherapy or photodynamic therapy, which 
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allows the generation of reactive oxygen radicals and other antimicrobial compounds after the 

interaction of a natural or synthetic photosensor (e.g., porphyrin derivatives or organic dyes) 

with an appropriate light radiation; and finally, (iii) halogenated furanones therapy based on 

the interruption of the communication between pathogenic bacteria (quorum sensing system) 

by interacting with the regulatory response or enzymatic degradation of compounds of low 

molecular size allowing the expression of, for example, genes involved in the formation of 

biofilms and several virulence factors required for infection of the host, as observed in Ls. 

anguillarum, V. harveyi, V. parahaemolyticus and V. campbellii (Almeida et al., 2009; 

Defoirdt et al., 2006; Defoirdt et al., 2011; 2011; Rasch et al., 2004; Romero et al., 2012). 

4. PROBIOTICS IN AQUACULTURE 

4.1. Definition of probiotics 

In aquaculture, the interaction between the microbiota and host is not limited to the 

gastrointestinal tract. Bacteria can be also active on the gills and skin of the host and its 

aquatic environment. Therefore, probiotics in aquaculture are considered as live microbial 

adjuncts which have a beneficial effect on the host by: (i) modifying the host-associated or 

ambient microbial community, (ii) improving feed use or enhancing its nutritional value, (iii) 

enhancing the host response towards disease, and/or (iv) improving the physico-chemical and 

microbiological quality of its environment (Verschuere et al., 2000b). Based on this 

definition, probiotics may include microbial adjuncts that (i) prevent the adhesion and 

proliferation of pathogenic microorganisms in the intestinal tract and superficial mucosa of 

aquatic animals, on the surfaces of fish farms, and in the aquatic environment of the cultured 

species; (ii) compete for the available nutrients; (iii) produce antimicrobial compounds; (iv) 

secure an optimal use of the feed by aiding in its digestion (growth stimulation); (v) improve 

water quality, and/or (vi) stimulate the host immune system (Balcázar et al., 2006; Gatesoupe, 

2008; Merrifield et al., 2010b; Verschuere et al., 2000b; Vine et al., 2006). Consequently, 

probiotics treatments in aquaculture can be considered as: (1) biocontrol and biorremedation 

methods, considering that they allow the introduction of microorganisms, which (i) eliminate 

or reduce pathogen microorganisms in the aquatic environment; (ii) reduce the biofilms 

originated by bacteria and fungi on the installations (biofouling), and/or (iii) act as bioreactor 

to recycle nutrients (nitrogen, phosphorus and other biodegradable substances) due to the 
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possibility to use the wastewater of the installations for their growth; and also as (2) 

probiotics sensu stricto since, amongst other beneficial effects, they help that the host have an 

adequate immune state in order to fight pathogens microorganisms (Chabrillón and Moriñigo, 

2007; Panigrahi and Azad, 2007). 

4.2. Selection of probiotics 

The selection and development of microorganism cultures used commercially as 

probiotics in aquaculture constitute a multidisciplinary process that includes different stages 

in which the basic and applied research, as well as pilot and real scale trials and studies of 

economic feasibility are needed (Verschuere et al., 2000b). Nowadays, there are no specific 

national or international guidelines about the evaluation of probiotics intended for use in 

aquaculture; however, there are international general recommendations for the evaluation of 

the use of probiotics in food, such as the Guidelines for the Evaluation of Probiotics in Food, 

made by a Joint FAO/WHO working group (FAO/WHO, 2002). In this respect, this document 

includes the following stages: (1) taxonomical identification of the microorganism with 

phenotypic and genetic methods; (2) functional characterization of the microorganism (in 

vitro and in vivo); (3) safety assessment (in vitro and in vivo), including, at least, the 

evaluation of the (i) antibiotic resistance, (ii) presence of virulence factors, (iii) hemolytic 

activity and (iv) some metabolic activities (e.g., bile deconjugation); (4) efficacy 

determination and result confirmation, and finally, (5) labelling, presentation and advertising. 

Likewise, in the EU there are several documents published by the Scientific Committee on 

Animal Nutrition (SCAN) of the European Food Safety Authority (EFSA) about the Qualified 

Presumption of Safety (QPS) status, in which include the safety assessment of 

microorganisms used in food and feed, their taxonomical identification, and their resistance to 

antibiotic of clinical importance (EFSA, 2005a; 2005b; 2007; 2011; 2012a; 2012b). 

Additionally, there are several recommendations in recent scientific literature about this issue 

of great interest and undeniable importance for the public health and environmental protection 

(Balcázar et al., 2006; Dimitroglou et al., 2011; Farzanfar, 2006; Gatesoupe, 2008; Merrifield 

et al., 2010b; Nayak, 2010; Ogier and Serror, 2008; Pérez-Sánchez et al., 2014; Ringø et al., 

2010a; Saarela et al., 2000; Verschuere et al., 2000b; Vine et al., 2006; von Wright, 2005). 

Therefore, in general terms, the selection of microorganisms intended to use as probiotics in 

aquaculture is based on the isolation of potential probiotic, preferentially isolated from the 

host in which they intend to be used or from their aquatic origin in which they exert their 
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benefits and, subsequently, the evaluation of the three fundamental requirements related with: 

(i) safety, (ii) functional and probiotic properties (efficacy), and (iii) technological 

characteristics (Pérez-Sánchez et al., 2014; Saarela et al., 2000; Vine et al., 2006; von Wright, 

2005). 

4.2.1. Safety assessment 

During the selection process of probiotic strains, the safety assessment is a great 

important point, in which it must include the following stages: (i) taxonomical identification, 

(ii)  in vitro evaluation of its hemolytic activity, (iii) detection of genes encoding several 

virulence factors, (iv) evaluation of the susceptibility/resistance to several antibiotics used in 

human and animal medicine and the detection of transmissible antibiotic resistance genes, (v) 

evaluation of the enzymatic activities (e.g., production of biogenic amines, mucinolytic 

activity, etc.), and finally, (vi) in vivo evaluation of the safety in the host (survival rate) 

(EFSA, 2005a; 2012a; 2012b; Saarela et al., 2000; von Wright, 2005). The development of 

this stage is very important from the safety point of view and potential application of 

microorganisms as probiotics since it allows selecting a priori the strains which can be 

considered as safe for human and animal consumption (Generally Recognized As Safe 

[GRAS] status), established by the Food and Drug Administration (FDA) in USA, or its 

European equivalent, QPS status, established by EFSA (EFSA, 2005a; 2005b; 2007). Despite 

the fact that the international guidelines are not focused on the aquaculture, their 

recommendations should be a standard to drive the safety of probiotics in this area (Martínez 

Cruz et al., 2012). Nowadays, the scientific literature shows that the most of studies, in which 

characterize fish probiotics, are focused on the functional characteristics and not on their 

safety, being the taxonomical identification, the evaluation of susceptibility to antibiotics or 

the in vivo evaluation of the fish survival, the main studies carried out about safety issues 

(Irianto and Austin, 2002; Pérez-Sánchez et al., 2011a). 

4.2.2. Evaluation of the functional and probiotic properties (efficacy) 

Probiotics must show several functional and probiotic properties (efficacy) that allow 

exerting their beneficial effects on the host. In general, the development of effective 

probiotics for their use in aquaculture includes: (i) in vitro evaluation of their antimicrobial 

activity against fish pathogen; (ii) evaluation of their ability to survive in the aquatic 

environment or during the transit by the gastrointestinal tract of the host (e.g., resistance to 
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bile and low pH), as well as their ability to colonize the intestine or external surface of the 

host, by means of their adherence to epithelial cells and mucosae, and prevent the 

establishment of potential pathogenic bacteria, and (iii) in vivo evaluation of their physiologic 

effects on the host, including their effect on the host growth (nutritional status) and immune 

system, as well as assays, in which the host is infected experimentally with pathogens 

(Balcázar et al., 2007a; 2008; Caipang et al., 2010; Castex et al., 2008; Chabrillón et al., 

2005; Chythanya et al., 2002; Díaz-Rosales et al., 2009; Ferguson et al., 2010; Hai et al., 

2009; Irianto and Austin, 2002; Kim and Austin, 2006; Lazado et al., 2011; Liu et al., 2012; 

Nikoskelainen et al., 2001b; Panigrahi et al., 2007; Pérez-Sánchez et al., 2011b; Román et al., 

2012; Salinas et al., 2005; Sica et al., 2012; Zokaeifar et al., 2012). 

4.2.3. Evaluation of the technological characteristics 

In the last stage of probiotics selection, it is advisable to evaluate their technological 

characteristics, such as their resistance and viability under standard storage and industrial 

process (e.g., lyophilization, extrusion, etc.), resistance to phages and large-scale production. 

Finally, it is recommendable to analysis the cost and benefits in order to ensure their 

economical viability and commercial distribution (Pérez-Sánchez et al., 2014; Saarela et al., 

2000; Verschuere et al., 2000b). 

4.3. Action mechanisms of probiotics 

The main mechanisms of action by which probiotics exert their beneficial effects are the 

following: (i) inhibition of the pathogenic microorganisms by competitive exclusion by means 

of (1) production of bactericidal or bacteriostatic antimicrobial compounds (e.g., bacteriocins, 

organic acid, hydrogen peroxide, lysozyme, ammonium and diacetyl) and siderophores (e.g., 

of iron), (2) competition by available nutrients and energy, and (3) competition by the 

adhesion sites of intestine and other superficial mucosa; (ii) improvement of the host nutrition 

due to the nutrient supply (e.g., fatty acid, vitamins, polyamines, and essential amino acids) 

and/or enhancement of its digestion (e.g., production of lipases, amylases, and proteases); (iii) 

stimulation of local and systemic immune response (e.g., activation of humoral response, 

increase of phagocytic and respiratory burst activities, modulation of the cellular proliferation 

and differentiation, production of lysozyme, peroxidase and proteases, complement 

activation, and production of cytokines) by different cell wall components (e.g., 
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lipopolysaccharides, peptidoglycans, and β-glucans), and finally (iv) improvement of water 

quality (e.g., conversion of organic matter in CO2 and reduction of ammonium and nitrite 

levels) (Balcázar et al., 2006; 2007a; Merrifield et al., 2010b; Nayak, 2010; Pérez-Sánchez et 

al., 2014; Ringø et al., 2010a; Verschuere et al., 2000b). 

4.3.1. Competitive exclusion 

Competitive exclusion is a phenomenon where an established microbiota prevents or 

reduces the colonization of opportunistic and pathogenic microorganisms (Pérez-Sánchez et 

al., 2014). Below, several mechanisms of competitive exclusion are detailed. 

4.3.1.1. Production of antimicrobial compounds 

One important mechanism of competition that also has important implications for 

pathogen control is the production of inhibitory compounds (Pérez-Sánchez et al., 2014). This 

phenomenon was first noted in 1889 by De Giaxa, when marine bacteria were observed to 

inhibit Vibrio spp. (De Giaxa, 1889). In 1947, Rosenfeld and ZoBell investigated the 

bacteriostatic or bactericidal properties of seawater on non-marine bacteria in culture and 

reported the presence of antibiotic activity in marine microorganisms (Rosenfeld and ZoBell, 

1947). These studies stimulated a great interest in finding microorganisms that can synthesize 

inhibitory compounds (Pérez-Sánchez et al., 2014). To date, numerous microorganisms 

belonging to different genera and species (Bacillus spp., Enterococcus faecium, Lactobacillus 

rhamnosus, Lb. acidophillus, Lactococcus lactis, Leuconostoc mesenteroides, 

Carnobacterium spp., Micrococcus luteus, A. hydrophila, Ps. fluorescens, V. alginolyticus, V. 

fluvialis, Roseobacter spp., Phaeobacter gallaeciensis, Saccharomyces cerevisiae, S. exiguous 

and Phaffia rhodozyma) have been showed antimicrobial activity against pathogens (Balcázar 

et al., 2006; Martínez Cruz et al., 2012; Pérez-Sánchez et al., 2014; Verschuere et al., 2000b). 

In general, this antimicrobial activity is due to the production of bacteriocins, organic acid, 

hydrogen peroxide, lysozyme, ammonium and/or diacetyl (Verschuere et al., 2000b). 

4.3.1.2. Competition by nutrients 

Other mechanism of competitive exclusion exerted by the probiotics is the competition 

by the nutrients in the intestinal tract and/or aquatic environment of the aquacultured species. 

Nevertheless, there are few studies that have demonstrated this mechanism of competition. 
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Rico-Mora et al. (1998) demonstrated that the strain Aeromonas sp. SK-05, showing active 

growth in organic-poor substrates and without antimicrobial activity against V. alginolyticus, 

prevented the establishment of this pathogen in a Skeletonema costatum culture by 

competition of nutrients. Moreover, Verschuere et al. (2000a) suggested that some bacteria 

selected by their positive effect in artemia survival and growth, exerted their protective action 

by competing with the pathogen V. proteolyticus CW8T2 for nutrients and available energy. 

4.3.1.3. Competition by the adhesion sites 

Other mechanism by which probiotics prevent the colonization of pathogens is the 

competition by adhesion sites on the intestinal mucosa and other epithelial surfaces. The 

ability of probiotic strains to colonize the mucosal surfaces without causing disease in the host 

is considered as a good criterion for the selection of probiotics due to the competition by the 

adhesion sites that could avoid the first stage of infection caused by pathogens (Balcázar et 

al., 2006; Vine et al., 2006). The adhesion of the microorganisms to superficial mucosa can 

be non-specific (by non-covalent bonds or hydrophobic interactions) or specific mechanisms 

(by adhesin molecules which are expressed on the surface of adherent bacteria and receptors 

of ephiteial cells) (Balcázar et al., 2008; Nikoskelainen et al., 2001b; Verschuere et al., 

2000b). In this respect, the inhibition of the adhesion of pathogens to fish mucus has been 

demonstrated in vitro by several authors. Chabrillón et al. (2005) observed that three Gram-

negative isolates (51M6, Pdp9, and Pdp11) from farmed Senegalese sole and gilthead 

seabream reduced the adhesion of Ph. damselae subsp. piscicida to intestinal mucus of sole. 

Similarly, Balcázar et al. (2008) demonstrated that three LAB (Lc. lactis CLFP101, Lb. 

plantarum CLFP238 and Lb. fermentum CLFP242) inhibited the adhesion of several fish 

pathogens (A. hydrophila, A. salmonicida, Y. ruckeri and Ls. anguillarum) to intestinal mucus 

of rainbow trout. 

4.3.2. Improvement of host nutrition 

Probiotics have a direct effect on host growth due to the improvement of its nutrition by 

providing nutrients (e.g., fatty acids and essential amino acids) or vitamins and/or by an 

improvement of the digestibility (e.g., production of lipases ad proteases), and consequently, 

the weight gain (Pérez-Sánchez et al., 2014; Ringø and Gatesoupe, 1998; Vine et al., 2006). 

Some in vivo studies have been reported that the addition of probiotics to fish diet contribute 

to host nutrition and weight gain due to an increase in the absorption of nutrients. Merrifield 
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et al. (2010a) demonstrated that rainbow trout fed with Bacillus subtilis and B. licheniformis 

for 10 weeks showed improved conversion growth rate. Moreover, Werker and Lim (2011) 

observed an improvement of the tilapia growth when were fed with diet supplemented with 

different probiotic strains (S. cerevisiae, B. subtilis, B. pumilus, Micrococcus luteus, Lb. 

plantarum, Lb. acidophilus and E. faecium). In other study, the expression of activity and 

transcripts of trypsin and lipase were increased in sea bass larvae fed with the yeast 

Debaryomyces hansenii, suggesting that the positive effect of this yeast in larval performance 

could be due to the polyamines secreted by the yeast in the gut lumen of larvae (Tovar-

Ramírez et al., 2004). 

4.3.3. Modulation of the immune system 

Amongst the numerous beneficial effects of probiotics, the modulation of innate and 

specific immune responses is one of the most commonly reported benefits of the probiotics in 

fish and crustaceans using in vitro and in vivo assays (Nayak, 2010; Sharifuzzaman and 

Austin, 2009). In this respect, a lot of immunological studies have been performed in several 

fish using different probiotics and their potency to modulate: (i) cytokine production; (ii) 

phagocytic activity; (iii) respiratory burst activity; (iv) peroxidase activity; (v) lysozyme 

production, (vi) complement activity, and (vii) immunoglobulin production (Harikrishnan et 

al., 2010; Nayak, 2010; Pérez-Sánchez et al., 2014). 

4.3.4. Improvement of water quality 

The water quality in fish and crustaceans cultures has been associated to the addition of 

the probiotics, especially to Gram-positive bacteria, such as Bacillus spp. that convert organic 

matter back to CO2 more efficiently than Gram-negative bacteria (Balcázar et al., 2006; 

Martínez Cruz et al., 2012; Verschuere et al., 2000b). Dalmin et al. (2001) observed that the 

use of Bacillus sp. improved water quality, survival and growth rates and the health status of 

juvenile giant tiger prawn, and reduced the pathogenic vibrios. Similar results were found by 

Taoka et al. (2006), who observed that the use of a mixture of bacteria and yeast (B. subtilis, 

Lb. acidophilus, Cl. butyricum and S. cerevisiae) improved the water quality and the survival 

rate of Japanese flounder (Paralichthys olivaceus). Moreover, Wang et al. (2005) 

demonstrated that the use of commercial probiotics with Bacillus spp., S. cerevisiae, 

Nitrosomonas spp. and Nitrobacter spp. in white leg shrimp ponds could reduce 

concentrations of nitrogen and phosphorus in the water and increase the shrimp yields. 
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4.3.5. Tolerance to stress 

One of the first studies about the effect of probiotics on the tolerance of the stress in 

aquacultured fish was developed by Carnevali et al. (2006) in sea bass, in which they 

observed a reduction of cortisol levels in fish fed with Lb. delbrueckii subsp. delbrueckii. 

Taoka et al. (2006a) detected that a group of Japanese flounders treated with heat shock and 

probiotics (B. subtilis, Lb. acidophilus, Cl. butyricum and S. cerevisiae) showed a higher 

lethal time (LT50) and an enhancement of the stress tolerance than the control group. 

Moreover, Castex et al. (2010) observed a decrease of the superoxide dismutase and catalase 

in the group of blue shrimp (Litopenaeus stylirostris) treated with the probiotic Pediococcus 

acidilactici CNCM MA 18/5 compared to the control group. 

4.4. Factors affecting the efficacy of probiotics 

4.4.1. Origin: indigenous vs. exogenous microorganisms 

There is a general consensus that probiotics the same species and/or its natural 

environment could be best approach for better efficacy in host and have more advantages to 

tolerance the gastrointestinal tract, to compete with pathogens, to colonize, to establish and to 

multiply in the host gut and to persist in the aquatic environment for some time after the 

withdrawal of probiotics (Balcázar et al., 2007b; Farzanfar, 2006; Merrifield et al., 2010b; 

Nayak, 2010; Pérez-Sánchez et al., 2011b; Verschuere et al., 2000b; Vine et al., 2006). 

However, several studies have demonstrated the efficacy of commercial probiotics used for 

human and terrestrial animals in aquaculture practices (Castex et al., 2008; Ferguson et al., 

2010; Nikoskelainen et al., 2001a; 2003; Panigrahi et al., 2007). Similarly, the use of 

probiotic strains isolated from different fish species to the host in which they expect to be 

used, also has benefits. In this respect, Díaz-Rosales et al. (2009) demonstrated that the strains 

Shewanella putrefaciens Pdp11 and Shewanella baltica Pdp13, isolated from gilthead 

seabream, improved the growth rates of the Senegalese sole after their administration in the 

diet for 60 days, as well as their survival after the challenge with Ph. damselae subsp. 

piscicida. Similarly, Sorroza et al. (2012) observed that the administration of Vg. fluvialis, 

isolated from the gilthead seabream intestine, enhanced the survival rate in European seabass 

infected with Ls. anguillarum 975-1. 
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4.4.2. Viability: viable vs. non-viable microorganisms 

Probiotics, as per definition, are viable microorganisms with documented beneficial 

effects on the overall health status of host (FAO, 2002; Fuller, 1989). According to this 

definition, viability is an important property of any probiotics which help them to adhere and 

subsequent colonization in the intestinal tract of host and inhibit pathogens by means of 

antimicrobial compounds and competition by the nutrients and adhesion sites (Nayak, 2010). 

However, certain probiotics in inactivated form can potentially elicit beneficial effects in host 

compared to viable probiotics (Nayak, 2010). Furthermore, several bacteria in non-viable 

forms are found to modulate of the immune responses in fish using in vitro (Román et al., 

2012; Salinas et al., 2006) and in vivo assays (Díaz-Rosales et al., 2009), as well as the 

control of diseases (Irianto and Austin, 2002). The immunomodulating activity of non-viable 

probiotics could be attributed to the presence of certain conserved microbial components such 

as capsular polysaccharides, peptidoglycans and lipoteichoic acids which interact with the 

epithelial cells and ultimately leading to an enhanced immune response in host (Nayak, 2010). 

Despite these studies, other authors have demonstrated that the microorganisms in their viable 

forms have more capacity to stimulate the fish immune system compared to their inactivated 

forms using in vitro and in vivo studies (Galdeano and Perdigon, 2006; Muñoz-Atienza et al., 

2015; Panigrahi et al., 2005; Taoka et al., 2006). 

4.4.3. Monoculture (monospecies) vs. mixed culture (multistrains/multispecies) 

In recent times, several studies have confirmed the beneficial effects of monospecies 

probiotics under in vitro and in vivo conditions (Nayak, 2010). However, it is postulated that 

mixed cultures of multispecies or multistrains may exert beneficial effects in fish (Aly et al., 

2008; Salinas et al., 2008). In this respect, Aly et al. (2008) reported that the administration of 

a mixture of B. subtilis and Lb. acidophilus improved the survival in Nile tilapia infected with 

pathogens compared to fish fed with each strain alone. In addition, Salinas et al. (2008) 

observed that B. subtilis and Lb. delbrueckii subsp. lactis in combination increased the level 

of IgM+ and complement activity in gilthead seabream juvenile within 3 weeks of 

supplementation whilst individually both the probiotic strains failed to induce any change. 

However, Choi and Yoon (2008) observed that the administration of the mixture of two 

inactivated strains belonging to the genus Shewanella (Pdp11 and 51M6) showed no 

additional synergistic immunostimulatory activity in rainbow trout in comparison with the 

treatment of individual strain. 
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4.4.4. Dose of probiotics and duration of administration 

The dose and duration of the administration of probiotics are two factors which affect to 

the establishment and persistence of the probiotics on the host surface and beneficial effect to 

the host (Nayak, 2010). In general, the dose of probiotics is usually selected based on their 

ability to enhance the growth and protection of the host. Brunt et al. (2007) determined that 

the effective dose of Bacillus sp. JB-1 to reach the lower percentage of mortality in rainbow 

trout during challenge study was ×108 cfu/g. Other in vitro (Salinas et al., 2006) and in vivo 

studies (Kumar et al., 2008) also reported that the immune response of fish changed 

depending on the probiotic concentration. In aquaculture, the dose used is comprised between 

106–1010 cfu/g, being necessary to determine the optimal dose for each host. 

On the other hand, the duration of the probiotic administration in fish diet has shown the 

effects in host within a dietary probiotics feeding regime of 1‒10 weeks, although the time 

course for optimum induction of beneficial effects differs with respect to probiotic strain 

(Nayak, 2010). Sharifuzzaman and Austin (2009) observed a higher cellular and humoral 

immunity and protection against Ls. anguillarum in rainbow trout at second weeks of feeding 

regime with Kocuria sp. SM1 compared to at third and fourth weeks of feeding. However, 

Díaz-Rosales et al. (2009) observed that the administration of Shewanella sp. Pdp11 for 60 

days in Senegalese sole increased significantly the burst respiratory activity in head-kidney 

leucocytes in comparison with its administration for 30 days. 

4.4.5. Mode of administration 

The main mode of administration of probiotics in aquaculture is as a feed additive. The 

supplementation of probiotics in the diet is the best method for successful colonization and 

establishment in gut (Nayak, 2010). However, probiotics can be added to the host or its 

aquatic environment in several ways: bathing the host in a suspension of the candidate 

probiotic, adding the probiotic directly to the culture water or bioencapsulation probiotics in 

live food. These last methods are usually used for fish larvae (Nayak, 2010; Verschuere et al., 

2000b; Vine et al., 2006). Several studies have demonstrated the efficacy of the 

administration of probiotics by adding to water or bathing in a suspension during a 

determined time (Austin et al., 1995; Fjellheim et al., 2010; Makridis et al., 2005; Muñoz-

Atienza et al., 2014; Spanggaard et al., 2001). Austin et al. (1995) observed that bathing with 

V. alginolyticus (108 cfu/ml) for 10 minutes, improved the Atlantic salmon survival against A. 

salmonicida, Ls. anguillarum and V. ordalii (107 cfu/ml). Spanggaard et al. (2001) 
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demonstrated that the administration of different species of the genus Pseudomonas (107 

cfu/ml; 1 h) by bathing and then by adding to culture water (105 cfu/ml) protected to the 

rainbow trout against Ls. anguillarum 90-11-287 (104‒105 cfu/ml). Makridis et al. (2005) 

observed that several bacteria belonging to different species (Cytophaga sp., Roseobacter sp., 

Ruergeria sp., Paracoccus sp., Aeromonas sp. and Shewanella sp.) added to the culture water 

(105‒106 cfu/ml) improved the survival of gilthead seabream larvae. Moreover, Fjeelheim et 

al. (2010) demonstrated that the addition of bacteria (Vibrio sp., Microbacterium sp., 

Ruegeria sp. and Pseudoalteromonas sp.) (104 and 107 cfu/ml) to culture water enhanced the 

survival of Atlantic cod larvae. Muñoz-Atienza et al. (2014) observed the ability of 

Leuconostoc mesenteroides subsp. cremoris SMM69 and Weissella cibaria P71 to modulate 

the expression of non-specific immunity associated genes in mucosal tissues of turbot 

juveniles by bathing. In addition, the bioencapsulation of probiotics in artemia (Artemia 

franciscana and Artemia salina) and rotifers (Brachionus plicatilis) is other method of 

probiotic administration in fish and crustaceans larvae (Marques et al., 2006; Vine et al., 

2006). Some studies have demonstrated that the bioencapsulation of LAB in rotifers enhanced 

the turbot survival and protected against Vibrio sp. (Gatesoupe, 1991; 1994). Moreover, 

Carnevali et al. (2004) observed that the administration of Lactobacillus fructivorans AS17B 

and Lb. plantarum 906 by means of their bioencapsulation in A. salina and Br. plicatilis 

improved the gilthead seabream larvae.  

4.5. Microbial groups evaluated as probiotics in aquaculture 

In general, probiotics have been associated to terrestrial animal and human medicine, 

limiting their use to Gram-positive bacteria, specifically to LAB and Bifidobacterium spp.; 

however, since several years, it has been proposed the use of Gram-positive and Gram-

negative bacteria and yeasts as probiotics in inland and marine aquaculture (Martínez Cruz et 

al., 2012; Newaj-Fyzul et al., 2014; Pérez-Sánchez et al., 2014; Verschuere et al., 2000b). In 

this respect, the different microorganisms studied to be used as probiotics in rainbow trout is 

summarized in Table II.5. 

4.5.1. Gram-positive bacteria 

Most Gram-positive bacteria proposed as probiotics for aquaculture belong to the LAB 

group (mainly to the genera Lactobacillus, Lactococcus, Leuconostoc, Enterococcus, and 
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Carnobacterium) (section 5) and to the genera Bacillus (Balcázar et al., 2006; Wang et al., 

2008a). The genus Bacillus constitutes a diverse group of rod-shaped, characterized by their 

ability to produce endospores in response to adverse environmental conditions (Pérez-

Sánchez et al., 2014). Most Bacillus species are not harmful to humans or animals and 

commercially important as producers of high and diverse amount of secondary metabolites 

(e.g., antibiotics and enzymes) (Cutting, 2011). Several species of Bacillus have been 

evaluated as probiotics (e.g., Bacillus subtilis, Bacillus claussi, Bacillus cereus, Bacillus 

licheniformis and Bacillus coagulans), being B. subtilis the most species studied as probiotics 

in aquaculture. Balcázar et al. (2007c) observed that the use of B. subtilis reduced the 

mortality of white shrimp infected with the pathogen Vibrio parahaemolyticus. Liu et al. 

(2012) demonstrated that the use of B. subtilis improved feed efficiency and growth rate of 

grouper (Epinephelus coioides) and induced up-regulation of innate immune response. 

Furthermore, several strains of these species have demonstrated the ability to degrade the 

nitrite nitrogen concentrations under aerobic conditions, improving the quality of the 

surrounding environment of aquatic organisms (Song et al., 2011). 
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Table I.5. Studies developed about the effect of different microorganisms as rainbow trout probiotics.

Potential probiotic Assay Administration method (in vivo ) Probiotic property (in vitro ) and/or effect on host (in vivo ) References

Gram-positive bacteria

Bacillus subtilis, Bacillus licheniformis, Enterococcus 
faecium In vivo Dietary suplement Improvement of conversion efficiency and modulation of intestinal microbiota Merrifield et al. (2010a)

Carnobacterium sp. K1 In vivo Dietary suplement Protection against A. salmonicida  and Yersinia ruckeri Robertson et al.  (2000)

Carnobacterium sp. BA211, Micrococcus luteus A1-6 In vivo Dietary suplement Stimulation of immune response and protection against A. salmonicida Irianto and Austin (2002)

Lactobacillus plantarum CLFP238, Leuconostoc 
mesenteroides CLFP196 In vivo Dietary suplement Competitive exclusion and protection against Lactococcus garvieae Vendrell et al. (2008)

Lb. plantarum subesp. plantarum CLFP3, Lactococcus 
lactis subsp. cremoris CLFP25, Le. mesenteroides CLFP68

In vitro - Antimicrobial activity against Lc. garvieae , good adherence characteristics  and tolerance to 
low pH and rainbow trout bile

Pérez-Sánchez et al. (2011a)

Lb. plantarum subesp. plantarum CLFP3,  Lc. lactis  subsp. 
cremoris CLFP25,  Le. mesenteroides CLFP68 In vivo Dietary suplement Expression of immune-related genes and protection against Lc. garvieae Pérez-Sánchez et al. (2011b)

Lactobacillus rhamnosus  ATCC53103, Lactobacillus casei 
Shirota, Lactobacillus delbrueckii subsp. bulgaricus 
ATCC11842, Lb. rhamnosus LC705, Bifidobacterium lactis 
Bb12, Lactobacillus johnsonii La1, E. faecium Tehobak 

In vitro -

Good adhesive ability to gill, skin, esophagus, stomach, and intestine mucus of rainbow trout,
ability to penetrate mucus, inhibition of the adhesion of Aeromonas hydrophila , A. 
salmonicida , Y. ruckeri and/or Ls. anguillarum to fish muscus, tolerance to rainbow trout
bile and/or inhibition of the growth of A. salmonicida  and/or Ls. anguillarum  in coculture.

Nikoskelainen et al.  (2001b)

Lb. rhamnosus ATCC53103 In vivo Dietary suplement Protection against A. salmonicida Nikoskelainen et al.  (2001a)

Lb. rhamnosus ATCC53103 In vivo Dietary suplement Improvement of the immune response Nikoskelainen et al.  (2003)

Lb. rhamnosus JCM 1136 In vivo Dietary suplement Improvement of the immune response Panigrahi et al. (2004)

Lb. rhamnosus JCM 1136 In vivo Dietary suplement Improvement of the immune response with the viable form with respect to its inactivated form Panigrahi et al. (2005)

Lb. rhamnosus JCM1136 In vivo Dietary suplement Modification of blood parameters Panigrahi et al. (2010)

Lb. rhamnosus ATCC53103,  B. subtilis, E. faecium In vivo Dietary suplement Stimulation of immune response and expression of cytokines Panigrahi et al. (2007)

Lactobacillus sakei CLFP202, Lc. lactis CLFP100, Le. 
mesenteroides CLFP196

In vivo Dietary suplement Stimulation of immune response and protection against A. salmonicida Balcázar et al.  (2007b)

L. lactis CLFP101, Lb. plantarum CLFP238,  Lactobacillus 
fermentum CLFP242

In vitro -
Inhibition of the adhesion of A. hydrophila, A. salmonicida, Y. ruckeri and/or Ls. 
anguillarum to intentinal mucus of rainbow trout and tolerance to low pH and rainbow trout
bile

Balcázar et al. (2008)

Pediococcus acidilactici CNCM MA 18/5 M In vivo Dietary suplement Improvement of the vertebral column compression syndrome Aubin et al. (2005)
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Table I.5. Continuation.

Potential probiotic Assay Administration method (in vivo ) Probiotic property (in vitro ) and/or effect on host (in vivo ) References

Gram-negative bacteria

Aeromonas sobria  GC2 In vivo Dietary suplement Protection against Lc. garvieae  29-99 and Streptococcus iniae  00-318 and improvement of 
the immune response

Brunt and Austin (2005)

Pseudomonas  libaniensis,  Pseudomonas putida, 
Pseudomonas fluorescens

In vitro and in vivo Bathing in bacterial suspension and 
addition to culture water

Antimicrobial activity and protection against Ls. anguillarum Spanggaard et al.  (2001)

Vibrio fluvialis A3-47S, A. hydrophila A3-51 In vivo Dietary suplement Stimulation of immune response and protection against A. salmonicida Irianto and Austin (2002)

Enterobacter sp. C6-6,   Enterobacter  sp. C6-8 In vivo Dietary suplement Protection against Flavobacterium psychrophilum Burbank et al. (2011)

Pseudomonas sp. MSB1 In vitro - Antimicrobial activity against F. psychrophilum Ström-Bestor and Wiklund (2011)

Yeasts

Saccharomyces cerevisiae In vivo Dietary suplement
Stimulation of the immune response, improvement of growth and protection against  Y. 
ruckeri Tukmechi et al.  (2011)

S. cerevisiae In vivo Dietary suplement Stimulation of the immune response and improvement of growth Sheikzadeh et al. (2012)
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4.5.2. Gram-negative bacteria 

The common Gram-negative probiotics that are used for aquaculture practices include 

Aeromonas, Enterobacter, Pseudomonas, Shewanella and Vibrio species (Nayak, 2010; 

Pérez-Sánchez et al., 2014). Gibson et al. (1998) observed that Aeromonas media reduced the 

proliferation of Vibrio tubiashii in Pacific oyster larvae (Crassostrea gigas). Similarly, Ruiz-

Ponte et al. (1999) found that Roseobacter sp. displayed an inhibitory effect against Ls. 

anguillarum in co-culture, enhancing the survival of scallop larvae. Gram et al. (1999) 

reported that Ps. fluorescens reduced the mortality of rainbow trout infected with Ls. 

anguillarum. Irianto and Austin (2002) reported that cultures of A. hydrophila and V. fluvialis 

were also effective at controlling A. salmonicida infections in rainbow trout. Balcázar et al. 

(2007c) observed that the administration of V. alginolyticus UTM 102, Roseobacter 

gallaeciensis SLV03 and Ps. aestumarina SLV22 protected pacific white shrimp 

(Litopenaeus vannamei) against the pathogen V. parahaemolyticus. Giri et al. (2012) 

observed that the administration of Ps. aeruginosa VSG-2 enhanced the resistance of Labeo 

rohita to A. hydrophila infection.  

Despite these studies demonstrated that Gram-negative bacteria belonging to the 

pathogenic species (V. alginolyticus, A. hydrophila and Ps. aeruginosa) or genera that include 

pathogenic species (Pseudomonas, Vibrio or Aeromonas) protect fish against other pathogens, 

it should be carried out the assessment of their safety, including the presence of the antibiotic 

resistance genes and/or virulence factors in order to make sure the administration of safe 

probiotic strains for humans and animals (Muñoz-Atienza, 2015). 

4.5.3. Yeasts 

The main species of yeast proposed as probiotic in aquaculture is S. cerevisiae, although 

in the recent years, the yeast Debaryomyces hansenii is also having a great interest for its use 

as fish probiotics. The main beneficial effects of S. cerevisiae are the improvement of the 

growth and survival and stimulation of the immune system in fish. Ortuño et al. (2002) 

observed that S. cerevisiae stimulated the innate immune response in gilthead seabream. Lara-

Flores et al. (2003) described a higher growth in tilapia fed with diets supplemented with this 

yeast. Similar results were found in rainbow trout (Sheikhzadeh et al., 2012) and beluga 

(Huso huso) juveniles (Hoseinifar et al., 2011) fed with S. cerevisiae. Tovar-Ramírez et al. 

(2004) described a higher survival rate and reduced malformed larvae in European seabass fed 
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with D. hansenii. Finally, Reyes-Becerril et al. (2008) demonstrated that diet supplemented 

with live yeast D. hansenii stimulated the immune system of gilthead seabream. 

5. LACTIC ACID BACTERIA 

5.1. General properties and taxonomy 

LAB represent a very heterogeneous group of Gram-positive bacteria (G+C content of 

<55 mol%) sharing certain morphological, metabolic, and physiological characteristics. They 

are non-sporulating, acid tolerant, aerotolerant cocci or rods, and strictly fermentative bacteria 

with lactic acid as the major end-product during carbohydrate fermentation. They lack 

genuine catalase and are devoid of cytochromes (Carr et al., 2002; Cintas et al., 2000a; Klein 

et al., 1998; Stiles and Holzapfel, 1997; von Wright and Axelsson, 2012). 

According to the current taxonomic classification, LAB belong to the phylum Firmicutes, 

class Bacilli, and order Lactobacillales and include the genera: Aerococcus, Alloiococcus, 

Carnobacterium, Dolosigranulum, Enterococcus, Globicatella, Lactobacillus, Lactococcus, 

Leuconostoc, Oenococcus, Paralactobacillus, Pediococcus, Streptococcus, Tetragenococcus, 

Vagococcus and Weissella  (Axelsson et al., 1998; Cintas et al., 2000a; 2001; Claesson et al., 

2007; de Vos et al., 2009; Klein et al., 1998; Ogier et al., 2008; Ogier and Serror, 2008; Pot et 

al., 1994; Stiles and Holzapfel, 1997). 

LAB are found in habitats with a rich nutrition supply, characterized by the presence of 

soluble carbohydrates and degradation products of proteins and vitamins and low oxygen 

pressure, such as various foods like milk and dairy products, fermented meat and meat 

products, fish and fish derivatives, fresh fruits and vegetables, fermented vegetable products, 

silage and various drinks. However, these microorganisms are also part of the normal 

microbiota of the gastrointestinal and urogenital tract and the mucous membranes of human 

and animals. In addition, some LAB have also been isolated from manure and urban and 

industrial wastewater (Aguirre and Collins, 1993; Axelsson et al., 1998; Carr et al., 2002; 

Cintas et al., 2000a; von Wright and Axelsson, 2012). 
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5.2. Antimicrobial activity of lactic acid bacteria 

Besides its technological function, LAB possess the ability to inhibit the growth of a large 

number of spoilage microorganisms and/or pathogens in food and to prevent the colonization 

of pathogens in the digestive tract of human and animals. The primary antimicrobial effect of 

LAB is due to competition for nutrients from the substrate and the formation of organic acids 

(lactic acid and acetic acid, mainly), thereby lowering the pH. However, LAB also produce 

other antimicrobial substances such as ethanol, carbon dioxide, diacetyl, acetaldehyde, 

hydrogen peroxide and other oxygen metabolites, D isomers of amino acids, reuterin and 

other non-proteinaceous small molecule compounds, and ribosomally-synthesized 

antimicrobial peptides or proteins, referred to as bacteriocins (Adams and Nicolaides, 1997; 

Caplice and Fitzgerald, 1999; Cintas and Casaus, 1998; Cintas et al., 2000b; 2000c; 2001; 

Daeschel, 1989; de Vuyst and Vandamme, 1994; Deegan et al., 2006; Gálvez et al., 2007; 

Lücke, 2000; Nes et al., 2012; Ouwehand, 1998; Piard and Desmazeaud, 1991; 1992; Ross et 

al., 2002). From the antimicrobial substances produced by LAB, bacteriocins are 

technologically the most interesting for food biopreservation due to their proteinaceous nature 

which might be degraded by proteolytic enzymes in the gastrointestinal tract, while they 

would remain active in food substrates and, additionally, they do not seem to be toxic nor 

immunogenic (Cintas et al., 2000c; Jack et al., 1995; Klaenhammer, 1993; Nes et al., 1996). 

Moreover, bacteriocins have been considered as an important trait in the selection of probiotic 

strains due to their ability to inhibit pathogens in order to control bacterial diseases and/or 

their anti-carcinogenic activity (Fig. 1.7) (Dobson et al., 2012; Yang et al., 2014). 

 
Figure 1.7. Application of bacteriocin-producing strains and purified bacteriocins in human 
and animal medicine and food industry. 

Bacteriocin-
producing strain Probiotic Starter/protective 

culture

Human and animal health Food biopreservation

Purified bacteriocinTherapeutic agent Food additive

 Increase of shelf-life food by 
reducing its spoilage by 

microorganisms

 Growth inhibition of human 
pathogenic microorganisms

 Prevention and treatment of 
pathogen-associated diseases

 Cancer therapy



I. General Introduction 

  46  
  

5.2.1. Bacteriocins 

Bacteriocins are ribosomally-synthesized peptides or proteins with antimicrobial activity 

(bactericidal or bacteriostatic), with or without post-translational modifications and, produced 

and secreted by Gram-positive and Gram-negative bacteria (Cintas et al., 2001; Gálvez et al., 

2007; Hill and O’Keeffe, 2003; Joerger et al., 2000; Nishie et al., 2012; O’Keeffe and Hill, 

2000). Bacteriocins produced by LAB are a heterogeneous group of ribosomally-synthesized 

substances with antimicrobial activity which vary in their physicochemical properties, 

antimicrobial spectrum, mode of action, mechanisms responsible for immunity, biosynthesis, 

processing, transport and regulation of its production, and molecular organization of the 

genetic determinants involved in these processes (Cintas et al., 2000c; 2000d; 2001; Diep and 

Nes, 2002; Drider et al., 2006; Martínez et al., 2000; Nes et al., 2012; Nishie et al., 2012; 

Skaugen et al., 2003). In the last years, due to the possible application of bacteriocins 

produced by LAB in food bioconservation or as therapeutic agents, an extraordinary progress 

in its investigation has been made, allowing elucidation of structure, physicochemical 

characteristics, mode of action, location of their genetic determinants and mechanisms of 

biosynthesis, processing, secretion, immunity and regulation (Bakkal et al., 2012; Collins et 

al., 2010; Cotter et al., 2005; Deegan et al., 2006; Nes et al., 2002; Nishie et al., 2012; 

Oscáriz and Pisabarro, 2001; Sablon et al., 2000; Skaugen et al., 2003). 

5.2.1.1. Classification of bacteriocins 

Despite its heterogeneity, the bacteriocins produced by LAB have a number of common 

characteristics allowing them to be classified in one of the three main classes described to 

bacteriocins produced by Gram-positive bacteria (Diep and Nes, 2002; Drider et al., 2006; 

Nes et al., 1996; 2007; Nishie et al., 2012; Skaugen et al., 2003): 

1. Class I (Lantibiotics): small heat-stable polycyclic peptides (<5 kDa) containing unusual 

and posttranslationally modified amino acids (Alkhatib et al., 2012; Chatterjee et al., 2005; 

Dufour et al., 2007; Guder et al., 2000; Knerr and van de Donk, 2012; Pag and Sahl, 

2002b; Twomey et al., 2002). The most common posttranslational modifications are: (i) 

dehydration of serine and threonine yelding dehydroalanine and dehydrobutyrine, 

respectively, and (ii) condensation between dehydroalanine and dehydrobutyrine residues 

with sulfhydryl groups of cysteine residues, resulting in lanthionine and β-methyl-

lanthionine, respectively. The prototype of this class is nisin A, which also is the best 
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bacteriocin characterized to date and the only internationally accepted as a food additive in 

several foods (Cheigh and Pyun, 2005; Davies and Delves-Broughton, 2000; Delves-

Broughton et al., 1996). Depending on their structure and mode of action, lantibiotics are 

subdivided, into two groups:  

a. Type Ia: elongated, flexible and cationic with pore-forming activities lantibiotics. This 

group is subdivided into: (i) subgroup Ia1, including lantibiotics whose leader 

sequence (FNLDV) is processed by a serine protease (e.g., nisin A and Z); and (ii) 

subgroup Ia2, including lantibiotics whose leader sequence (the "double glycine") is 

processed and simultaneously exported by an ABC-transporter (e.g., lacticin 481 and 

the  two-peptides systems such as cytolysin) (Lawton et al., 2007; Nagao et al., 2006; 

Smith and Hillman, 2008). 

b. Type Ib: globular lantibiotics, anionic or neutral and hydrophobic immunologically 

active acting as enzyme inhibitors (e.g., mersacidin, cinnamycin, actagardine and 

duramicyns B and C). To date, lantibiotics of this group have not been described in 

LAB (Skaugen et al., 2003). 

2. Class II (non-lantibiotics): small (<10 kDa) and heat stable peptides, with high isoelectric 

point (pI 811), amino acids without post-translational modifications and ability to kill 

target cells by permeabilizing the cytoplasmic membrane (Drider et al., 2006; Kjos et al., 

2011; Nes and Holo, 2000; Nes et al., 2002; Nissen-Meyer et al., 2009). Traditionally the 

class II bacteriocins have been subdivided into three groups: 

a. Subclass IIa (pediocin-like bacteriocins): bacteriocins with strong antimicrobial 

activity against a broad range of Gram-positive spoilage and food-borne pathogens, 

especially Listeria monocytogenes. These bacteriocins have high degree of sequence 

conservation (4060%), which is most pronounced at the N-terminus of the molecules, 

containing the conserved consensus sequence YGNGVXCX4CXV (where X 

represents a not conserved amino acid residue), where two cysteines residues forming 

a disulfide bond are included, indispensable for antimicrobial activity (e.g., sakacin P) 

(Cui et al., 2012; Drider et al., 2006; Ennahar et al., 1999; Ennahar et al., 2000; 

Fimland et al., 2005). The antimicrobial spectrum is very broad and includes LAB and 

other pathogens (Bacillus spp., Brochothrix spp., Clostridium spp. and Staphylococcus 

spp.) besides spoilage and food-borne pathogens. The prototype of this group is 

pediocin PA-1 (Cintas et al., 1998a; Henderson et al., 1992; Marugg et al., 1992), 

which is the best characterized LAB-bacteriocin after nisin A. 
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b. Subclass IIb (two-peptide bacteriocins): bacteriocins whose total antimicrobial activity 

depends on the complementary action of two peptides (Cintas et al., 1998b; Garneau 

et al., 2002; Nissen-Meyer et al., 2010; Oppegård et al., 2007). These systems are 

classified, into two types: (i) systems where the two peptides do not possess 

independent antimicrobial activity and consequently the simultaneous presence is 

required for the bacteriocin to be active (e.g., lactococcin G), and (ii) systems where 

one or both peptides are active independently but whose activity increases 

significantly in the presence of the other peptide (e.g., lactacin F [A and B] and 

enterocina L50 [L50A and L50B]). 

c. Subclass IIc: bacteriocins not included in any of the above subclasses (e.g., 

carnobacteriocin A, enterocin B and enterocin Q). 

3. Class III: high-molecular-weight bacteriocins (>30 kDa) and inactivated upon heat 

treatment (60–100 ºC for 10–15 min) (e.g., helveticin J and enterolisin A). 

Moreover, Kemperman et al. (2003) suggested the existence of a new class including 

bacteriocins with a cyclic structure resulting from the formation of a peptide bond between 

the N- and C-terminal regions of the molecule and without post-translational modifications 

(e.g., circularin A, enterocin AS-48, gassericin A and reutericin 6) (Kawai et al., 2004; 

Maqueda et al., 2004; 2008). 

Cotter et al. (2005) classified all labile compounds and high molecular size, traditionally 

grouped in Class III, as bacteriolysins (murein hydrolases), thus excluding from bacteriocins 

classification, since they differ from traditional bacteriocins in: (i) its mechanism of action, 

causing cell lysis by the hydrolysis of bacterial cell wall; (ii) its modular structure, consisting 

of an N-terminal catalytic domain with homology to endopeptidases and a C-terminal domain 

involved in recognizing its target cell, and (iii) the possible absence of immunity gene(s) in 

their operons, because the producer cell immunity may depend on changes in its bacterial cell 

wall. 

Recently, Zouhir et al. (2010) proposed a classification based on a new characterization 

of sequences according to their structure, grouping bacteriocins into 12 groups. Finally, Cui et 

al. (2012) proposed classifying Class IIa bacteriocins in eight subgroups according to their 

conserved sequence consensus, 3D structure and mechanism of action. From all the above, the 

existence of numerous discrepancies in the different bacteriocins classifications is due to their 

biochemical diversity and to the criteria used for their classification. 
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5.2.1.2. Physicochemical properties 

Most of the class I and II bacteriocins are small peptides highly cationic at pH 7.0, have a 

high isoelectric point and present hydrophobic and/or hydrophilic regions, which correlate 

with their activity at the cytoplasmic membrane level (Nissen-Meyer et al., 2009). These 

bacteriocins are generally active at acidic and at physiological pH, which may reflect the 

adaptation of these substances to the environmental conditions in which bacteriocin-producer 

bacteria grow (Cintas, 1995). Thermostability is a common feature within LAB-bacteriocins, 

although it depends on several factors, such as the purification stage of the bacteriocin, the 

presence of thermal protectors and pH (Cintas et al., 2001). The resistance of bacteriocins in 

cell-free culture supernatants to autoclaving and heating at 100–121 ºC is a common feature 

(Cintas, 1995). Nevertheless, thermal stability decreases when using bacteriocins partially 

purified or purified to homogeneity, except for purified nisin which remains active after 

heating at 100 ºC for 10 min at pH 2.0 (Cintas et al., 2001). 

5.2.1.3. Antimicrobial spectrum 

Usually, the LAB-bacteriocins are only active against other Gram-positive bacteria. 

However, the amplitude spectrum of inhibited species and strains depends on each bacteriocin 

and state of the target cells, and may range from a very narrow spectrum, limited to strains 

with phylogenetic relationship with the producing strain (e.g., lactococcin A), to a relatively 

broad spectrum, including pathogens and spoilage microorganisms present in foods such as L. 

monocytogenes, Staphylococcus aureus, Clostridium botulinum and Clostridium perfringens 

(e.g., enterocin L50 [L50A and L50B], nisin A and Z, and pediocin PA-1). In addition, the 

minimum inhibitory concentrations for vegetative cells and spores vary greatly depending on 

the producing strain, the type of sample and the antimicrobial activity assay conditions (Blom 

et al., 1997). 

In general terms, several observations may be made on the antimicrobial activity of low-

molecular-weight bacteriocins (class I and II) (Jack et al., 1995): (i) some strains within a 

given species may be sensitive and others may be resistant to a particular bacteriocin; (ii) a 

strain that appears to be sensitive to a bacteriocin may also have some cells in the population 

that are resistant to it; (iii) a strain can be sensitive to one bacteriocin while resistant to a 

similar type of bacteriocin; (iv) cells of a strain producing one bacteriocin can be sensitive to 

another bacteriocin; (v) although the spores of a strain whose cells are sensitive to a 
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bacteriocin are resistant to that bacteriocin, they become sensitive following germination; and 

(vi) under normal conditions, Gram-negative bacteria are not sensitive to LAB-bacteriocins 

(de Kwaadsteniet et al., 2006; de la Fuente-Salcido et al., 2012; Jennes et al., 2000; Kang and 

Lee, 2005; Lauková et al., 1993; Line et al., 2008; Martín-Platero et al., 2006; Messaoudi et 

al., 2012; Simonetta et al., 1997; Sparo et al., 2006; Svetoch et al., 2008; Todorov and Dicks, 

2005; Todorov et al., 2005; Yoon et al., 2005), except for enterocin AS-48, which is active 

against E. coli and Salmonella typhimurium (Gálvez et al., 1989). In this respect, the structure 

and composition of the membranes of Gram-negative bacteria, fungi and yeasts prevent the 

access to bacteriocins target (cytoplasmic membrane). However, although generally these 

microorganisms are not affected by LAB-bacteriocins under physiological conditions, they 

can be sensitized by sub-lethal treatments that alter the permeability of its cell wall, including 

exposure to several chemical agents (e.g., organic acids and EDTA) and stressful 

environmental conditions (e.g., pH, freezing, mild heating and high hydrostatic pressure) (de 

Vuyst and Leroy, 2007; Garriga et al., 2000; Helander et al., 1997; Kalchayanand et al., 1992; 

1998). 

The heterogeneity in the antimicrobial spectrum of bacteriocins allows the establishment 

of three groups: (i) bacteriocins with a narrow antimicrobial spectrum, only active against 

strains of the same species as the producing microorganism (e.g., lactococcin A) or other 

species of the same genus (e.g., lactacin B); (ii) bacteriocins with intermediate antimicrobial 

spectrum, also inhibiting other genera of LAB and Gram-positive bacteria, including Listeria 

spp., Staphylococcus spp. and/or Clostridium spp. (e.g., lacticin 481 and plantaricins C, S and 

T); and (iii) bacteriocins with broad antimicrobial spectrum, active against many Gram-

positive bacteria including, besides the genera mentioned above, Bacillus spp., Brochothrix 

spp. and/or Propionibacterium spp. Within this group are enterocin L50 (L50A and L50B), 

pediocin PA-1 and nisin A and Z, which also inhibit the germination of spores of Clostridium 

spp and Bacillus spp. Moreover, it should also be noted the existence of a strong positive link 

between the amplitude of the antimicrobial action spectrum with the presence of an extra 

disulfide bond in class IIa bacteriocins (Eijsink et al., 1998; Nes and Holo, 2000; Richard et 

al., 2006; Rihakova et al., 2009). 

5.2.1.4. Purification 

The potential use of bacteriocins produced by LAB as food biopreservatives led to the 

development of different purification protocols in order to improve the yields obtained 
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(Beaulieu et al., 2006; Berjeaud and Cenatiempo, 2004; Carolissen-Mackay et al., 1997; 

Casaus et al., 1997; Cintas, 1995; de Vuyst and Leroy, 2007; Nissen-Meyer et al., 1992; 

Saavedra et al., 2004). Since bacteriocins are proteinaceous antimicrobial compounds secreted 

into the extracellular medium, most purification protocols begin with a step of concentrating 

the proteinaceous substances present in the cell-free supernatants obtained from bacteriocin 

producer cultures, in order to reduce sample volume. Independently of the purification 

procedure used, bacteriocin yields decrease during the overall process, consequently is 

advisable to first optimize bacteriocin production by adjusting experimental conditions (e.g., 

in a fermentor) to those which are optimal for the production of the respective bacteriocin 

(e.g., medium composition, temperature, time, final pH, aeration, stirring, inoculums size, 

etc.) (Cintas et al., 2001). The most widely used approaches to perform this initial 

concentration step include: (i) protein precipitation by using salts (e.g., ammonium sulfate) or 

acids (e.g., sialic acid); (ii) protein extraction with organic solvents (e.g., ethanol and 

butanol); (iii) pH-dependent adsorption of the remains of bacteriocin-producing cells from 

heat treatment and other substrates; (iv) filtration by dialysis or ultrafiltration; (v) vacuum-

drying, or (vi) lyophilization (Ananou et al., 2010; Carolissen-Mackay et al., 1997; Cintas et 

al., 2001; Parente and Ricciardi, 1999; Pingitore et al., 2012; Venema et al., 1994). Hence, in 

order to obtain bacteriocins of high purity, it is mandatory to carry out their separation from 

other proteinaceous compounds by techniques based on the properties and physicochemical 

characteristics of the bacteriocins (Casaus, 1998). One of the most successful purification 

schemes developed for LAB-bacteriocins benefits from the overall low molecular weight, 

cationic nature and relative hydrophobicity of these molecules (Nissen-Meyer et al., 1992). 

Generally, this method consists of growing the producer strain in a suitable liquid nutrient 

medium under optimal conditions for bacteriocin production, removing the cells by 

centrifugation and precipitating the proteins from the cell-free supernatants by addition of 

ammonium sulfate, followed by sequential fractionation of the bacteriocins through several 

chromatographic steps. These chromatographic steps include cation-exchange and 

hydrophobic-interaction chromatography and reversed-phase fast-protein liquid 

chromatography (FPLC) (Cintas et al., 2001). Subsequent to purification to homogeneity of a 

bacteriocin, determination of molecular size and amino acid composition and sequence by 

mass spectrometry is usually performed. 

Finally, the yields obtained with purification protocols have been generally low and 

impractical for obtaining purified bacteriocins in a large-scale, which has led to the continuing 
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search for more effective protocols. In this context, several authors have generated specific 

antibodies to several bacteriocins and have developed purification protocols from the cells 

supernatants in a single step by immunoaffinity chromatography (Benech et al., 2002; 

Gutiérrez et al., 2004; 2005; Martínez, 2000; Richard et al., 2004; Rose et al., 2001; Suárez et 

al., 1997). Moreover, the immunopurification of nisin Z has been described using antibody-

coated magnetic beads (Prioult et al., 2000). In this sense, immunopurification techniques 

have some advantages over traditional multi-chromatographic methods, such as simplicity and 

higher performance (Gutiérrez, 2005). 

5.2.1.5. Mode of action 

Bacteriocins may contain a bactericidal mode of action (causing cell death) or 

bacteriostatic (inhibiting cell growth) on sensitive cells, which is greatly influenced by several 

factors such as the bacteriocin dose and the degree of purification, physiological state of 

sensitive cells (growth phase) and the experimental conditions (e.g., temperature, pH and the 

presence of antimicrobial agents and other compounds that disrupt the integrity of the cell 

wall) (Cintas et al., 2001; Drider et al., 2006; Jacquet et al., 2012; Nishie et al., 2012; Tiwari 

et al., 2009). To date, most LAB-bacteriocins described exert a bactericidal mode of action 

against susceptible organisms, although some of them (e.g., lactocin 27, leucocina A-UAL187 

and leucocin S) have been shown to act in a bacteriostatic manner (Cintas et al., 2001). 

Generally, the antimicrobial action of bacteriocins (classes Ia and II) is due to the 

destabilization of functional cytoplasmic membranes of sensitive cells (Jack et al., 1995), 

through the formation of transitory poration complexes or ionic channels in the membrane 

(Abee, 1995). This process of destabilization of membranes involves three basic steps: (i) 

binding of the bacteriocin to the membrane; (ii) insertion therein, and (iii) pore formation and 

cell death (Abee, 1995; Hauge et al., 1998; Lee and Kim, 2011; Moll et al., 1999; Montville 

and Chen, 1998; Nishie et al., 2012). The initial binding of bacteriocins to the cytoplasmic 

membranes is controlled by electrostatic interactions between positively charged residues and 

negative groups of the phospholipids in bacterial membranes (teichoic and lipoteichoic acids). 

In this sense, is well-known that some lantibiotics with pore-forming activities interact 

with lipid II (precursor of peptidoglycan synthesis) attached to the cytoplasmic membrane, 

which facilitates the interaction of these peptides with the membranes of sensitive cells, acting 

as a receiver or docking molecule (Fig. 1.8) (Bauer and Dicks, 2005; Héchard and Sahl, 2002; 

Hoffmann et al., 2002; Nes et al., 2007). Similarly, it has been suggested that one of the 
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subunits of the mannose-specific phosphotransferase system may act as receptor in 

bacteriocins belonging to subclass IIa, as this system must be expressed for cells are sensitive 

to these bacteriocins (Dalet et al., 2001; Drider et al., 2006; Héchard et al., 2001; Johnsen et 

al., 2005; Kjos et al., 2011; Ramnath et al., 2000; Ramnath et al., 2004). Moreover, the 

existence of bacteriocins with the ability of acting in liposomal systems, confront the 

necessity of a certain protein receptor or cell surface components for bacteriocin activity 

(Chen et al., 1997; Herranz et al., 2001). 

 
Figure 1.8. Modes of action proposed for bacteriocins: (i) pore formation 
in the membrane with and without a docking molecule to initiate a process 
of membrane insertion (1a and 1b, respectively); (ii) inhibition of the cell 
wall synthesis (2), and (iii) cell wall hydrolysis (3). Adapted from Cotter et 
al. (2005). 

Currently, there are two main models explaining the mechanism by which bacteriocins 

form pores in the cytoplasmic membrane: (i) the “wedge-like” model, applicable to nisin A 

and Z, and other lantibiotics, where bacteriocin molecules are placed parallel to the 

membrane, aggregate and subsequently introduced into the membrane, forming a pore which 

also are involved membrane lipids (Abee, 1995; Driessen et al., 1995; Moll et al., 1999), and 

(ii) the "barrel stave” model, applicable to several class II bacteriocins, where bacteriocins are 
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incorporated into the membrane as monomers and then aggregate, establishing barrel-shaped 

structures, where the hydrophilic faces are heading toward the light pore, and hydrophobic 

faces interact with the hydrophobic core of the membrane (Abee, 1995; Moll et al., 1999; 

Ojcius and Young, 1991). Pore formation and the consequent loss of membrane integrity 

provokes a passive efflux of small molecules (ions, amino acids and ATP), through the lipid 

bilayer, which that leads to dissipation of the membrane potential (ΔΨ) and/or pH gradient 

(ΔpH), both components of the proton motive force (Moll et al., 1999; Montville and Bruno, 

1994). The proton motive force alteration or collapse causes a significant reduction of 

intracellular ATP content. ATP is hydrolyzed in a ineffective attempt to restore the ion 

gradients dissipated, preventing the active transport of nutrients and maintaining suitable 

concentrations of certain ions, reducing the synthesis of macromolecules (proteins and nucleic 

acids), resulting in the halt of bacterial growth and ultimately causing cell death (Moll et al., 

1999). Finally, the bactericidal activity of bacteriocins may be accompanied by lysis of 

sensitive cells (bacteriolytic bactericides bacteriocins) (e.g., nisin A) which occurs as a result 

of the massive inflow of water through the pores and the resulting in osmotic shock (Ojcius 

and Young, 1991) or by activation of autolytic enzymes associated with the bacterial cell wall 

(Jack et al., 1995; Martínez-Cuesta et al., 2000). However, the action of most bacteriocins 

usually causes cell lysis (e.g., enterocin A, B and 226 NWC, lactococcin A and sakacin P) 

(Cintas et al., 2001; Franz et al., 1996; 1999; Schillinger and Lücke, 1989; van Belkum et al., 

1991). 

Nevertheless, it is important to mention the existence of bacteriocins produced by Gram-

positive bacteria with modes of action different of the formation of pores and/or with other 

biological activities (Bauer and Dicks, 2005; Cotter et al., 2005; Héchard and Sahl, 2002; 

Hoffmann et al., 2002; Pag and Sahl, 2002a), including: (i) inhibition of the cell wall 

biosynthesis by some lantibiotics (e.g., nisin A, mersacidin and actagardine), involving the 

lipid II as docking molecule (Fig. 1.8); (ii) inhibition of the activity of important enzymes 

such as phospholipase A2 by some globular lantibiotics (class Ib) (e.g., ancovenin, 

cinnamycin and duramycin); (iii) inhibition of the septum formation during cell division of 

susceptible bacteria to lactococcin 972, and (iv) cell wall hydrolysis by class III bacteriocins 

(e.g., enterolysin A), which causes lysis of susceptible cells (Fig. 1.8). 
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5.2.1.6. Biosynthesis and genetic organization 

Bacteriocins are synthesized as biologically inactive precursors or prepropeptides 

(preprobacteriocins) containing a C-terminal propeptidic domain (probacteriocin) and an N-

terminal extension that is cleaved off during transport of the mature bacteriocin to the outside 

of the cell (Cintas et al., 2001; Gutiérrez, 2005; Jack et al., 1995; Nes et al., 1996). The N-

terminal extension of most non-lantibiotics and lantibiotics present a double-glycine-type 

leader sequence recognized by ABC-transporters (Adenosine Triphosphate Binding Cassette) 

and its accessory protein, responsible for the processing of the leader sequence and the mature 

bacteriocin secretion into the extracellular medium (Håvarstein et al., 1995; Venema et al., 

1995). However, some class II bacteriocins as acidocin B (Leer et al., 1995), divergicin A 

(Worobo et al., 1995), bacteriocin 31 (Tomita et al., 1996), enterocin P (Cintas et al., 1997), 

lactococcin 972 (Martínez et al., 1999), enterolysin A (Nilsen et al., 2003), enterocin SE-K4 

(Doi et al., 2002), propionicin T1 (Brede et al., 2005), enterocin V583 (Swe et al., 2007) and 

hiracin JM79 (Sánchez et al., 2007), included in its N-terminal signal peptide extensions that 

allow the processing and secretion of the bacteriocin by the general secretory pathway or sec-

dependent system (van Wely et al., 2001). Signal peptides possess an N-terminal region 

positively charged, a hydrophobic core and a target on which signal peptidases act by 

removing the signal peptides during translocation of the bacteriocin to outside the cell 

(Herranz and Driessen, 2005; van Wely et al., 2001). 

N-terminal extensions play a key role in (i) the prebacteriocin processing, transport and 

secretion, concluding with the release of the mature bacteriocin to extracellular medium, (ii) 

the post-translational modifications of certain lantibiotics and/or, (iii) host protection, 

preventing the biological activity of the bacteriocin while still within the producer cell 

(Gutiérrez, 2005). However, bacteriocins produced by lactic acid baceria and synthesized 

without an N-terminal are enterocin L50 (EntL50A and EntL50B) enterocin Q, bacteriocin 

LsbB, enterocin EJ97, and aureocins A53 and A70 (Cintas et al., 1998b; 2000d; Criado et al., 

2006; Gajic et al., 2003; Sánchez-Hidalgo et al., 2003). Except for bacteriocin LsbB, the 

molecular mechanisms responsible for processing, transport and/or secretion in these 

bacteriocins are still unknown. 

The genetic determinants associated with the biosynthesis of bacteriocins and localized 

on plasmids or transposons or stably inserted into the chromosome, consist of the following 

components (Cintas et al., 2001; Diep and Nes, 2002; Eijsink et al., 2002; Franz et al., 1999; 
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2003; Nissen-Meyer and Nes, 1997): (i) the structural gene encoding the bacteriocin synthesis 

(bacteriocins from class IIb, with complementary activity of two peptides, the structural genes 

encoding the probacteriocins are located contiguous); (ii) the immunity gene encoding the 

protein that protects the producing cell from its own bacteriocin (in most cases, this gene and 

the structural gene have identical direction of transcription, although in some bacteriocins as 

carnobacteriocin A and enterocin B, the immunity gene is oriented in reverse to the structural 

gene); (iii) the genes responsible for processing, transport and secretion of the bacteriocin; 

(iv) the genes encoding the enzymes responsible for preprobacteriocin posttranslational 

modifications; and (v) the genes encoding components involved in the biosynthesis regulation 

of the preprobacteriocin or probacteriocin. 

Additionally, in the case of the circular bacteriocins, the genetic determinants previously 

described expression of genes previously described should be supplemented with those 

involved in the synthesis of proteins responsible for maturation (processing and 

circularization) and in the secretion from the producing bacteria. The operons involved in the 

biosynthesis of circular bacteriocins have already been identified and described in addition to 

the hypothetical immunity protein and other proteins involved in the synthesis and secretion 

(Ito et al., 2009; Maqueda et al., 2008; Martin-Visscher et al., 2009). The role of the leader 

sequence in the processing and secretion of the mature bacteriocin and circularization process 

remains unknown (Martin-Visscher et al., 2008). On the other hand, it should be mentioned 

that the bacteriocins synthesized with a signal peptide shows simpler genetic organizations 

because the mature bacteriocin synthesis only requires the existence of a structural gene and 

its hypothetical immunity gene (Cintas et al., 1997; Drider et al., 2006). 

Moreover, the synthesis of bacteriocins is regulated by a three-component system or 

“quorum sensing” (Fig. 1.9) (Diep and Nes, 2002), encoded by genes typically clustered in 

the same operon and have low basal expression, at low cell density (Diep et al., 2009). These 

three genes are: (i) the gene encoding the induction peptide, which is usually a low-molecular-

weight peptide, cationic, able to form an amphiphilic α-helix and with high biological activity 

at low concentrations (lacks antimicrobial activity, except for plantaricin A and nisin A, 

where the complete bacteriocin is inducing its own synthesis) (Anderssen et al., 1998; Cintas 

et al., 2001; Kuipers et al., 1995; Nes and Eijsink, 1999); (ii) the gene encoding the 

membrane-located sensor called histidine protein kinase, composed of two domains, the N-

terminal (sensor function) and C-terminal (activates the regulatory protein response), located 

on the periplasmic side and on the cytosolic side, respectively, and linked by a membrane-
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integrated domain (Cintas et al., 2001; Sablon et al., 2000); (iii) the gene encoding the 

response regulator, which includes an N-terminal receiver domain containing a conserved 

aspartic residue as the site for phosphorylation and a C-terminal output domain directly 

mediating an adaptative response through a regulatory mechanism of transcription (Cintas et 

al., 2001; Sablon et al., 2000). 

 
Figure 1.9. Biosynthesis, immunity, and regulation of nisin A production. Extracellular changes in nisin 
concentration result in the autophosphorylation of NisK and the transfer of a phosphoryl group from NisK to an 
aspartate residue of NisR. This induces the transcription of the nisABTCIP and nisFEG operons. The nisRK 
operon is under the control of an independent nisR promoter. NisA is processed by NisB (dehydratase) and NisC 
(cyclase) multi-enzyme complex to generate the modified polycyclic peptide. The peptide is then transported to 
the outside of the cell by NisT in an ATP-dependent manner and the leader sequence is removed by the cell-
wall-anchored serine protease NisP, resulting in formation of active mature nisin A. Both NisI and NisFEG are 
involved in the protection of the producing bacterial strain from the lantibiotic (so-called immunity). NisI 
sequesters nisin to reduce its concentration while NisFEG is believed to assist in transporting nisin from the 
membrane to the extracellular environment. Nisin A also acts as an auto-inducing peptide of the gene regulation 
system via phosphorylation relay by NisR and NisK. The regulation system triggered by nisin A activates the 
genes expression of the nisin gene cluster. Adapted from Patton and van der Donk (2005) and Zendo et al. 
(2010). 

Multiple factors such as the presence of certain bacteria in the environment, or increasing 

the concentration of induction peptide in the growth medium when the cell density reaches a 

certain level, trigger the regulatory three-component system. In general, the induction 

mechanism consists of a series of phosphorylations and dephosphorylations. The histidine 

protein kinase has one domain in the membrane and a kinase domain in the cytoplasm that 
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phosphorylates when reacting with the induction peptide. At the same time, the response 

regulator protein has a receptor domain (which is phosphorylated by histidine protein kinase), 

and a DNA-binding domain (when activated can bind to specific regions near the promoter), 

which stimulates or inhibits the binding of RNA polymerase to the promoter allowing the 

activation of a specific group of genes, including regulatory genes and genes involved in the 

synthesis of the bacteriocin (Fig. 1.9) (Diep and Nes, 2002; Diep et al., 2009). 

5.2.1.7. Biopreservative potential 

Food preservatives (e.g., nitrite and sulphur dioxide) are added into food in order to 

inhibit the growth of spoilage and pathogenic microorganisms and extend the food shelf-life. 

However, the long-term consumption of these preservatives may have adverse effects on 

human health (Yang et al., 2014). Consequently, consumers have been consistently concerned 

about the presence of chemical additives in their foods and are drawn to natural and “fresher” 

food products without added chemical preservatives. With regard to this, the increasing 

demand for minimally processed foods with long shelf-life has stimulated the interest in the 

research of natural and effective preservatives (Chen and Hoover, 2003). Consequently, the 

use of bacteriocins have been proposed in combination with other preservation methods to 

create several barriers during the manufacturing process in order to reduce the food spoilage 

by microorganisms (Chen and Hoover, 2003; Nath et al., 2015; Yang et al., 2014). Moreover, 

bacteriocins are generally recognized as safe food additives due to their sensitivity to 

proteases in the gastrointestinal tract with slight impact on the gut microbiota (Yang et al., 

2014). In this context, there are three approaches described for the use of bacteriocins as 

biopreservative in foods: (i) inoculation of LAB in the food in which produce bacteriocins as 

a bioprotective culture; (ii) addition of purified or semi-purified bacteriocins as food 

preservatives, and (iii) use a product previously fermented with a bacteriocin-producing strain 

as an ingredient of a food (Chen and Hoover, 2003). The only bacteriocin authorized in EU 

and the main bacteriocin used in over 45 countries as a food additive is the nisin produced by 

Lc. lactis. This bacteriocin has been used in different types of food, such as meat, dairy and 

seafood products to control the growth of L. monocytogenes, which is considered as the major 

food safety problem since this microorganism is able to grow at refrigeration temperatures 

and anaerobic conditions and cause severe clinical manifestations and human death (Chen and 

Hoover, 2003). Furthermore, other bacteriocins (e.g., pediocin PA-1, sakacin K and sakacin 

P) or bacteriocin-producing bacteria have been proposed by the inhibition of this foodborne 
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pathogen and Clostridium spp. (Chen and Hoover, 2003; Yang et al., 2014). On the other 

hand, despite the beneficial effects of the bacteriocins as biopreservatives, there are some 

limitations and disadvantages of their use in the food industry, such as: (i) the cost associated 

with their production and purification; (ii) the difficulty to predict the size of the target 

market; (iii) the narrow range of specificity activity of some bacteriocins against different 

species of microorganisms, and (iv) the development of resistance due to the changes in the 

membrane of the targeted bacteria (Yusuf and Hamid, 2013). 

5.3. Importance of lactic acid bacteria 

5.3.1. Lactic acid bacteria and food 

Fermented food has been consumed by humans since immemorial time and has their 

origin in Sumerian civilization (5.000‒4.000 B. C.). Traditionally, these fermented foods were 

produced by empirical processes based on the activity of the microbiota naturally present in 

raw materials (natural fermentation) (Cintas and Casaus, 1998). Currently, these products 

include more than 3,500 varieties, made from raw materials such as milk, fruits, vegetables, 

roots, cereals, meat and fish, amongst which may include: (i) derived from fermented milk 

(e.g., cheese, yogurt and kefir); (ii) derived from fermented bread and cereals (e.g., sourdough 

[derived from several cereals] and ogi [derived from corn or sorghum]); (iii) beverages (e.g., 

wine, beer and several spirits); (iv) derived from fermented vegetables (e.g., silage, kimchi 

[cabbage and other vegetables derivatives], sauerkraut [cabbage derivative] and tempeh 

[soybean derivative]), and (v) fermented fish derivatives. However, until the mid-nineteenth 

century, Pasteur showed that microorganisms were responsible for fermentation processes in 

food (Caplice and Fitzgerald, 1999; Franz and Holzapfel, 2012; Lücke, 2000; Park and Kim, 

2012; Ross et al., 2002; Salovaara and Gänzle, 2012; Stiles, 1996). 

Currently, industrial fermentations processes are strictly controlled and based on the 

addition to the raw material of live cultures of specific microorganisms (bacteria, fungi and/or 

yeasts), which ensures and standardizes the organoleptic and rheological characteristics of the 

final product, enhances their health and hygiene quality, and increases their shelf-life (Cintas 

and Casaus, 1998; Cintas et al., 2000b). Furthermore, the use of fermentation asfood 

technology has several functions: (i) enrichment of the human diet due to the wide diversity of 

food; (ii) conservation of foods derived from lactic, acetic or alcoholic fermentation; (iii) 

enrichment of raw materials with vitamins, proteins and amino acids and essential fatty acids; 
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(iv) detoxification, and (v) decrease of the time required for their preparation (Giraffa, 2004; 

Steinkraus, 2002). These microorganisms, which are added to the raw materials for the 

production of fermented food, can be classified according to their main purpose in: (i) starter 

cultures, which are added to induce changes in the texture, aroma, flavour, colour, 

digestibility and palatability of raw materials, obtaining a final product with different and 

desirable organoleptic and rheological characteristics (Buckenhüskes, 1993; Cintas and 

Casaus, 1998; Geisen and Holzapfel, 1996; Hugas, 1998; Leroy and Vuyst, 2004; Leroy et al., 

2006; Lücke, 2000; O’Sullivan et al., 2002; Smit et al., 2005; Stiles, 1996; Tamine, 2002); (ii) 

protective cultures, added to ensure the hygienic and sanitary quality and food safety, as well 

as to increase their shelf-life by inhibiting the growth of pathogenic and spoilage 

microorganisms in food due to competition for nutrients substrate and producing several 

metabolites (Geisen and Holzapfel, 1996; Holzapfel et al., 1995; Lücke, 2000; Rodgers, 2001; 

Rodgers et al., 2002; Ross et al., 2002; Työppönen et al., 2003; Vermeiren et al., 2004), and 

(iii) adjunct cultures, added to accelerate the maturation by cell lysis of starter cultures for the 

production of certain types of cheese and production of the desired taste and flavour 

(O’Sullivan et al., 2002). 

5.3.2. Negative aspects of the presence of lactic acid bacteria in food 

The metabolic activity of the lactic bacteria sometimes causes alteration of certain food 

when these microorganisms become the dominant microbiota during storage, as in the case of: 

(i) meat or fish packaged under anaerobic conditions or modified atmospheres, which produce 

acidity, defective flavours and smells, and sliminess exudates, swelling of tins for gas 

production and discoloration (Björkroth et al., 2000; Borch et al., 1996; Joffraud et al., 2001; 

Lyhs et al., 2001; Lyhs and Björkroth, 2008; Samelis et al., 2000; Vermeiren et al., 2004); (ii) 

wines in which malolactic fermentation is undesirable because it produces sour, defective 

flavours, turbidity, discoloration and viscosity; these alterations can be also caused by the 

development of other LAB that are not involved in malolactic fermentation (Daeschel et al., 

1991; Fleet, 1999; 2001), and (iii) beers, in which some LAB cause the appearance of 

excessive acidity, defective flavours and aromas, turbidity, sediments, viscosity and 

discoloration (Campbell, 1997; Hartnett et al., 2002; Jespersen and Jakobsen, 1996; March et 

al., 2005; Sakamoto and Konings, 2003). 

Moreover, the decarboxylase enzymes of some LAB in food can cause the formation of 

biogenic amines (e.g., histamine, tyramine, putrescine and cadaverine) which are vasoactive 
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substances. In this regard, despite the presence of these substances is common in fermented 

foods (e.g., cheese, wine, beer and fermented sausages), the ingestion of large amounts or 

normal amounts in sensitive people, can cause toxicological effects (nausea, respiratory 

problems, hot flushing sensation, sweating, palpitations, headache, skin rashes and hyper- or 

hypotension) (Giraffa, 2002; Suzzi and Gardini, 2003). Moreover, some species of fish are 

associated with a high amount of histidine (e.g., tuna, mackerel, salmon, sardines and 

herring), and therefore the EU, by Regulation (EC) No. 1441/2007, which modified the 

Regulation (EC) No. 2073/2005 on microbiological criteria for foodstuffs, it has set a 

maximum limit of the content of histamine (200 mg/kg) for species of fish belonging to 

families Scombridae, Clupeidae, Engraulidae, Coryfenidae, Pomatomidae and 

Scombresosidae. In terms of conservation or inadequate refrigeration, the muscles of these 

fish of dark meat undergo bacterial decomposition by the decarboxylation of histidine, and 

consequently the formation of histamine. The ingestion of fish with high concentrations of 

this biogenic amines origin the scombroid poisoning, which is one of the most common fish 

poisoning whose symptoms resemble to an allergic reaction (Hijano Baola et al., 2005). 

5.3.3. Lactic acid bacteria and health 

5.3.3.1. Lactic acid bacteria as probiotic cultures 

Most pharmaceutical probiotic products, probiotic foods (baby food, milk and dairy 

products) and food additives for animals include microorganisms of the genus 

Bifidobacterium and of the LAB group, mainly of the genus Lactobacillus. However, some 

strains of the species E. faecium and E. faecalis are also used as probiotics in humans and 

animals (Holzapfel et al., 1998; Holzapfel and Schillinger, 2002; Klein et al., 1998; Leroy et 

al., 2006; Stolaki et al., 2012). The fact that LAB are used as probiotics is due to their 

consideration, in general, as safe microorganisms (GRAS status or QPS status) (EFSA, 2004; 

2005a; 2005b; 2007; 2011; Makridis et al., 2005). 

Amongst the many benefits derived from the consumption of probiotics, they include: (i) 

maintenance and restoration of normal intestinal microbiota, preventing and reducing 

gastrointestinal alterations; (ii) inhibition of the development of pathogenic microorganisms; 

(iii) strengthening of the intestinal mucosa barrier; (iv) anti-mutagenic and anti-carcinogenic 

activities; (v) modulation of the immune system; (vi) reduction of blood cholesterol level; 

(vii) antioxidant activity; (viii) improvement in calcium absorption; (ix) increase of synthesis 
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of vitamins and improvement of the protein predigestion; (x) antihypertensive action; (xi) 

reduction of urogenital infections and ulcers caused by Helicobacter pylori; (xii) treatment of 

diarrhoea originated by travelling to tropical areas and overtreatment with antibiotics; (xiii) 

control of the colitis caused by rotavirus and Clostridium difficile; (xiv) improvement of the 

nutritional quality of food; (xv) improvement of the lactose digestibility; (xvi) modulation of 

stress and improvement in symptoms of anxiety, and (xvii) regulating emotional response 

(Amores et al., 2004; Bravo et al., 2011; Bujalance et al., 2007; Falagas et al., 2007; 

Foulquié-Moreno et al., 2006; Gardiner et al., 2002; Gill et al., 2012; Holzapfel et al., 1998; 

Holzapfel and Schillinger, 2002; Ljungh and Wadström, 2006; Lyra et al., 2012; Miller and 

Reid, 2012; Nguyen et al., 2007; Ouwehand, 1998; Rao et al., 2009; Silk et al., 2009; 

Szajewska, 2012; Wallace et al., 2003). 

5.3.3.2. Lactic acid bacteria as oral vaccines 

It is possible by genetic engineering to obtain recombinant LAB that express intra-, 

extracellularly or attached to the cell surface, epitopes or antigenic determinants (specific 

region of an antigen recognized by antibodies) of pathogenic microorganisms and, therefore, 

can be used as vaccines administered orally. The fact that LAB are candidates for the 

development of oral vaccines is due to their properties, such as: (i) their consideration as safe 

microorganisms (GRAS status or QPS status), (ii) their adjuvant properties (they stimulate the 

immune response); (iii) their ability of adherence and colonization of mucosae, and (iv) their 

resistance to low pH values (Bermúdez-Humarán et al., 2011; Dieye et al., 2003; Hummel et 

al., 2007; Pouwels et al., 1998; Wells, 2011; Wells and Mercenier, 2003). 

5.3.3.3. Lactic acid bacteria as nutraceutical producer 

In the same way as LAB can be used as bioreactors for the heterologous production of 

proteins and peptides of interest in the food sector (Billman-Jacobe, 1996; Hugenholtz et al., 

2002), it is possible to modify specific metabolic pathways in this group of bacteria by genetic 

engineering to produce nutraceuticals (nutritional products which have beneficial effects on 

consumer health), such as: (i) B-group vitamins (e.g., riboflavin, folate and cobalamin); (ii) 

low-calorie sweeteners (e.g., L-alanine, mannitol, sorbitol and tagatose); (iii) 

oligosaccharides; (iv) exopolysaccharides (EPS); (v) antioxidants (e.g., glutathione and 

thioredoxin), and (vi) enzymes (e.g.; β-galactosidase) (Hugenholtz et al., 2002; Leroy et al., 

2006; Maischberger et al., 2010; Morello et al., 2008). 
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5.3.4. Lactic acid bacteria and disease 

Consumers perceive LAB as “natural” and beneficial to health. Therefore, their presence 

in food has a great acceptability. Since they are frequently isolated from the gastrointestinal 

tract of healthy humans, most microorganisms of this group are considered commensals. 

Despite the majority of LAB are considered as safe microorganisms (GRAS status or QPS 

status), some species have been associated to the development of human infections (Aguirre 

and Collins, 1993; Gasser, 1994). 

Amongst the infections caused by LAB, these are both local and systemic infections, for 

instance, endocarditis, septicaemia, urinary tract infections, digestive tract infections and 

meningitis. Most LAB associated with clinical cases belong to the species E. faecalis and E. 

faecium, although some infections have been sometimes associated to Lb. acidophilus, 

Lactobacillus casei, Lactobacillus jensenii, Lactobacillus paracasei, Lb. plantarum, Lb. 

rhamnosus, Lactobacillus salivarius, Lc. lactis, Lc. garvieae, P. acidilactici and Leuconostoc 

spp. (Adams, 1999; Aguirre and Collins, 1993; Bernardeau et al., 2008; Bessis et al., 1995; 

Cannon et al., 2005; Casalta and Montel, 2008; Claesson et al., 2007; Donohue et al., 1995; 

Franz et al., 2010; Gasser, 1994; Iwen et al., 2012; Mofredj et al., 2007; Ogier et al., 2008; 

Ogier and Serror, 2008; Salminen et al., 2006; Salminen et al., 1998; Schirrmeister et al., 

2009; Švec et al., 2007; Wang et al., 2007). However, it is important to consider that: (i) these 

microorganisms act as opportunistic pathogens, infecting individuals whose defences are 

weakened as a result of a dysfunction of the immune system, chemotherapy or tissue damage, 

and (ii) the microorganisms involved in these processes are generally not of food origin 

(Adams and Marteau, 1995; Adams, 1999; Donohue et al., 1995; Franz et al., 2010; Salminen 

et al., 1998). Finally, it should be noted that the apparent increase of infection cases caused by 

LAB could be due to a combination of improved clinical diagnosis and increase of the 

survival of patients with immunodeficiencies (Franz et al., 2010). 

With regard to fish, some species of LAB have also identified as pathogen (Lc. garvieae, 

Lc. piscium, St. iniae, St. parauberis, St. phocae, St. agalactiae, C. maltaromaticum and Vg. 

salmoninarum) (section 3.1) as important etiologic agents of infectious diseases which have 

appeared as a result of intensive systems used in aquaculture (Ghittino et al., 2003; Padrós 

and Furones, 2002; Ringø and Gatesoupe, 1998; Toranzo et al., 2005; Wang et al., 2008a). 
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5.4. Lactic acid bacteria evaluated as probiotics in aquaculture 

Nowadays, there is a great interest in the use of LAB as probiotic in aquaculture 

(Chabrillón and Moriñigo, 2007; Gatesoupe, 2008; Verschuere et al., 2000b), due to: (i) most 

LAB are currently considered as safe microorganisms for human and animal consumption 

(GRAS status or QPS status); (ii) numerous LAB strains are accepted legally as probiotics to 

use in humans and animal production; (iii) the strain P. acidilactici CNCM MA 18/5M is 

authorized to be used in aquaculture, and (iv) numerous genera, including Lactococcus, 

Lactobacillus, Aerococcus, Leuconostoc, Pediococcus, Streptococcus, Enterococcus, 

Vagococcus y Weissella, are part of the intestinal microbiota of farmed fish, specially fresh 

water fish (Austin, 2006; EFSA, 2004; 2005a; 2005b; 2011; Pérez-Sánchez et al., 2014; 

Ringø and Gatesoupe, 1998; Ringø et al., 2000; Ringø and Holzapfel, 2000). Moreover, some 

LAB of aquatic origin produce antimicrobial compounds that avoid the colonization of 

pathogenic microorganisms in fish (Austin, 2006; Makridis et al., 2005; Ringø and 

Gatesoupe, 1998; Ringø and Holzapfel, 2000). The main antagonistic mechanisms of LAB are 

the competence for nutrients, formation of organic acids (lactic and acetic acid) and other 

antimicrobial compounds, such as ethanol, carbon dioxide, diacetyl, acetaldehyde, hydrogen 

peroxide and other metabolites of the oxygen, D-isomers of amino acids, reuterine, and 

bacteriocins (Cintas et al., 2001; Cotter et al., 2005; Fimland et al., 2005). Furthermore, the 

main LAB proposed as probiotics in aquaculture have shown numerous beneficial effects, 

including: (i) improvement of the survival rate after the infection with fish pathogens; (ii) 

modulation of the immune system; (iii) growth stimulation, and (iv) improvement of water 

quality (Balcázar et al., 2006; Martínez Cruz et al., 2012; Pérez-Sánchez et al., 2014; 

Verschuere et al., 2000b; Wang et al., 2008a). 

The main LAB species that have been evaluated in aquaculture belong to the genera 

Lactococcus, Lactobacillus, Leuconostoc, Pediococcus, Enterococcus and Vagococcus. 

Balcázar et al. (2007b) demonstrated that the administration of Lc. lactis subsp. lactis CLFP 

100, Lc. mesenteroides CLFP 196 and Lb. sakei CLFP 202 (106 cfu/g), isolated from 

salmonids, increased the phagocytic activity of leucocytes, complement activity in serum and 

the percentage of survival in rainbow trout after the infection with A. salmonicida. Moreover, 

these three strains also increased the complement activity in the serum of brown trout after 

their administration in the diet (Balcázar et al., 2007a). On the other hand, Vendrell et al. 

(2008) observed that the administration of Lc. mesenteroides CLFP 196 and Lb. plantarum 
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CLFP 238 (107 cfu/g), isolated from salmonids, protected against Lc. garvieae in rainbow 

trout. Pérez-Sánchez et al. (2011b) demonstrated that the administration of Lb. plantarum 

CLFP 3 (106 cfu/g), isolated from rainbow trout, protected against the lactococcosis in this 

species, increasing the transcript of immunity-related genes. Giri et al. (2013) observed that 

the administration of Lb. plantarum VSG3 (106, 108 and 1010 cfu/g), isolated from labeo roho, 

enhanced the levels of lysozyme and the complement activity in serum, phagocytic and 

respiratory bursts activities, and the growth and survival rates after the infection with A. 

hydrophila in labeo roho. 

Some LAB used as probiotics in humans have been also evaluated to be used in fish 

(Nikoskelainen et al., 2001a; 2003; Panigrahi et al., 2007). In this respect, one of the strains 

that have been studied as probiotic in fish is Lb. rhamnosus ATCC53103 (also named as Lb. 

rhamnosus GG), which was isolated from health humans and has demonstrated be effective 

for: (i) prevention and treatment of acute diarrhea in children; (ii) prevention of traveller 

diarrhoea; (iii) treatment of diarrhoea associated with antibiotic therapy; (iv) prevention and 

treatment of atopic dermatitis in children, and (v) prevention of dental caries in children 

(Goldin and Gorbach, 2008). In the case of rainbow trout, Nikoskelainen et al. (2001a) 

observed that the administration of Lb. rhamnosus ATCC53103 (109 cfu/g) for 51 days 

reduced the mortality originated by A. salmonicida. Moreover, Nikoskelainen et al. (2003) 

also demonstrated that the administration of different concentrations of this strain to rainbow 

trout increased the respiratory burst activity in blood cells (104 cfu/g), complement activity 

(106 cfu/g) and levels of immunoglobulins (104 and 108 cfu/g) in serum. Panigrahi et al. 

(2007) also showed that this strain administered (109 cfu/g) for 45 days in rainbow trout 

increased the transcripts of immunity-related genes in spleen. On the other hand, Chang and 

Liu (2002) showed that the administration of E. faecium SF68, used as human probiotic to the 

treatment of diarrhoea, improved the survival rate in European eel infected with Ed. tarda. In 

addition, strains isolated from farming animals and fermented food have been also studied to 

be used in aquaculture. Wang et al. (2008b) observed that the administration of E. faecium 

ZJ4, isolated from pork, enhanced the growth rate and increased the respiratory burst activity 

of blood leucocytes and the mieloperoxidase and complement activity of the serum of tilapia. 

Chiu et al. (2007) observed that the administration of Lb. plantarum 7-40 (NTU102) (107 

cfu/g) isolated from home-made Korean-style cabbage pickles, increased the phenoloxidase 

and superoxide dismutase activities, and transcription of the genes encoding prophenoloxidase 

and peroxinectin, and the survival rate against V. alginolyticus in white shrimp.  
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5.4.1. Pediococcus acidilactici CNCM MA 18/5 (Bactocell®) 

P. acidilactici CNCM MA18/5M (Bactocell®) is the first and only probiotic 

microorganism authorized to use in aquaculture in the European Union (Commission 

Regulation (EC) No 911/2009; Commission Implementing Regulation (EU) No 95/2013). 

This authorization is based on the recognition of the safety due to its QPS status, as well as its 

efficacy on the productive improvement in salmonids and shrimps (Commission Regulation 

(EC) No 911/2009) and all fish in general (Commission Implementing Regulation (EU) No 

95/2013). In salmonids, this strain enhances the quality of the final product by means of an 

increase of fish with a good conformation, preventing the vertebral column compression 

syndrome. In the case of rainbow trout, this syndrome affects more than 20% of the 

production, causing important economic losses in this sector. Moreover, this probiotic is 

considered beneficial to the development of all fish, increasing the well formed fish and 

reducing the bone deformation. On the other hand, this strain improves the survival and 

growth in shrimps and increases the resistance against infection by Vibrio spp. 

In Europe, the authorized probiotics used in animal feed are classified as "feed additive" 

and subjected to assessment of the scientific committee. The use of  P. acidilactici CNCM 

MA 18/5M was authorized without a time limit for chickens for fattening by Commission 

Regulation (EC) No 1200/2005 and for pigs for fattening by Commission Regulation (EC) No 

2036/2005; for 10 years for salmonids and shrimps by Commission Regulation (EC) No 

911/2009; for weaned piglets by Commission Regulation (EU) No 1120/2010; for laying hens 

by Commission Regulation (EU) No 212/2011, and for all fish other than salmonids by 

Commission Implementing Regulation (EU) No 95/2013. Moreover, 6  May 2013, 

preparation of Pediococcus acidilactici CNCM MA 18/5M was authorized as a feed additive 

for use in water for drinking for weaned piglets, pigs for fattening, laying hens and chickens 

for fattening by Commission Regulation (EU) No 413/2013. 

As previously mentioned, this strain was first used in terrestrial animals (chickens and 

pigs for fattening) due to positive effect to intestinal development, improvement of 

digestibility and protection against pathogenic bacteria. Regarding its use in aquaculture, the 

first study was carried out in larval pollack (Pollachius pollachius) fed with artemia enriched 

with P. acidilactici CNCM MA 18/5M, which increased their weigh (Gatesoupe, 2002). 

However, studies developed in rainbow trout (Aubin et al., 2005), Nile tilapia (Shelby et al., 

2006) and channel catfish (Ictalurus punctatus) (Shelby et al., 2007) showed that this strain 
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did not enhance the growth rate. The main beneficial effect of this strain is the prevention of 

vertebral column compression syndrome in rainbow trout after the administration of this 

probiotic for five months (Aubin et al., 2005). Moreover, Merrifield et al. (Merrifield et al., 

2011) observed that this probiotic colonized the rainbow trout intestine, at least, during its 

feed supplementation, and reduced the condition factor (K) of anatomy conformation, 

improving the aesthetic quality of fish to consumer. However, in this study the rainbow trout 

immune response was not improved, similarly in other studies developed in Nile tilapia 

(Shelby et al., 2006) and channel catfish (Shelby et al., 2007). Nevertheless, Ferguson et al. 

(2010) observed that this probiotic improved the survival rate, lysozyme activity in serum and 

number of blood leucocytes in Nile tilapia. On the other hand, Castex et al. (2008) observed 

that the administration of P. acidilactici CNCM MA 18/5M improved the shrimp Litopenaeus 

stylirostris after the infection with Vibrio nigripulchritudo. Finally, other study carried out in 

this shrimp species demonstrated that this probiotic reduced the levels of oxidative stress 

parameters in fish infected with this pathogen (Castex et al., 2009). 

The work performed in this thesis aimed to develop an alternative or complementary 

strategy to the use of antibiotics and vaccines for the biocontrol of bacterial fish diseases, 

which must be effective, safe, easy to apply, economically efficient and environmentally 

friendly. Considering that most LAB are currently considered as safe for human and animal 

consumption (GRAS status or QPS status), the use of these microorganisms has been 

proposed to prevent and control the proliferation of pathogenic microorganisms. 

Consequently, the main objective of this thesis is the in vitro assessment of LAB isolated 

from rainbow trout and their environment in order to evaluate in vivo the most promising 

candidate strain as probiotic for rainbow trout farming. 
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OBJECTIVES 

The specific objectives of this work were the following: 

1. Isolation and taxonomic characterization of the cultivable total microbiota and lactic acid 

bacteria (LAB) from aquacultured rainbow trout (Oncorhynchus mykiss) intestine and 

rearing environment (tank vegetation and tank water) from selected stages of the fish life-

cycle (from larvae to adult trout), and isolation and taxonomic characterization of LAB 

from rainbow trout feed. 

2. Determination of the direct antimicrobial activity of LAB of aquatic origin against the 

main Gram-positive and Gram-negative fish pathogens. 

3. In vitro safety assessment of LAB of aquatic origin. 

3.1. Phenotypic and genotypic evaluation of the susceptibility to antibiotics used in 

human and animal medicine. 

3.2. Phenotypic evaluation of hemolytic and gelatinase activities. 

3.3. Phenotypic evaluation of bile salt deconjugation. 

3.4. Phenotypic evaluation of mucinolytic activity. 

3.5. Phenotypic and genotypic evaluation of biogenic amine production in the 

Lactococcus lactis and Pediococcus acidilactici strains of aquatic origin. 

3.6. Genotypic evaluation of the genetic determinants encoding the synthesis of several 

virulence factors identified in the genus Enterococcus. 

4. Molecular typification of Lc. lactis and P. acidilactici strains of aquatic origin by 

Enterobacterial repetitive intergenic consensus sequence-based PCR (ERIC-PCR). 

5. Determination of the extracellular antimicrobial activity spectrum of LAB of aquatic 

origin. 

6. PCR evaluation of the presence of previously described enterocin structural genes in the 

Enterococcus spp. strains of aquatic origin. 

7. Purification to homogeneity and molecular mass determination of the bacteriocins 

secreted by the selected bacteriocinogenic Lc. lactis and P. acidilactici strains of aquatic 

origin. 
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8. Genetic characterization of the bacteriocins secreted by the selected bacteriocinogenic Lc. 

lactis and P. acidilactici strains of aquatic origin. 

9. In vitro evaluation of the functional and probiotics properties of selected 

bacteriocinogenic Lc. lactis strains of aquatic origin. 

9.1. Evaluation of their ability to survive in freshwater. 

9.2. Evaluation of their ability to survive to the conditions of the gastrointestinal tract 

(tolerance to low pH and rainbow trout bile). 

9.3. Evaluation of the cell surface hydrophobicity. 

10. In vivo evaluation of the ability of the bacteriocinogenic Lc. lactis subsp. cremoris WA2-

67 strain to protect rainbow trout against infection caused by Lactococcus garvieae. 

11. In vitro and in vivo demonstration of the role of bacteriocin (nisin Z, NisZ) production by 

Lc. cremoris WA2-67 as an anti-infection mechanism by using its non-bacteriocinogenic 

isogenic mutant Lc. cremoris WA2-67 ∆nisZ. 
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ABSTRACT 

This work reports the isolation and taxonomic identification of the cultivable total 

microbiota (TM) and lactic acid bacteria (LAB) from rainbow trout (Oncorhynchus mykiss, 

Walbaum) and rearing environment from selected stages of the life-cycle, and the evaluation 

of the LAB antimicrobial activity against the main fish pathogens. TM and LAB isolates were 

randomly selected and identified by 16S rRNA and/or superoxide dismutase gene sequencing. 

Although a great diversity in the TM was observed, Enterobacteriaceae and Aeromonadaceae 

were clearly prevalent, while the genus Lactococcus was the predominant LAB. From a total 

of 1,620 randomly selected LAB, 1,159 isolates (71.5%) showed antimicrobial activity. From 

these, 248 isolates (21.4%) selected for their activity against, at least, four fish pathogens, 

were taxonomically identified, being Lactococcus lactis the most common species (164 

isolates, 66.1%). Interestingly, 88 isolates (35.5%), including 55 Lc. lactis isolates, exerted 

activity against four strains of the rainbow trout pathogen Lactococcus garvieae. Our results 

demonstrate that rainbow trout and rearing environment are potential sources for the isolation 

of LAB, mainly lactococci, active against Lc. garvieae and other fish pathogens. Moreover, 

this is the first study describing the cultivable TM and LAB from rainbow trout intestine and 

rearing environment along the fish life-cycle. The host-derived LAB active against fish 

pathogens comprise potential candidates as probiotics in rainbow trout farming as an 

alternative or complementary strategy to antibiotics and vaccines for disease prevention. 
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1. INTRODUCTION 

Since the 1950s, rainbow trout (Oncorhynchus mykiss, Walbaum) farming production has 

grown exponentially, especially in Europe and, more recently, in Chile (FAO, 2005). 

Aquaculture is the fastest-growing food-producing sector worldwide and its important role in 

achieving global food availability, economic growth, and improving living standards of 

people all around the globe has been recognized by the Food and Agriculture Organization of 

the United Nations (FAO) (Bostock et al., 2010).  

Aquatic farmed animals are surrounded by an environment that supports the growth of 

pathogens which may cause severe fish diseases, mainly at the larval and early fry stages, and 

therefore produce important economic losses in the aquaculture sector (Verschuere et al., 

2000).In this regard, one of the most important diseases in farmed marine and freshwater fish, 

including rainbow trout, is lactococcosis, mainly occurring during the summer, caused by 

Lactococcus garvieae and characterized by haemorrhagic septicemia and meningoencephalitis 

(Pérez-Sánchez et al., 2011; Vendrell et al., 2006). Moreover, Lc. garvieae is currently 

considered as an emergent human pathogen (Chan et al., 2011). In aquaculture, antibiotics are 

the classic treatment for bacterial diseases (Defoirdt et al., 2011); however, their widespread 

use as therapeutic and prophylactic agents has been associated with detrimental effects 

including the emergence of antibiotic resistances and the alteration of the aquaculture 

environment microbiota (Muñoz-Atienza et al., 2013). On the other hand, vaccination cannot 

prevent disease outbreaks in immunologically immature individuals, and effective 

commercial vaccines against some fish pathogens are not available (Defoirdt et al., 2007). 

Therefore, there is a growing interest in the development of probiotic cultures as an 

alternative or complementary strategy to antibiotics and vaccination to prevent or reduce 

rainbow trout and other fish diseases, mainly at the larval and early fry stages (Merrifield et 

al., 2010; Mohapatra et al., 2013; Verschuere et al., 2000). In this respect, aquacultured fish 

may be considered as a reservoir of probiotic strains that could provide extra protection 

against some fish diseases (Spanggaard et al., 2000). Probiotics used in aquaculture are 

defined as live microbial adjuncts which have a beneficial effect on the host by: (i) modifying 

the host-associated or ambient microbial community, (ii) improving feed use or enhancing its 

nutritional value, (iii) enhancing the host response towards disease, and/or (iv) improving the 

physico-chemical and microbiological quality of its environment (Cross, 2002; Verschuere et 

al., 2000). In this regard, the target host and/or rearing environment have been suggested as 
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potential sources for the isolation of fish probiotic strains due to the adaptive advantage of the 

host-derived fish microbiota to colonize the gastrointestinal tract, mucous membranes and/or 

fish environment (Cross, 2002; Ringø et al., 2010; Vine et al., 2004). Different physico-

chemical and biological requirements affecting the probiotics properties should be minimized 

if the strain is isolated from the environment where it will be subsequently administered 

(Lazado and Caipang, 2014). Strikingly, despite the promising positive effects of probiotic 

cultures, to date, only one strain (Bactocell®, Pediococcus acidilactici CNCM MA18/5 M) 

has been authorized for use in aquaculture in the European Union.  

The objectives of this study were (i) the isolation and taxonomic identification of the 

cultivable total microbiota (TM) and lactic acid bacteria (LAB) from aquacultured rainbow 

trout intestine and rearing environment (tank vegetation [algae] and tank water) from selected 

stages of the fish life-cycle (from larvae to adult trout), and (ii) the evaluation of the 

antimicrobial activity of the host-derived LAB against the main Gram-negative and Gram-

positive fish pathogens in order to select the most promising candidate strains as probiotics in 

rainbow trout farming as an alternative or complementary strategy to antibiotics and vaccines 

for disease prevention.  

2. MATERIALS AND METHODS 

2.1. Sampling procedure and isolation of the microbiota 

The samples used in this study were obtained from a rainbow trout farm located in the 

south of Spain. The fish were fed in the fish farm with a standard commercial feed ad libitum 

(fries) or at a rate of 1.2 and 1.5% (adults and juveniles, respectively) of the biomass per day 

and the water temperature ranged from 14 to 16 ºC and the pH from 6.9 to 7.8. The rearing 

environment samples (tank vegetation [algae] and water) were transported on ice and the fish 

in water with oxygenated atmosphere in polyethylene plastic bags (10‒30 L; 5‒12 ºC) placed 

in polystyrene boxes. The fish were left to starve for at least 24 h before being transported. 

The isolation and culture procedures took place in our laboratory 3 to 4 h later from collecting 

the samples. Cultivable total microbiota (TM) and LAB were isolated from aquacultured 

rainbow trout intestine and rearing environment at seven different fish growth stages (larvae 

[L]: five days post-hatching [DPH]; fries [F]: 30 DPH [F1] and 90 DPH [F2]; juveniles [J]: 

240 DPH [J1] and 300 DPH [J2], and adults [A]: 450 DPH [A1] and 540 DPH [A2]). 
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Independent composite samples from (i) whole larvae (10 specimens) disinfected with 

benzalkonium chloride (Sigma-Aldrich Co., Ltd., St. Louis, Missouri, USA) (0.1% v/v, 30 s) 

and rinsed twice with 10 mM phosphate-buffered saline (PBS; pH 7.2); (ii) whole fish 

intestines (a pool from 3 specimens), and (iii) tank vegetation and water (3 samples each 

collected by scooping directly from the tank) obtained from three tanks were ten-fold diluted 

in sterile peptone water (Oxoid, Ltd., Basingstoke, United Kingdom) and homogenized in an 

Stomacher. Then, samples were pour-plated (three plates per dilution) in Tryptone Soya Agar 

(TSA, Oxoid) and de Man, Rogosa and Sharpe (MRS, Oxoid) agar (1.5% w/v) for TM and 

LAB counts, respectively. After plate incubation at 15 ºC in anaerobiosis (Anaerogen, Oxoid) 

(intestinal microbiota) or microaerobiosis (plate overlying with an agar medium layer) (tank 

vegetation and water microbiota) for three to seven days, microbial counts were determined 

and expressed as log cfu/g or log cfu/mL.  

The fish used in this study were euthanized by immersion in a tank containing tricaine 

methanesulfonate (MS-222, Syndel Laboratories Ltd Vancouver, Canada) at a final 

concentration of 150 mg/L for 15‒30 min. 

2.2. Screening for LAB with antimicrobial activity 

A total of 1,620 LAB isolates were randomly selected from the MRS plates containing 30 

to 300 cfu and assayed for antimicrobial activity by a stab-on-agar test (SOAT) as previously 

described by Cintas et al. (Cintas et al., 1995) against six Gram-positive and three Gram-

negative fish pathogens (see below). Briefly, approximately 75 isolates from each origin and 

growth stage were stabbed onto MRS agar and incubated at 30 ºC for 5 h, and then 40 mL of 

the corresponding soft agar (0.8% w/v) medium containing about 1×105 cfu/mL of the 

pathogen strain was poured onto the plates. After incubation at 28-37 ºC for 16-24 h, 

depending on the optimum growth conditions for each tested pathogen, the plates were 

checked for inhibition zones (absence of visible microbial growth around the stabbed 

cultures), and only inhibition halos with diameters above 3 mm were considered positive (and 

the respective LAB referred to as active isolates). The Gram-positive pathogens Lc. garvieae 

JIP29-99, Lc. garvieae CECT5807, Lc. garvieae CF01144, Lc. garvieae CF00021 and 

Carnobacterium maltaromaticum LMG14716 were aerobically grown in MRS broth at 30 ºC, 

while Streptococcus iniae LMG14521was aerobically grown in Brain Heart Infusion (BHI) 

broth (Oxoid) at 37 ºC. The Gram-negative pathogens Yersinia ruckeri LMG3279 and 
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Aeromonas salmonicida LMG3776 were aerobically grown in Tryptone Soya Broth (TSB) 

(Oxoid) at 28 ºC, while Vibrio campbellii LMG21363 was aerobically grown in TSB 

supplemented with NaCl (1% w/v; Panreac) at 28 ºC. The isolates showing antimicrobial 

activity against, at least, four of the tested pathogens were stored in their corresponding 

culture media containing 15% (v/v) glycerol (Sigma-Aldrich) at ‒20 and ‒80 ºC. 

2.3. Taxonomic identification of the microbiota 

Twenty different colonies from each origin, fish growth stage and growth medium 

randomly selected from the plates containing 30 to 300 cfu, as well as the LAB isolates 

showing antimicrobial activity against at least four of the tested pathogens, were 

taxonomically identified by DNA sequencing of the PCR-amplified genes encoding the 16S 

rRNA subunit (16S rDNA) and the superoxide dismutase (sodA) (only for enterococci). PCR-

amplifications were performed from total bacterial DNA purified using the InstaGene Matrix 

resin (Bio-Rad Laboratories Inc., Hercules, CA, USA) in 50µL reaction mixtures with 5‒50 

ng of purified DNA, 70 pmol of each primer and 1 U of Platinum Taq DNA polymerase 

(Invitrogen, Madrid, Spain). The oligonucleotide primers used for PCR amplification of 16S 

rDNA and sodA, obtained from Sigma-Genosys Ltd. (Cambridge, United Kingdom), were 

plb16 (5´-AGAGTTTGATCCTGGCTCAG-3´) and mlb16 (5´-GGCTGCTGGCACGT 

AGTTAG-3´) (Kullen et al., 2000), and d1 (5´-CCITAYICITAYGAYG CIYTIGARCC-3) 

and d2 (5´-ARRTARTAIGCRTGYTCCCAIACRTC-3´) (Poyart et al., 2000), respectively. 

Samples were subjected to an initial cycle of denaturation (96 ºC for 4 min), followed by 35 

cycles of denaturation (96 ºC for 30 s), annealing (48‒50 ºC for 30 s) and elongation (72 ºC 

for 45 s), ending with a final extension step at 72 ºC for 7 min in an Eppendorf Mastercycler 

thermal cycler (Eppendorf, Hamburg, Germany). PCR products were analyzed by 

electrophoresis on 1.5% (w/v) agarose (Pronadisa, Madrid, Spain) gels stained with GelRed 

(Biotium, California, USA), and visualized with the Gel Doc 1000 documentation system 

(BioRad, Madrid, Spain). HyperLadder II (Bioline GmbH, Germany) was used as molecular 

size marker. The amplicons were purified by using the NucleoSpin Extract II kit (Macherey & 

Nagel, Düren, Germany) and both DNA strands were sequenced at the Unidad de Genómica 

(Parque Científico de Madrid, Facultad de Ciencias Biológicas, Universidad Complutense de 

Madrid, Spain). Analysis of 16S rDNA and sodA sequences was performed with the BLAST 

program available at the National Center for Biotechnology Information (NCBI; 
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blast.ncbi.nlm.nih.gov). Only sequence similarities above 97% were considered significant for 

bacterial identification at the species level. 

3. RESULTS 

3.1. Isolation and identification of the microbiota 

Cultivable total microbiota (TM) from aquacultured rainbow trout intestine and tank 

vegetation and water at seven different growth stages (from larvae to adult trout) varied 

quantitatively depending on the origin and fish growth stage (Fig. 2.1). TM from fish intestine 

achieved the highest values at the growth stages F1 (7.4 log cfu/g) and J1 (7.5 log cfu/g), 

while those for tank vegetation and water were found at the growth stages F1 (8.6 log cfu/g 

and 4.2 log cfu/mL, respectively) and F2 (7.7 log cfu/g and 4.3 log cfu/mL, respectively). It 

should be noted that tank water yielded the lowest TM counts in most growth stages (between 

1.5 and 4.3 log cfu/mL). Similarly, LAB counts showed fluctuations along the growth stages 

in all the origins. For rainbow trout intestine, counts ranged from 2.1 log cfu/g (growth stage 

L) to 6.6 log cfu/g (growth stage J1). For tank vegetation microbiota, absence of LAB was 

observed at the early growth stages (L and F1), and the highest values were found at F2 (5.5 

log cfu/g). Moreover LAB were not found in the tank water from the growth stages L and A1, 

and these bacteria reached a maximum at the growth stage A2 (3.1 log cfu/mL). 

 
Figure 2.1. Average counts of cultivable total microbiota (TM) ( ) and lactic acid bacteria (LAB)  
( ) from aquacultured rainbow trout intestine and rearing environment (tank vegetation and water) 
from selected stages of the fish life-cycle (larvae [L]: five days post-hatching [DPH]; fries [F]: 30 DPH [F1] 
and 90 DPH [F2]; juveniles [J]: 240 DPH [J1] and 300 DPH [J2], and adults [A]: 450 DPH [A1] and 540 DPH 
[A2]). 
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With regard to the taxonomic identification of the TM, a great variation of the dominant 

bacteria amongst the different origins and fish growth stages was detected (Table II.1). In this 

respect, the bacteria predominant in the rainbow trout intestine at the larval stage (L) were 

identified as members of the Aeromonadaceae family. However, Enterobacteriaceae 

increased in parallel to the rainbow trout life-cycle and became prevalent in the intestine at the 

growth stages F1, and J1 to A2. Moreover, Streptococcaceae appeared at the growth stage J1 

and became the second most common family in the intestine until the last growth stage (A2). 

At the growth stage F2, bacteria could not be isolated on TSA plates in the fish intestine 

samples. On the other hand, Aeromonadaceae and Moraxellaceae were the most prevalent 

families in the tank vegetation and water at the growth stages L and F1. TM of tank 

vegetation showed a great variation from the growth stages F2 to A2, and different 

predominant families, including Carnobacteriaceae (F2), Pseudomonadaceae (J1), 

Streptococcaceae (J2), Enterobacteriaceae (A1) and Aeromonadaceae (A2) were detected. 

However, TM of tank water did not show such a great variation, being the Enterobacteriaceae 

predominant at the growth stages F2, J1 and A1, Bacillaceae at J2, and Aeromonodaceae at 

A2. Similarly, LAB composition did not differ much during the rainbow trout lifecycle, being 

Lactococcus the most common genus in most of the samples and growth stages. Nevertheless, 

the genera Pediococcus and Weissella were prevalent in the rainbow trout intestine at the 

growth stages L and F2, while the genus Carnobacterium dominated the tank vegetation LAB 

at the growth stage F2.  

3.2. Antimicrobial activity of LAB 

From a total of 1,620 randomly selected LAB, 1,159 isolates (71.5%) exerted 

antimicrobial activity against, at least, one of the nine tested fish pathogens. Table II.2 

summarizes the antimicrobial activity of these isolates grouped by origin and growth stage 

against each tested pathogen. The percentages of isolates active against Gram-positive 

bacteria ranged from approximately 31 to 48% while the growth of Gram-negative bacteria 

was inhibited by only approximately 8.5‒22% of the 1,620 LAB isolates. The most 

appropriate growth stages for the isolation of bacteria active against most of the Gram-

positive and Gram-negative tested pathogens were A2 and/or F1, respectively. 
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Table II.1. Taxonomic identification of the cultivable total microbiota (TM) and lactic acid bacteria (LAB) from rainbow trout intestine and rearing 
environment (tank vegetation and water) from selected stages of the fish life-cyclea. 
 Cultivable TM LAB  
Growth 

stage 
Fish intestine Tank vegetation Tank water Fish intestine Tank vegetation Tank water 

Family n % Family n % Family N % Genus n % Genus n % Genus n % 
L Aeromonadaceae 10 50 Moraxellaceae 7 35 Aeromonadaceae 9 45 Pediococcus 20 100   
 Moraxellaceae 6 30 Aeromonadaceae 7 35 Enterobacteriaceae 6 30          
 Flavobacteriaceae 2 10 Flavobacteriaceae 6 30 Flavobacteriaceae 4 20        n.d.       n.d.   
 Other 2 10    Moraxellaceae 1 5          

F1 Enterobacteriaceae 12 60 Moraxellaceae 11 55 Aeromonadaceae 17 85 Lactococcus 13 65 Lactococcus 20 100 Lactococcus 20 100 
 Aeromonadaceae 3 15 Aeromonadaceae 7 35 Moraxellaceae 2 10 Enterococcus 7 35       
 Other 5 25 Enterobacteriaceae 2 10 Other 1 5          

F2  Carnobacteriaceae 7 35 Enterobacteriaceae 8 40 Weissella 20 100 Carnobacterium 13 65 Lactococcus 12 60 
 n.d.   Enterobacteriaceae 6 30 Moraxellaceae 7 35    Lactococcus 4 20 Weissella 8 40 
    Aeromonadaceae 5 25 Carnobacteriaceae 5 25    Weissella 3 15    
    Moraxellaceae 2 10             

J1 Enterobacteriaceae 13 65 Pseudomonadaceae 10 50 Enterobacteriaceae 10 50 Lactococcus 20 100 Lactococcus 20 100 Lactococcus 20 100 
 Streptococcaceae 3 15 Streptococcaceae 3 15 Streptococcaceae 3 15          
 Moraxellaceae 1 5 Enterobacteriaceae 2 10 Bacillaceae 1 5          
 Other 3 15 Aeromonadaceae 1 5 Moraxellaceae 1 5          
    Other 4 20 Other 5 25          

J2 Enterobacteriaceae 16 80 Streptococcaceae 16 80 Bacillaceae 16 80 Lactococcus 14 70 Lactococcus 20 100 Lactococcus 20 100 
 Streptococcaceae 2 10 Bacillaceae 4 20 Streptococcaceae 4 20 Lactobacillus 4 20       
 Bacillaceae 2 10       Weissella 2 10       

A1 Enterobacteriaceae 13 65 Enterobacteriaceae 14 70 Enterobacteriaceae 13 65 Lactococcus 18 90 Lactococcus 18 90  
 Streptococcaceae 4 20 Streptococcaceae 4 20 Streptococcaceae 7 35 Carnobacterium 2 10 Carnobacterium 2 10   n.d.   
 Bacillaceae 1 5 Moraxellaceae 2 10             
 Other 2 10                

A2 Enterobacteriaceae 7 35 Aeromonadaceae 19 95 Aeromonadaceae 13 65 Lactococcus 8 40 Lactococcus 18 90 Lactococcus 20 100 
 Streptococcaceae 6 30 Enterobacteriaceae 1 5 Streptococcaceae 3 15 Streptococcus 5 25 Carnobacterium 2 10    
 Bacillaceae 1 5    Moraxellaceae 3 15 Carnobacterium 4 20       
 Other 6 30    Enterobacteriaceae 1 5 Other 3 15       

a Cultivable TM and LAB were identified to the family and genus level, respectively. 
n, number of colonies assigned to a family or genus. %, percentage of colonies assigned to a family or genus. n.d., not detected. 
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Table II.2. Antimicrobial activity of 1,620 LAB isolates grouped by origin and growth stage against Gram-positive and Gram-negative fish pathogens. 

Tested pathogens Origin 
Growth stagea 

Totalb 
L F1 F2 J1 J2 A1 A2 

n % n % n % n % n % n % n % N %t 

Lc. garvieae 
CF00021 

Fish intestine 1 0.06 37 2.28 36 2.22 16 0.99 22 1.36 40 2.47 66 4.07 218 13.46 
Tank vegetation 0 0 62 3.83 23 1.42 27 1.67 10 0.62 13 0.80 62 3.83 197 12.16 

Tank water 0 0 79 4.88 87 5.37 27 1.67 36 2.22 0 0 36 2.22 265 16.36 
Subtotal 1 0.06 178 10.99 146 9.01 70 4.32 68 4.20 53 3.27 164 10.12 680 41.98 

Lc. garvieae 
CF01144 

Fish intestine 1 0.06 27 1.67 11 0.68 16 0.99 8 0.49 28 1.73 66 4.07 157 9.69 
Tank vegetation 0 0 48 2.96 5 0.31 18 1.11 4 0.25 11 0.68 61 3.77 147 9.07 

Tank water 0 0 40 2.47 14 0.86 47 2.90 42 2.59 0 0 48 2.96 191 11.79 
Subtotal 1 0.06 115 7.10 30 1.85 81 5.00 54 3.33 39 2.41 175 10.80 495 30.56 

Lc. garvieae 
JIP29-99 

Fish intestine 1 0.06 9 0.56 37 2.28 23 1.42 64 3.95 27 1.67 65 4.01 226 13.95 
Tank vegetation 0 0 0 0 22 1.36 25 1.54 14 0.86 8 0.49 72 4.44 141 8.70 

Tank water 0 0 14 0.86 57 3.52 47 2.90 32 1.98 0 0 58 3.58 208 12.84 
Subtotal 1 0.06 23 1.42 116 7.16 95 5.86 110 6.79 35 2.16 195 12.04 575 35.49 

Lc. garvieae 
CECT5807 

Fish intestine 1 0.06 10 0.62 50 3.09 34 2.10 57 3.52 68 4.20 63 3.89 283 17.47 
Tank vegetation 0 0 0 0 23 1.42 29 1.79 41 2.53 18 1.11 64 3.95 175 10.80 

Tank water 0 0 8 0.49 80 4.94 22 1.36 22 1.36 0 0 67 4.14 199 12.28 
Subtotal 1 0.06 18 1.11 153 9.44 85 5.25 120 7.41 86 5.31 194 11.98 657 40.56 

St. iniae 
LMG14521 

Fish intestine 0 0 30 1.85 50 3.09 32 1.98 33 2.04 49 3.02 60 3.70 254 15.68 
Tank vegetation 0 0 51 3.15 23 1.42 44 2.72 16 0.99 44 2.72 81 5.00 259 15.99 

Tank water 0 0 63 3.89 75 4.63 62 3.83 22 1.36 0 0 42 2.59 264 16.30 
Subtotal 0 0 144 8.89 148 9.14 138 8.52 71 4.38 93 5.74 183 11.30 777 47.96 

C. maltaromaticum 
LMG14716 

Fish intestine 0 0 15 0.93 50 3.09 40 2.47 43 2.65 51 3.15 62 3.83 261 16.11 
Tank vegetation 0 0 26 1.60 20 1.23 64 3.95 47 2.90 45 2.78 45 2.78 247 15.25 

Tank water 0 0 61 3.77 76 4.69 41 2.53 39 2.41 0 0 51 3.15 268 16.54 
Subtotal 0 0 102 6.30 146 9.01 145 8.95 129 7.96 96 5.93 158 9.75 776 47.90 

Y. ruckeri LMG3279 

Fish intestine 1 0.06 27 1.67 0 0 7 0.43 2 0.12 18 1.11 45 2.78 100 6.17 
Tank vegetation 0 0 52 3.21 12 0.74 20 1.23 0 0.00 6 0.37 12 0.74 102 6.30 

Tank water 0 0 77 4.75 6 0.37 24 1.48 15 0.93 0 0 2 0.12 124 7.65 
Subtotal 1 0.06 156 9.63 18 1.11 51 3.15 17 1.05 24 1.48 59 3.64 326 20.12 

A. salmonicida 
LMG3776 

Fish intestine 1 0.06 69 4.26 0 0 8 0.49 2 0.12 0 0 7 0.43 87 5.37 
Tank vegetation 0 0 74 4.57 11 0.68 25 1.54 12 0.74 0 0 6 0.37 128 7.90 

Tank water 0 0 83 5.12 8 0.49 25 1.54 21 1.30 0 0 3 0.19 140 8.64 
Subtotal 1 0.06 226 13.95 19 1.17 58 3.58 35 2.16 0 0 16 0.99 355 21.91 

V. campbellii 
LMG21363 

Fish intestine 1 0.06 1 0.06 0 0 0 0 5 0.31 0 0 22 1.36 29 1.79 
Tank vegetation 0 0 5 0.31 16 0.99 5 0.31 3 0.19 0 0 24 1.48 53 3.27 

Tank water 0 0 0 0 19 1.17 17 1.05 3 0.19 0 0 16 0.99 55 3.40 
Subtotal 1 0.06 6 0.37 35 2.16 22 1.36 11 0.68 0 0 62 3.83 137 8.46 

an, number of LAB isolates active against each indicator strain from each origin and growth stage. %, percentage of LAB isolates active against each indicator strain from each origin and growth 
stage with respect to the 1,620 LAB isolates. bN, total number of LAB isolates active against each indicator strain from each origin including all the growth stages. %t, percentage of LAB isolates 
active against each indicator strain from each origin including all the growth stages with respect to the 1,620 isolates. 
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Interestingly, 248 out of the 1,159 LAB isolates (21.4%) were active against, at least, four 

tested pathogens, being noteworthy that 187 (75.4%) inhibited the growth of both Gram-

positive and Gram-negative bacteria. With respect to Lc. garvieae, it should be noted that 239 

out of the 248 isolates (96.4%) showed antimicrobial activity against this pathogen. 

Interestingly, from these isolates, 12 (4.8%), 52 (21%), 87 (35.1%) and 88 (35.5%) inhibited 

one, two, three and four, respectively, of the tested Lc. garvieae strains. 

3.3. Taxonomic identification of LAB 

With regard to the taxonomic identification of the 248 LAB isolates with antimicrobial 

activity against, at least, four of the tested fish pathogens, 164 (66.1%) were identified as 

Lactococcus lactis, 53 (21.4%) as Lc. garvieae, 18 (7.3%) as Weissella soli, 8 (3.2%) as 

Enterococcus faecium, 3 (1.2%) as Lactobacillus sakei, 1 (0.4%) as P. acidilactici, and 1 

(0.4%) as Leuconostoc mesenteroides. Moreover, from the 88 LAB isolates exerting 

antimicrobial activity against the four tested Lc. garvieae strains, 55 (62.5%) were identified 

as Lc. lactis, 17 (19.4%) as Lc. garvieae, 8 (9.1%) as W. soli, 5 (5.7%) as E. faecium,1 (1.1%) 

as Lb. sakei, 1 (1.1%) as P. acidilactici, and 1 (1.1%) as Le. mesenteroides. Interestingly, Lc. 

lactis isolates active against the four tested Lc. garvieae strains were first detected at the 

growth stage F2 and showed an increase in their relative percentages along the rainbow trout 

life-cycle (Fig. 2.2). On the other hand, 191 out of the 248 LAB isolates inhibited the growth 

of, at least, one of the tested Gram-negative bacteria. From them, 135 (70.7%) were identified 

as Lc. lactis, 43 (22.5%) as Lc. garvieae, 8 (4.2%) as E. faecium, 3 (1.6%) as W. soli, 1 (0.5%) 

as P. acidilactici, and 1 (0.5%) as Le. mesenteroides. Interestingly, 9 out of the 248 LAB 

isolates (3.6%) exerted antimicrobial activity against the three tested Gram-negative 

pathogens strains, from which 66.7% (6 isolates) were identified as Lc. lactis, and 11.1% (1 

isolate) each as W. soli, P. acidilactici and Lc. garvieae. 
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Figure 2.2. Relative percentages of Lc. lactis isolates with antimicrobial activity 
against the four tested Lc. garvieae strains at each growth stage. Percentages are 
referred to the number of Lc. lactis isolates at each growth stage showing antimicrobial 
activity against, at least, four of the tested pathogens. 

4. DISCUSSION 

In this work, the characterization of the TM and LAB of aquacultured rainbow trout 

intestine and rearing environment (tank vegetation and water) from selected stages of the fish 

life-cycle (from larvae to the adult stage) showed very heterogeneous results depending on the 

origin and growth stage. With regard to this, a variation on bacterial population along the fish 

life-cycle was observed, which may be partially due to day-to-day fluctuations (Al-Harbi and 

Uddin, 2004; Spanggaard et al., 2000). Moreover, quantitative differences in fish microbiota 

have been related to environmental conditions such as rearing temperature (Gatesoupe, 2008). 

Despite this heterogeneity, bacterial counts obtained from rainbow trout intestine and tank 

vegetation were higher than those from tank water, which could be due to the frequent tank 

water replacement (approximately, every 30 min) and its lower nutrient availability. The 

maximum counts for rainbow trout intestinal TM, 2.3 and 3.3 × 107 cfu/g (found at the growth 

stages F1 and J1, respectively), were higher than those reported in a study focused on seasonal 

variation of the intestinal microbiota of this species (Navinier et al., 2006). Strikingly, at the 

growth stage F2, bacteria were not found in the trout intestine samples inoculated on TSA, a 

medium which has been used by other authors for the isolation of fish microbiota (Austin and 

Al-Zahrani, 1988; Spanggaard et al., 2000). However, since we found in our study that W. soli 
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is unable to grow in this medium, the absence of colonies on TSA may be due to the fact that 

LAB microbiota at this stage was dominated by this species.  

With regard to the taxonomic identification of the TM and LAB, our results (Table II.1) 

point to the instability of the composition of the rainbow trout intestine microbiota along the 

fish life-cycle, which has been previously described for other salmonids (Yoshimizu et al., 

1980). With regard to this, at the larval stage, the predominant intestinal TM belonged to the 

family Aeromonadaceae, and mainly to the genus Aeromonas, which is in agreement with a 

previous study on river trout (Salmo trutta) (Skrodenyte-Arbaciauskiene et al., 2006). On the 

other hand, in our study, the intestinal microbiota found from the growth stages F1 to A2 was 

dominated by Enterobacteriaceae (mainly the genera Citrobacter, Kluyvera and 

Enterobacter), similarly as previously described (Huber et al., 2004). After 

Enterobacteriaceae, the most prevalent families were Aeromonadaceae (mainly the genus 

Aeromonas), at growth stage F1, and Streptococcaceae (mainly the genera Lactococcus and 

Streptococcus), from the growth stage J1 to A2, being this latter family commonly found in 

fish, particularly in the gastrointestinal tract (Austin, 2006; Hagi et al., 2004). On the other 

hand, TM of tank vegetation and water from the early growth stages of rainbow trout (L and 

F1) was dominated by Aeromonadaceae and Moraxellaceae (mainly the genera Aeromonas 

and Acinetobacter, respectively), similarly as previously described for rainbow trout and pond 

water (González et al., 1999). Although Enterobacteriaceae and Streptococcaceae were not 

prevalent in the fish environment at the two early growth stages (L and F1), they were 

commonly found at the late growth stages (mainly from J1 to A1), similarly as described 

above for the rainbow trout intestinal microbiota. In this regard, several studies suggested that 

bacteria present in fish surrounding water can be also found in the fish intestine and be able to 

persist and multiply in this environment (Austin, 2006; Huber et al., 2004). However, other 

studies found no similarity between bacterial microbiota from fish surrounding water, 

intestine and diet (Sakata et al., 1980; Spanggaard et al., 2000).  

LAB have been reported as common inhabitants of fish intestine (González et al., 2000; 

Ringø and Gatesoupe, 1998). In our study, the genus Lactococcus (mainly Lc. lactis) was 

dominant amongst the LAB in the rainbow trout intestine and rearing environment during 

most of the fish life-cycle, which is in agreement with studies carried out on salmonids, silver 

carp, common carp, channel catfish, and deep-bodied crucian carpin (Hagi et al., 2004; Hovda 

et al., 2007). Nevertheless, we observed that Pediococcus spp. and Weissella spp. became 

prevalent in the intestinal microbiota at the growth stages L and F2, respectively. Besides, 
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Carnobacterium spp. were dominant in the tank vegetation at the growth stage F2, which is in 

concordance with a previous study on laboratory-raised rainbow trout (Pond et al., 2006). 

Understanding the fish microbiota at each life-cycle stage may help in the selection of specific 

strains to be used as probiotics to increase protection against diseases and/or fish production. 

A series of exogenous and endogenous factors such as developmental stage of fish, gut 

structure, feeding regimes and surrounding environment (water temperature and farming 

conditions) may have been responsible for triggering shifts in the fish microbiota (Nayak, 

2010).  

LAB have been proposed as probiotics, biocontrollers and bioremediation agents for 

aquaculture (Muñoz-Atienza et al., 2013; Verschuere et al., 2000). With regard to this, several 

studies showed that LAB, mainly from the genera Lactobacillus, Lactococcus, Leuconostoc, 

Enterococcus and Carnobacterium, with antimicrobial activity against fish pathogens can be 

isolated from rainbow trout and potentially employed as probiotics to prevent lactococcosis 

and other fish diseases (Muñoz-Atienza et al., 2013; Pérez-Sánchez et al., 2011; Ringø et al., 

2010; Verschuere et al., 2000). In our study, 1,159 LAB isolates (71.5%) exerted 

antimicrobial activity against, at least, one of the tested Gram-negative and Gram-positive fish 

pathogens, which indicates that the production of antimicrobial compounds is a common 

probiotic property amongst LAB from rainbow trout intestine and rearing environment. The 

ability of LAB to inhibit pathogenic microorganisms, mainly Gram-positive and, to a lesser 

extent, Gram-negative bacteria, is associated with the production of antimicrobial compounds 

such as organic acids (mainly lactic and acetic acids), hydrogen peroxide and a heterogeneous 

group of ribosomally-synthesized antimicrobial peptides or proteins, referred to as 

bacteriocins (Cintas et al., 2001; Nes et al., 2007), and constitutes a valuable trait for 

probiotics intended for use as a suitable alternative or complementary strategy to antibiotics 

and vaccines in aquaculture (Gatesoupe, 2008; Ringø and Gatesoupe, 1998). In our study, 

from the 248 LAB isolates (21.4%) with antimicrobial activity against, at least, four fish 

pathogens, 66 (26.6%) were active against the six tested Gram-positive bacteria, while only 9 

(3.6%) inhibited the growth of the three tested Gram-negative strains. Interestingly, 88 LAB 

isolates (35.5%) exerted antimicrobial activity against the four tested strains of Lc. garvieae, 

which is one of the main pathogens for rainbow trout (Vendrell et al., 2006). The origin, 

growth stage and taxonomic identification of these 88 LAB isolates are depicted in Fig. 2.3, 

which shows that the three origins (fish intestine, and tank vegetation and water) are a 

potential source for the isolation of LAB with antimicrobial activity, with the fish intestine 
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rendering the highest percentage (43%) of active isolates (Fig. 2.3A). In this regard, A2 was 

the ideal growth stage for isolation of active LAB within the fish life-cycle, rendering 55.3, 

46.4, and 45.5% of the active isolates from fish intestine, and tank vegetation and water, 

respectively (Fig. 2.3B). Moreover, Lc. lactis was the species with the highest number of 

active isolates (55 isolates; 62.5%) obtained from tank vegetation (18 isolates; 64.3%), tank 

water (14 isolates; 63.6%), and fish intestine (23 isolates; 61.0%) (Fig. 2.3C). Active isolates 

from fish intestine also included members of the species E. faecium (5 isolates; 13%), Lc. 

garvieae (4 isolates; 10.4%), W. soli (3 isolates; 7.8%), P. acidilactici (1 isolate; 2.6%), Lb. 

sakei (1 isolate; 2.6%), and Le. mesenteroides (1 isolate; 2.6%). However, the active isolates 

from tank vegetation and water not included in the Lc. lactis species were grouped into only 

two species, namely Lc. garvieae (6 and 7 isolates; 21.4 and 31.8%, respectively) and W. soli 

(4 and 1 isolates; 14.3 and 4.6%, respectively). Interestingly, Lc. garvieae isolates with 

antimicrobial activity against the four tested pathogenic strains of Lc. garvieae comprise a 

significant portion of the identified subset with antimicrobial activity. The active Lc. garvieae 

isolates do not seem to be virulent since the fish were healthy and, moreover, they could 

inhibit the proliferation of virulent Lc. garvieae strains and, consequently, avoid 

lactococcosis. 

To our knowledge, this is the first study describing the cultivable TM and LAB from 

rainbow trout intestine and rearing environment (tank vegetation and water) from selected 

stages of the fish lifecycle, from larvae to the adult stage (540 days). Our results demonstrate 

that Aeromonadaceae were prevalent in the three origins at the larval stage, while 

Enterobacteriaceae were clearly dominant in the fish intestine from the growth stage F1 to 

the adult stage A2. LAB (mainly Lactococcus spp.) exerting antimicrobial activity against the 

main Gram-positive and Gram-negative fish pathogens, including Lc. garvieae, were 

commonly found amongst the microbiota from rainbow trout intestine and rearing 

environment, especially at the growth stage A2. Therefore, these niches at this step of the fish 

life-cycle, mainly the fish intestine, were identified as the ideal sources for the isolation of Lc. 

lactis and other LAB with antimicrobial activity against Lc. garvieae and other fish 

pathogens. Further in vitro and in vivo safety assessment and evaluation of probiotic 

properties are required to identify the most interesting LAB to be employed as probiotics in 

rainbow trout farming as an alternative or complementary strategy to antibiotics and vaccines 

for disease prevention. 
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Figure 2.3. Distribution of the 88 LAB isolates with antimicrobial activity against the four tested Lc. garvieae strains by (A) origin, (B) growth stage and 
(C) taxonomic identification. 
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ABSTRACT 

This work reports the safety assessment, genetic relatedness and extracellular 

antimicrobial (bacteriocin) activity of 75 potential probiotic Lactococcus lactis strains isolated 

from aquacultured rainbow trout (Oncorhynchus mykiss, Walbaum) and rearing environment, 

and the biochemical and genetic characterization of the bacteriocin most active against the 

rainbow trout pathogen Lactococcus garvieae. Seventeen (22%) strains produced, at least, one 

biogenic amine, but none of them amplified the corresponding genes. Thirty (40%) strains 

showed antibiotic resistance to, at least, one antibiotic, and the only antibiotic resistance genes 

found were tet(K), tet(L), tet(O) and tet(T). None of the strains produced hemolysin or 

gelatinase, degraded gastric mucin or deconjugated bile salts. ERIC-PCR fingerprinting 

allowed clustering the lactococci in three well-defined and highly divergent groups (31% 

similarity). Nine (12%) Lc. lactis strains were identified as bacteriocin producers. The 

bacteriocin produced by Lc. lactis subsp. cremoris WA2-67 was purified, and mass 

spectrometry and DNA sequencing revealed its identity to nisin Z (NisZ). Altogether, the 

results allowed the identification of 34 (45.3%) putatively safe lactococci, including three 

bacteriocinogenic strains. This is the first description of tet(K), tet(O) and tet(T) in Lc. lactis. 

Moreover, ERIC-PCR fingerprinting has been shown for the first time as a valuable tool for 

genetic profiling of Lc. lactis strains from aquatic origin. A NisZ-producing Lc. lactis strain 

has been isolated for the first time from an aquatic environment, and this strain may be 

considered as a potential probiotic for rainbow trout farming for improving the quality and 

safety of fish and fish products. 
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1. INTRODUCTION 

Prevention and control of fish pathologies, mainly those arising at the larval and alevin 

stages, represents one of the main challenges for modern aquaculture (Toranzo et al., 2009). 

With regard to this, lactococcosis, caused by Lactococcus garvieae, is one of the most serious 

diseases for rainbow trout (Oncorhynchus mykiss, Walbaum) and other freshwater and marine 

aquacultured fishes (Vendrell et al., 2006). Moreover, Lc. garvieae is currently considered as 

an emergent human pathogen (Chan et al., 2011; Vendrell et al., 2006). Traditionally, 

antibiotics have been heavily used in aquaculture as therapeutical and/or prophylactic agents; 

however, there is an ever-growing reticence on their use due to their harmful effects for 

human and animal health, food safety and the environment, including the generation and 

transference of antibiotic bacterial (multi)resistances and the presence of antibiotic residues in 

the aquatic environment and fish and fish products, which may lead to adverse effects on the 

consumers (i.e., alteration of the intestinal microbial balance, selection for antibiotic-resistant 

bacteria, allergy and toxicity problems) (Cabello, 2006; EFSA, 2008; Toranzo et al., 2009). 

Although vaccination seems to constitute the ideal control method, its application may be 

hampered by vaccine availability, effectiveness and level of protection, as well as by the 

problems associated with their application at the larval stages due to the immaturity of fish 

immune system and the handling difficulties of larvae. Moreover, the animal stress, economic 

cost and problems associated with their application at the larval stages are disadvantages of 

vaccine use (EFSA, 2008; Toranzo et al., 2009). Therefore, there is an increasing interest in 

the research and development of alternative or complementary strategies to chemotherapy and 

vaccination which should be effective, safe, environmentally friendly, easy to apply and 

economically efficient. In this regard, the use of probiotics is a very promising strategy not 

only for prevention of fish pathologies, but also for improvement of animal productivity and 

food quality and safety (Defoirdt et al., 2011; Verschuere et al., 2000). In aquaculture, 

probiotics are considered as live beneficial microbial adjuncts that modify the host-associated 

or ambient microbial community, improve feed use or its nutritional value, enhance the host 

response to diseases and/or improve the physicochemical and microbiological quality of the 

surrounding environment (Verschuere et al., 2000). Lactic acid bacteria (LAB) (mainly the 

genera Lactobacillus, Lactococcus, Leuconostoc, Enterococcus and Carnobacterium) are the 

bacterial group most commonly proposed as probiotics in aquaculture (Verschuere et al., 

2000); however, to date, there is only one strain (Pediococcus acidilactici CNCM MA18/5M, 

Bactocell®) legally authorized for this purpose in the European Union. Most LAB species 
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have been proposed by the European Food Safety Authority (EFSA) for the Qualified 

Presumption of Safety (QPS) status (EFSA, 2011; Liu et al., 2009). According to EFSA, the 

only safety qualification required for strains belonging to LAB species regarded as QPS 

intended for use in animal feeding is the demonstration of the absence of acquired 

transmissible antibiotic resistance (EFSA, 2007). LAB are widely known for their 

antimicrobial activity, mainly due to the production of organic acids (e.g., lactic acid) and 

ribosomally synthesized antimicrobial peptides (bacteriocins), which are often active against a 

broad range of gram-positive and, to a lesser extent, gram-negative pathogenic bacteria 

(Cintas et al., 2001). LAB bacteriocins may be grouped into three main classes: (1) the 

lantibiotic or posttranslationally modified peptides; (2) the non-modified, small and heat-

stable peptides and (3) the large, heat-labile protein bacteriocins (Nes and Holo, 2000). 

Lactococci are ubiquitous in nature, and have been found in a variety of environments and 

foods, and they can be found in animals, such as cows and freshwater and marine fish, dairy 

products and plants (Casalta and Montel, 2008; Itoi et al., 2009; Klijn et al., 1995; Passerini et 

al., 2010; Williams et al., 1990). Lactococcus lactis is one of the well-characterized LAB 

mainly due to their wide use as starter culture in the dairy industry (Casalta and Montel, 2008; 

Flórez et al., 2008). This species is divided into four subspecies, namely Lc. lactis subsp. 

lactis (including the biovar diacetylactis), Lc. lactis subsp. cremoris (Lc. cremoris), Lc. lactis 

subsp. hordniae and Lc. lactis subsp. tructae (Pérez et al., 2011). Lc. lactis is generally 

considered safe for human and animal consumption (QPS status) based on their extensive, 

daily consumption by humans and their low incidence in human infections (Casalta and 

Montel, 2008; Liu et al., 2009). In this respect, Lc. lactis strains are usually susceptible to 

most antibiotics with the exception of their intrinsic resistance to rifampicin (Elliott and 

Facklam, 1996); however, the acquisition of transferable genetic determinants conferring 

resistance to streptomycin, erythromycin, tetracycline and chloramphenicol by this species 

has been reported (Perreten et al., 1997). The lantibiotic nisin A (NisA), produced by several 

Lc. lactis strains, is the most thoroughly characterized LAB bacteriocin and, to date, the only 

one internationally accepted as additive for certain types of food (Cotter et al., 2005; Delves-

Broughton, 2005). NisA is a polycyclic peptide that consists of 34 amino acid residues 

including unusual modified residues such as dehydroalanine and dehydrobutyrine that 

participate in the formation of five thioether bridges (Gross and Morell, 1971). In the last 

decades, several natural NisA variants differing in 1–10 amino acid residues have been 

described, including nisin Z (NisZ), the most widespread variant, nisin Q and nisin F, all 
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produced by Lc. lactis strains, as well as nisin U, produced by Streptococcus uberis strains 

(Trmčić et al., 2011). 

In a previous work, we isolated and taxonomically identified a large collection of LAB 

(1,620 isolates) from aquacultured rainbow trout and rearing environment (tank vegetation 

[algae] and tank water) along the whole fish life cycle (from larvae to adult trout), and 75 Lc. 

lactis strains were selected according to their antimicrobial activity against Lc. garvieae and 

other relevant Gram-positive and Gram-negative fish pathogens (Araújo et al., 2014). The 

main objectives of the present study were the evaluation of the safety of these 75 Lc. lactis 

strains using a previously reported in vitro subtractive screening beyond the QPS approach 

(Muñoz-Atienza et al., 2013), the establishment of their genetic relatedness, the identification 

of the bacteriocinogenic isolates and the biochemical and genetic characterization of the 

bacteriocin produced by the most promising strain as probiotic for rainbow trout farming as 

an alternative or complementary strategy to antibiotics and vaccines for disease prevention, 

which would also improve the quality and safety of fish and fish products. 

2. MATERIALS AND METHODS 

2.1. Bacterial strains and growth conditions 

A total of 75 Lc. lactis strains previously isolated from aquacultured rainbow trout 

and rearing environment (tank vegetation [algae] and water) were selected for this study 

(Araújo et al., 2014). LAB were grown in De Man, Rogosa and Sharpe broth (MRS, 

Oxoid Ltd., Basingstoke, UK) at 30 ºC without shaking. 

2.2. Antibiotic susceptibility determination 

The minimum inhibitory concentrations (MICs) of the 75 Lc. lactis strains to 10 

antibiotics were determined by a broth microdilution test as previously described by Klare 

et al. (2005). The tested antibiotics were ampicillin (0.12–8 μg/mL), vancomycin (0.5–32 

μg/mL), gentamicin (2–128 μg/mL), kanamycin (4–256 μg/mL), streptomycin (4–256 

μg/mL), erythromycin (0.12–8 μg/mL), clindamycin (0.25–16 μg/mL), tetracycline (0.5–

32 μg/mL), quinupristin–dalfopristin (0.25–16 μg/mL) and chloramphenicol (1–64 

μg/mL). Individual colonies were suspended in a sterile glass tube containing 5 mL saline 
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solution (0.85% NaCl) to a turbidity of one in the McFarland Scale (ca., 3 × 108 cfu/mL) 

and subsequently 1,000-fold diluted in LSM broth, consisting of Iso-Sensitest (IST) 

(Oxoid) and MRS broth (IST/MRS, 9:1; pH 6.7). A volume of 50 μL of the diluted 

suspensions was added to each microplate well containing 50 μL volume of LSM broth 

with the respective antibiotic concentration. The plates were sealed with a transparent 

cover tape, and after incubation at 37 ºC for 18 h, MICs were established as the lowest 

antibiotic concentration inhibiting bacterial growth, and interpreted according to the 

breakpoints adopted by the EFSA Panel on Additives and Products or Substances used in 

Animal Feed (FEEDAP) in relation to the assessment of bacterial susceptibility to 

antimicrobials of human and veterinary importance (EFSA, 2012). Strains showing MICs 

higher than the respective breakpoint were considered as resistant. Enterococcus 

faecalis CECT795 and Staphylococcus aureus CECT794 were used for quality control. 

2.3. PCR detection of antibiotic resistance genes 

The presence of transferable genetic determinants conferring resistance to kanamycin 

[aph(3′)-IIIa], lincosamides [lin(A) and lin(B)], streptomycin [aad(E)], tetracycline 

[tetB(P), tet(K), tet(L), tet(M), tet(O), tet(Q), tet(S), tet(T) and tet(W)], and vancomycin 

[van(A) andvan(B)] was determined by PCR in the Lc. lactis strains showing phenotypic 

resistance to these antibiotics. Oligonucleotide primers used in this study, obtained from 

Sigma-Genosys Ltd. (Cambridge, UK), are shown in Table II.3. PCR amplifications were 

performed from total bacterial DNA obtained by using the InstaGene Matrix resin (Bio-

Rad Laboratories Inc., Hercules, California, USA) in 50 μL reaction mixtures with 5–50 

ng of purified DNA, 0.7 μmol/L of each primer and 25 μL of MyTaq PCR mix (Bioline, 

London, UK). Samples were subjected to an initial cycle of denaturation (95 ºC for 1 

min), followed by 35 cycles of denaturation (95 ºC for 15 s), annealing (46–65 ºC for 

15 s) and elongation (72 ºC for 10 s), ending with a final extension step at 72 ºC for 5 min 

in an Eppendorf Mastercycler thermal cycler (Eppendorf, Hamburg, Germany). PCR 

products were analyzed by electrophoresis on 1.5% (w/v) agarose (Pronadisa, Madrid, 

Spain) gels stained with GelRed (Biotium, California, USA) at 90 V for 45 min, and 

visualized with the Gel Doc 1000 documentation system (Bio-Rad, Madrid, Spain). The 

molecular size markers used were the HyperLadder II (Bioline) and the 1-kb Plus DNA 

ladder (Invitrogen, Madrid, Spain). Positive controls used for amplification of antibiotic 

resistance genes were DNA samples from E. faecium 3Er1 for aad(E), aph(3′)-IIIa, tet(L) 
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and tet(M); E. faecalis C1570 for lin(A) and tet(K); and E. faecium RC714 for van(A). 

The obtained products were purified by using the NucleoSpin Extract II kit (Macherey–

Nagel GMBH & Co. KG, Düren, Germany), and both DNA strands were sequenced at the 

Unidad de Genómica (Parque Científico de Madrid, Facultad de Ciencias Biológicas, 

Universidad Complutense de Madrid, Spain). Analysis of DNA sequences was performed 

with the BLAST program available at the National Center for Biotechnology Information 

(NCBI) (http://blast.ncbi.nlm.nih.gov/Blast.cgi). 

2.4. Biogenic amine production  

The detection of production of biogenic amines (histamine, tyramine, putrescine and 

cadaverine) by the 75 Lc. lactis strains was first carried out by the plate assay described 

by Bover-Cid and Holzapfel (1999). Briefly, the strains were subcultured five times in 

MRS broth containing 0.1% (w/v) of the corresponding amino acid precursor (histidine, 

tyrosine, ornithine and lysine) and 0.005% (w/v) of pyridoxal-5-phosphate (Sigma-

Aldrich Corporation, St. Louis, Missouri, USA) at 30 ºC overnight without shaking in 

order to promote the corresponding enzyme induction. Subsequently, cultures were 

streaked on the improved decarboxylase differential growth medium with and without 

(negative control) the corresponding amino acid precursor (1% w/v, histidine, tyrosine, 

ornithine and lysine). After incubation at 37 ºC for 4 days under anaerobic conditions 

(AnaeroGen, Oxoid), the plates were examined to detect the presence of histidine 

decarboxylase (HDC), tyrosine decarboxylase (TDC), ornithine decarboxylase (ODC) and 

lysine decarboxylase (LDC) activities. Biogenic amine production was detected by a 

yellow to violet color change of the decarboxylase medium due to the alkalinization 

produced by the decarboxylation of the corresponding amino acid precursor. Lactobacillus 

brevis CECT4121, Lactobacillus sp. 30a and Staphylococcus epidermidis ATCC 12228 

were used as positive controls for tyramine, histamine and putrescine, and cadaverine 

production, respectively. Subsequently, the presence of the genes encoding HDC (hdc), 

TDC (tdc), ODC (odc) and LDC (ldc) in the 75 Lc. lactis strains was studied by PCR. 

Oligonucleotide primers used are shown in Table II.3. PCR amplifications and PCR 

product visualization and analysis were performed as described above. 
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Table II.3. Oligonucleotide primers used in this study. 

Target gene Primer 5’–3’ sequencea 
PCR 

fragment 
size (bp) 

Annealing 
temperature 

(°C) 
Reference 

aad(E) 
aadEI GCAGAACAGGATGAACGTATTCG 

369 55 Klare et al. 
(2007) aadEII ATCAGTCGGAACTATGTCCC 

aph(3′)-IIIa 
aph(3')-F GCCGATGTGGATTGCGAAAA 

292 60 Rojo-Bezoares 
et al. (2006) aph(3')-R GCTTGATCCCCAGTAAGTCA 

lin(A) 
linA GGTGGCTGGGGGGTAGATGTATTAACTGG 

323 57 Lina et al. 
(1999) linA' GCTTCTTTTGAAATACATGGTATTTTTCGAT

C 

lin(B) 
LINB1 CCTACCTATTGTTTGTGGAA 

925 54 Bozdogan et 
al. (1999) LINB2 ATAACGTTACTCTCCTATTC 

tetB(P) 
TetB/P-FW AAAACTTATTATATTATAGTG 

169 46 Klare et al. 
(2007) TetB/P-RV TGGAGTATCAATAATATTCAC 

tet(K) 
tetKI CAATACCTACGATATCTA 

352 50 Klare et al. 
(2007) tetKII TTGAGCTGTCTTGGTTCA 

tet(L) 
tetLI TGGTCCTATCTTCTACTCATTC 

385 53 Klare et al. 
(2007) tetLII TTCCGATTTCGGCAGTAC 

tet(M) 
tetMI GGTGAACATCATAGACACGC 

401 45 Klare et al. 
(2007) tetMII CTTGTTCGAGTTCCAATGC 

tet(O) 
tetOI AGCGTCAAAGGGGAATCACTATCC 

1,723 55 Klare et al. 
(2007) tetOII CGGCGGGGTTGGCAAATA 

tet(Q) 
TetQ-FW AGAATCTGCTGTTTGCCAGTG 

169 63 Klare et al. 
(2007) TetQ-RV CGGAGTGTCAATGATATTGCA 

tet(S) 
tetS-FW ATCAAGATATTAAGGAC 

573 55 Klare et al. 
(2007) tetS-RV TTCTCTATGTGGTAATC 

tet(T) 
TetT-FW AAGGTTTATTATATAAAAGTG 

169 46 Klare et al. 
(2007) TetT-RV AGGTGTATCTATGATATTTAC 

tet(W) 
tetWI GGMCAYRTGGATTTYWTIGC 

1,187 64 Klare et al. 
(2007) tetWII TCIGMIGGIGTRCTIRCIGGRC 

van(A) 
vanA-36F TTGCTCAGAGGAGCATGACG 

957 65 Liu et al. 
(2009) vanA-992R TCGGGAAGTGCAATACCTGC 

van(B) 
vanB-23F TTATCTTCGGCGGTTGCTCG 

994 62 Liu et al. 
(2009) vanB-1016R GCCAATGTAATCAGGCTGTC 

hdc 
CL1 CCWGGWAAWATWGGWAATGGWTA 

500   48 Le jeune et al. 
(1995) JV17HC AGACCATACACCATAACCTT 

ldc 
CAD2-F CAYRTNCCNGGNCAYAA 

1,185 53 De las Rivas et 
al. (2006) CAS2-R GGDATNCCNGGNGGRTA 

odc 
3 GTNTTYAAYGCNGAYAARACNTAYTTYGT 

1,446 52 Marcobal et al. 
(2005) 16 TACRCARAATACTCCNGGNGGRTANGG 

tdc 
TD5 CAAATGGAAGAAGAAGTAGG 

1,100 48 Coton et al. 
(2004) TD2 ACATAGTCAACCATRTTGAA 

ERIC-PCR 
ERIC-1R ATGTAAGCTCCTGGGGATTCAC 

variable 46 Versalovic et 
al. (1991) ERIC-2 AAGTAAGTGACTGGGGTGAGCG 

aK=G or T; R=A or G; W=A or T; Y=C or T; S=C or G; M=A or C; D=A, G, or T; N=A, G, C, or T. 
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2.5. Mucin degradation 

The ability of the 75 Lc. lactis strains to degrade gastric mucin was determined 

according to Zhou et al. (2001). Mucin from porcine stomach type III (Sigma-Aldrich) 

and agar were incorporated into medium B without glucose at concentrations of 0.5 and 

1.5% (w/v), respectively. Briefly, 10 μL of cultures grown in MRS broth without shaking 

was spotted onto the surface of medium B with mucin. The plates were anaerobically 

(AnaeroGen, Oxoid) incubated at 37 ºC for 72 h. After incubation, the plates were stained 

with a mixture of 0.1% (w/v) amido black (Merck KGaA, Darmstadt, Germany) in 

3.5 mol/L acetic acid for 30 min and then washed with 1.2 mol/L acetic acid (Merck 

KGaA). The presence of a discolored zone around the colony was considered as a positive 

result. A fresh fecal slurry of a healthy adult cow was used as positive control. 

2.6. Bile salt deconjugation 

The 75 Lc. lactis strains were evaluated for their ability to deconjugate primary and 

secondary bile salts according to Noriega et al. (2006). Bile salt plates were prepared by 

adding 0.5% (w/v) sodium salts of taurocholate or taurodeoxycholate (Sigma-Aldrich) to 

MRS agar (1.5%, w/v) supplemented with 0.05% (w/v) L-cysteine (Merck KGaA). 

Briefly, 10 μL of cultures grown in MRS broth without shaking was spotted onto agar 

plates and incubated at 37 ºC for 72 h under anaerobic conditions (AnaeroGen, Oxoid). 

The presence of precipitated bile acid around the spotted culture (opaque halo) was 

considered as a positive result. A fresh fecal slurry of a healthy adult cow was used as 

positive control. 

2.7. Hemolysin and gelatinase production 

Hemolysin production by the 75 Lc. lactis strains was determined as previously 

described (Eaton and Gasson, 2001; Muñoz-Atienza et al., 2013). Briefly, cultures grown 

in MRS broth without shaking were streaked on horse blood agar plates (BioMérieux, 

Marcy l’Étoile, France). After plate incubation at 37 ºC for 1 to 2 days, β-hemolysin was 

revealed by the presence of clear zones of hydrolysis around the colonies. Gelatinase 

production was determined as previously described [26, 32]. Briefly, cultures grown in 
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MRS broth were streaked onto Todd-Hewitt (Oxoid) agar plates (1.5%, w/v) containing 

30 g of gelatine per liter. After overnight incubation at 37 ºC, the plates were placed at 

4 ºC for 5 h before examination for the presence of zones of turbidity (protein hydrolysis) 

around the colonies. In both assays, E. faecalis P4 was used as positive control. 

2.8. Enterobacterial repetitive intergenic consensus PCR (ERIC-PCR) 

ERIC-PCR genetic profiling of the 75 Lc. lactis strains was performed using the 

primers ERIC-1R and ERIC-2 (Table II.3) as previously described (Versalovic et al., 

1991). PCR amplifications were performed from total bacterial DNA obtained by using 

the InstaGene Matrix resin in 50 μL reaction mixtures with 5–50 ng of purified DNA, 

0.7 μmol/L of each primer, 3 mmol/L of MgCl2 and 25 μL of MyTaq PCR mix. Samples 

were subjected to an initial cycle of denaturation (95 ºC for 1 min), followed by 35 cycles 

of denaturation (95 ºC for 15 s), annealing (46 ºC for 15 s) and elongation (72 ºC for 10 s), 

ending with a final extension step at 72 ºC for 4 min in a Eppendorf Mastercycler thermal 

cycler. PCR products were analyzed by electrophoresis on 1.5% (w/v) agarose gels tained 

with GelRed at 90 V for 90 min. PCR product visualization and analysis were performed 

as described above. The molecular size marker used was the 1-kb Plus DNA ladder. 

Cluster analyses were performed using the unweighted pair group method with arithmetic 

averages (UPGMA) using the PhoretixTM 1D Advanced software (Nonlinear Dynamics 

Ltd., Newcastle upon Tyne, UK). Lc. lactis BB24 (Cintas et al., 1998), Lc. lactis SMF110 

(Muñoz-Atienza et al., 2011), Lc. lactis CECT539 and Lc. lactis CECT4433 were used as 

controls. 

2.9. Extracellular antimicrobial (bacteriocin) activity assay  

The extracellular antimicrobial activity of cell-free supernatants from cultures of the 

75 Lc. lactis strains grown in MRS broth at 30 ºC for 16 h without shaking was 

determined by an agar well diffusion test (ADT) as previously described by Cintas et al. 

(1995). The strains Pediococcus damnosus CECT4797, Lc. garvieae JIP29-99, Lc. 

garvieae CECT5807, Lc. garvieae CF01144 and Lc. garvieae CF00021 were used as 

indicator microorganisms. Briefly, supernatants were obtained by centrifugation of 

cultures at 10,000×g at 4 ºC for 10 min, adjusted to pH 6.2 with 1 mol/L NaOH, filter-

sterilized through 0.22-μm filters (Millipore Corp., Bedford, MA, USA) and stored at 
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 −20 ºC until use. Fifty-microliter aliquots of supernatants were placed into wells (6-mm-

diameter) cut in cooled MRS agar (0.8%, w/v) plates previously seeded (1 × 105 cfu/mL) 

with the indicator microorganisms. After 2 h at 4 ºC, the plates were incubated under the 

conditions mentioned above to allow growth of the target microorganisms and then 

analyzed for the presence of inhibition zones around the wells. To determine the nature 

and thermostability of the antimicrobial compounds, the supernatants showing 

antimicrobial activity were (1) treated with proteinase K (10 mg/mL) (AppliChem GmbH, 

Germany) at 37 ºC for 2 h and then heated at 100 ºC for 10 min to inactivate the enzyme, 

and (2) heated at 100 ºC for 10 min. After treatments, samples were assayed for residual 

antimicrobial activity by an ADT using P. damnosus CECT4797 and Lc. garvieae 

CF00021 as indicator microorganisms. Non-treated supernatants were used as positive 

controls of antimicrobial activity. 

2.10. Bacteriocin purification and mass spectrometry analysis 

The bacteriocin produced by Lc. lactis subsp. cremoris WA2-67 was purified using a 

modification of the multi-chromatographic procedure described by Cintas et al. (1995). 

Briefly, the cell-free supernatant from an early-stationary-phase (approx., 16 h) one liter 

culture grown in MRS broth at 30 ºC without shaking was subjected to protein 

precipitation with ammonium sulfate (50% [w/v]; Merck). The sample was kept at 4 °C 

with stirring (300 rpm) for 2 h. The pellet and floating materials were mixed and 

solubilized in 100 mL of 20 mM sodium phosphate buffer (NaP) (pH 6.0), and 

subsequently desalted by gel filtration (PD-10 columns; GE Healthcare Life Sciences, 

Barcelona, Spain). The resulting fractions were further subjected to cation-exchange (SP 

Sepharose Fast Flow, GE Healthcare) and hydrophobic-interaction (Octyl-Sepharose CL-

4B, GE Healthcare) chromatographies, followed by reversed-phase chromatography 

(PepRPC HR 5/5) in an ÄKTA purifier fast protein liquid chromatography system (RP-

FPLC) (GE Healthcare). The bacteriocins were eluted from the RP column with a linear 

gradient of 2-propanol (Merck) in aqueous 0.1% (v/v) trifluoroacetic acid (TFA) (Merck) 

at a flow rate of 0.5 mL/min. The antimicrobial activity of the fractions obtained during 

the purification procedure was determined by a microtiter plate assay [34] using Lc. 

garvieae CF00021 as indicator microorganism. Briefly, two-fold serial dilutions of the 

fractions were prepared in microtiter plates. The wells were filled up to 200 µL by the 

addition of 150 µL of a diluted (in MRS broth) fresh overnight culture of the indicator 
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microorganism (ca., 1 × 105 cfu/mL). After incubation at 30 ºC for 16 h, growth inhibition 

of Lc. garvieae CF00021 was measured spectrophotometrically at 620 nm with a 

microtiter plate reader (Labsystems iEMS Reader MF, Labsystems, Helsinki, Finland). 

One bacteriocin unit (BU) was defined as the reciprocal of the highest dilution of 

supernatant or purified bacteriocin causing 50% growth inhibition (50% of the turbidity of 

the control culture without bacteriocin). Fractions displaying a high and specific 

bacteriocin activity were pulled together and rechromatographed on the same reversed-

phase column until chromatographically pure bacteriocin peptides were obtained. These 

peptides were subjected to mass spectrometry analysis in a matrix-assisted laser 

desorption ionization time-of-flight Voyager DE-STR mass spectrometer (MALDI-TOF 

MS) (PerSeptive Biosystems, Foster City, CA, USA) at the Mass Spectrum Service of the 

Centro de Genómica y Proteómica (Parque Científico-UCM, Madrid, Spain). 

2.11. Nucleotide sequencing of the nisin Z gene cluster 

To determine the nucleotide sequence of the NisZ gene cluster of Lc. cremoris WA2-

67, specific primer pairs were synthesized based on the published DNA sequence of the 

NisZ operon described in Lc. lactis N8 (GenBank accession numbers Z18947.1, Z22725.1, 

Z22813.1 and Z29363.1) in order to obtain overlapping PCR products of approximately 

800 bp in length. The PCR products were electrophoresed, visualized and purified, and 

both DNA strands sequenced and analyzed, as described above. 

3. RESULTS 

3.1. Safety assessment of the 75 Lc. lactis strains 

The distribution of MICs of the tested antibiotics is summarized in Table II.4. The 

breakpoints reported by EFSA (2012) were used to classify the 75 lactococci as sensitive 

or resistant to the tested antibiotics. According to our results, a total of 30 (40%) strains 

showed resistance to, at least, one antibiotic, and multiple antibiotic resistance (two to 

four antibiotics) was detected in eight (26.7%) of these strains (Table II.5). In summary, 

15 (20%) out of the Lc. lactis strains were resistant to tetracycline, three (4%) to 

streptomycin, three (4%) to vancomycin, one (1.3%) to gentamicin, two (2.7%) to 
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clindamycin, kanamycin, streptomycin and tetracycline, four (5.3%) to clindamycin, 

kanamycin and streptomycin, and two (2.7%) to kanamycin and streptomycin (Fig. 2.4). 

The 30 lactococcal strains showing phenotypic antibiotic resistance were further 

submitted to PCR to identify the presence of the respective antibiotic resistance genes 

(Fig. 2.4). The genes involved in the horizontal transfer of resistance to lincosamides 

[lin(A) and lin(B)], kanamycin [aph(3′)-IIIa], streptomycin [aad(E)] and vancomycin 

[van(A) and van(B)] were not detected. However, from the 17 strains resistant to 

tetracycline, 15 (88.2%) harbored the following resistance genes: tet(K) (two strains, 

11.8%), tet(O) (one strain, 5.9%), tet(O)-tet(T) (one strain, 5.9%), tet(K)-tet(O)-tet(T) (10 

strains, 58.8%) and tet(K)-tet(L)-tet(O)-tet(T) (one strain, 5.9%). On the other hand, the 

results concerning biogenic amine production are shown in Table II.5. It is worth 

mentioning that 17 (22.7%) strains produced, at least, one of the tested biogenic amines. 

With regard to this, 7 (9.3%) strains produced tyramine, six (8%) cadaverine and three 

(4%) histamine, and one (1.3%) strain produced cadaverine and putrescine; however, the 

respective genes tdc, ldc, hdc and odc were absent in all these strains (results not shown). 

None of the 75 lactococcal strains produced hemolysin or gelatinase, degraded gastric 

mucin or deconjugated primary and secondary bile salts. Altogether, our results allowed 

the selection of 34 (45.3%) putatively safe lactococci out of the 75 potential probiotic Lc. 

lactis strains (Fig. 2.5). 

Table II.4. MICs distribution of 10 antibiotics for the 75 Lc. lactis strains. 

Antibiotics 
Number of strains with the indicated MIC (mg/L)a EFSA 

breakpoints 
(mg/L)b 0.06 0.12 0.25 0.5 1 2 4 8 16 32 64 128 256 512 

Ampicillin 1  25 37 12          2 
Vancomycin   68  4      3    4 
Gentamicin     46  10 13 5    1  32 
Kanamycin      26 1 21 15 2 2 8   64 

Streptomycin      1  7 33 23 11    32 
Erythromycin 63  1 1 10          1 
Clindamycin  62  3 4 6         1 
Tetracycline   53  1 3  1   17    4 

Quinupristin+dalfopristin  1  1 37 32 4        4 
Chloramphenicol    6  65 4        8 

aShaded areas show the range of dilutions tested for each antibiotic. MICs which exceeded the upper or lower limit of the 
tested range are listed in the next dilution series. MICs higher than the EFSA breakpoints are indicated in bold. bStrains with 
MICs higher than the EFSA breakpoints are considered as resistant. 
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Table II.5. Safety assessment of the 75 Lc. lactis strainsa. 

 
aGelatinase and hemolysin production, and mucin degradation was not detected in any of the Lc. 
lactis strains. bAmino acid descarboxylase enzymes: HDC, histidine decarboxylase; LDC, lysine 
decarboxylase; ODC, ornithine decarboxylase; TDC, tyrosine decarboxylase. cAntibiotics: CLIN, 
clindamycin; GEN, gentamicin; KAN, kanamycin; STR, streptomycin; TET, tetracycline; VAN, 
vancomycin. 

Strain ID 
Biogenic aminesb  Antibiotic resistancec 

Phenotype Genotype  Phenotype Genotype 
F1-1 - -  CLIN-KAN-STR - 
F1-2 - -  - - 
F1-3 TDC -  - - 
F1-4 - -  CLIN-KAN-STR - 
F1-5 - -  - - 
F1-6 - -  - - 

EF1-7 - -  - - 
EF1-8 - -  STR - 
EF1-9 LDC -  - - 
EF1-10 TDC -  - - 
EF1-11 TDC -  CLIN-KAN-STR - 
EF1-12 TDC -  - - 
WF1-13 - -  KAN-STR - 
WF1-14 TDC -  - - 
WF1-15 - -  KAN-STR - 
WF1-16 - -  - - 
WF1-17 LDC -  - - 
WF1-18 - -  - - 
EF2-19 HDC -  - - 
EF2-20 - -  - - 
EF2-21 LDC-ODC -  VAN - 
EF2-22 LDC -  - - 
EF2-23 - -  VAN - 
EF2-24 HDC -  VAN - 
WF2-25 - -  - - 
WF2-26 - -  - - 
WF2-27 - -  - - 
WF2-28 - -  - - 
WF2-29 - -  - - 
WF2-30 - -  - - 

J1-31 - -  - - 
J1-32 - -  - - 
J1-33 TDC -  - - 
J1-34 - -  - - 
J1-35 - -  - - 
J1-36 - -  - - 

WJ1-37 - -  - - 
WJ1-38 HDC -  CLIN-KAN-STR-TET tet(K)+tet(O)+tet(T) 
WJ1-39 - -  - - 
WJ1-40 - -  TET tet(O) 
WJ1-41 - -  TET tet(K)+tet(O)+tet(T) 
WJ1-42 - -  TET tet(K)+tet(O)+tet(T) 
EJ1-43 - -  TET tet(K)+tet(O)+tet(T) 
EJ1-44 - -  TET tet(K)+tet(O)+tet(T) 
EJ1-45 - -  TET - 
EJ1-46 - -  TET tet(K)+tet(O)+tet(T) 
EJ1-47 - -  - - 
EJ1-48 - -  - - 
J2-49 - -  - - 
J2-50 LDC -  - - 

EJ2-51 - -  - - 
EJ2-52 - -  - - 
EA1-53 - -  TET tet(K)+tet(L)+tet(O)+tet(T) 
EA1-54 TDC -  TET tet(K)+tet(O)+tet(T) 
EA1-55 - -  - - 
A2-56 LDC -  - - 
A2-57 - -  - - 
A2-58 - -  TET tet(K) 
A2-59 - -  TET tet(K)+tet(O)+tet(T) 
A2-60 - -  TET tet(K)+tet(O)+tet(T) 
A2-61 - -  GEN - 
A2-62 - -  CLIN-KAN-STR - 
A2-63 - -  TET tet(K)+tet(O)+tet(T) 
A2-64 - -  - - 

WA2-65 - -  - - 
WA2-66 - -  TET tet(O)+tet(T) 
WA2-67 - -  - - 
WA2-68 - -  TET tet(K) 
WA2-69 - -  - - 
EA2-70 LDC -  CLIN-KAN-STR-TET - 
EA2-71 - -  - - 
EA2-72 - -  - - 
EA2-73 - -  - - 
EA2-74 - -  STR - 
EA2-75 - -  STR - 
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Figure 2.4. Antibiotic (multi)resistance phenotypesa and genotypesb amongst the 75 Lc. lactis strains. 
Asterisks refer to the respective antibiotic resistance genes. CLIN, clindamycin; GEN, gentamicin; KAN, 
kanamycin; STR, streptomycin; TET, tetracycline; VAN, vancomycin. 
 

 
Figure 2.5. Distribution by safety assessment and growth stage of the 75 Lc. lactis strains (larvae [L]: 5 
days post-hatching [DPH]; fries [F]: 30 DPH [F1] and 90 DPH [F2]; juveniles [J]: 240 DPH [J1] and 300 DPH 
[J2], and adults [A]: 450 DPH [A1] and 540 DPH [A2]). 
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3.2. Genetic profiling of the 75 Lc. lactis strains 

ERIC-PCR fingerprinting of the 75 Lc. lactis strains revealed three well-defined and 

highly divergent groups (G1, G2 and G3; 31.0% similarity) including strains isolated 

mostly from the following growth stages: G1 (36 strains), early fry stage; G2 (28 strains), 

late fry and juvenile stages; and G3 (11 strains), adult stage (Fig. 2.6). Furthermore, the 75 

lactococcal strains were clustered in 15 well-defined subgroups (SG1.1 to SG1.7; SG2.1 

to SG2.6 and SG3.1 to SG3.2) with similarity coefficients above 70% (Fig. 2.6). 

3.3. Extracellular antimicrobial (bacteriocin) activity of the 75 Lc. lactis strains 

From the 75 Lc. lactis strains isolated from aquacultured rainbow trout and rearing 

environment showing direct antimicrobial activity, only nine (12%) strains displayed 

extracellular antimicrobial activity in their supernatants against P. damnosus CECT4797, 

and five (6.7%) strains were active against the four tested strains of Lc. garvieae (Table 

II.6). The extracellular antimicrobial activity exerted by all these strains withstood heating 

but disappeared, partially or completely, after proteinase K treatment, indicating the 

involvement of heat-stable proteinaceous compounds (i.e., bacteriocins). Interestingly, 

from these nine bacteriocinogenic strains, only three, namely Lc. cremoris J1-36, Lc. 

cremoris EA1-55 and Lc. cremoris WA2-67, were considered as putatively safe, being the 

latter the one displaying the strongest antimicrobial activity against Lc. garvieae. 
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Figure 2.6. Dendrogram and ERIC-PCR banding patterns of 
the 75 Lc. lactis strains. The dendrogram was constructed using 
the Unweighted Pair Group Method (UPGMA) using arithmetic 
averages with correlation levels expressed as percentage values of 
the Dice correlation coefficient. 
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Table II.6. Extracellular (bacteriocin) antimicrobial activity of the 75 Lc. lactis strainsa. 

Strainb Origin 

Indicator microorganisms 

P. damnosus 
CECT4797  Lc. garvieae  

CF00021  Lc. garvieae  
CF01144  Lc. garvieae 

 JIP29-99  Lc. garvieae 
CECT5807 

SN SN-H SN-
PK  SN SN-H SN-

PK  SN SN-H SN-
PK  SN SN-H SN-

PK  SN SN-H SN-
PK 

F1-4 Fish intestine 8.9 8.8 -  - - -  - ND ND  - ND ND  - ND ND 

EF1-10 Tank vegetation 12.8 12.7 9.9  11 10.8 7.4  11.2 ND ND  9.5 ND ND  11.2 ND ND 

EF1-11 Tank vegetation 12.4 12.2 9.9  10.6 10.1 -  10.8 ND ND  9.4 ND ND  10.5 ND ND 

EF1-12 Tank vegetation 11.9 11.7 9.8  10.8 10.8 7.1  10.1 ND ND  8.9 ND ND  10.3 ND ND 

WF1-14 Tank water 7.2 7.1 -  - - -  - ND ND  - ND ND  - ND ND 

J1-36 Fish intestine 15.4 15.3 11  11.1 11 9.6  11.3 ND ND  10.7 ND ND  11 ND ND 

EA1-55 Tank vegetation 7.9 7.8 -  - - -  - ND ND  - ND ND  - ND ND 

A2-59 Fish intestine 7.8 7.6 -  - - -  - ND ND  - ND ND  - ND ND 

WA2-67 Tank water 24.7 24.7 20.6  16.2 16.2 13.8  16.1 ND ND  14.5 ND ND  16.2 ND ND 
a Antimicrobial activity (mm) of supernatants (SN), supernatants subjected to heat treatment (SN-H) and supernatants subjected 
to proteinase K treatment (SN-PK) as determined by an ADT. b Lactococcal strains that did not show extracellular antimicrobial 
activity against any of the tested indicator microorganisms are not shown. ND, not determined. 

3.4. Purification of the bacteriocin produced by Lc. cremoris WA2-67 

The RP-FPLC resulted in a major well-separated absorbance peak with activity 

against Lc. garvieae, which eluted at 17% (v/v) 2-propanol in aqueous 0.1% (v/v) 

trifluoroacetic acid (Fig. 2.7).  

 
Figure 2.7. Reverse-phase chromatography of the bacteriocin secreted by Lc. cremoris 
WA2-67. The black arrow indicates the peak showing bacteriocin activity against Lc. 
garvieae CF00021. 
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This fraction showed a recovery of 179% of the bacteriocin activity originally present 

in the culture supernatant, and a 71,300-fold increase in the specific antimicrobial activity 

(Table II.7). The purity and molecular mass of the bacteriocin was confirmed by MALDI-

TOF MS, which revealed a major peptide with a molecular mass of 3,330.75 Da, which is 

identical to that reported for NisZ (Mulders et al., 1991), as well as a second peptide peak 

with a molecular mass of 3,362.98 Da (Fig. 2.8). 

Table II.7. Purification of nisin Z produced by Lc. cremoris WA2-67. 

aAbsorbance at 254 nm (A254) multiplied by the volume in milliliters.  bAntimicrobial activity in bacteriocin units per milliliter 
(BU/mL), as determined by an MPA, multiplied by the total volume in milliliters.  cSpecific antimicrobial activity expressed as 
the total antimicrobial activity (BU) divided by the total A254.  dSpecific antimicrobial activity of a fraction (BU/A254) divided 
by the specific antimicrobial activity of the culture supernatant (BU/A254). eYield expressed as the total antimicrobial activity 
of a fraction (BU) multiplied by 100 and divided by the total activity of the culture supernatant (BU). 

 

 
Figure 2.8. Mass spectrometry analysis of purified nisin Z from Lc. cremoris WA2-67. 
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(ml) 
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a 
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Specific 
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Increase in specific 
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Culture supernatant 1,000   22,600 1,900 85 1 100 

Ammonium sulfate precipitation     100 1,300 196,600 147,200 1,700 10,347 

Gel filtration chromatography     156    780 9,600 12,200 144 505 

Cation-exchange chromatography       50      18 12,300 686,500 8,100 647 

Hydrophobic-interaction 
chromatography     15           0.8 3,700 4,388,600 51,600 195 

Reversed-phase chromatography (FPLC)            1.5           0.6 3,400 6,060,600 71,300 179 
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3.5. Genetic organization of the nisin Z gene cluster in Lc. cremoris WA2-67 

Blast analysis of the sequence of 13,325 contiguous nucleotides of the NisZ gene 

cluster of Lc. cremoris WA2-67 revealed a high similarity (99.5%) to that described in Lc. 

lactis N8, and included 11 genes grouped in three operons, namely, nisZBTCIP, encoding 

the bacteriocin structural gene (nisZ), the posttranslational modification genes (nisB and 

nisC), the transport gene (nisT), the leader cleavage gene (nisP) and the immunity gene 

(self-protection; nisI), nisRK, encoding the regulation genes (nisR and nisK), and nisFEG, 

encoding an ABC transporter-homologous system also involved in immunity against 

NisZ. Only 67 nucleotide differences were found in the NisZ gene cluster of both 

lactococcal strains, and, interestingly, none of them is located in nisZ. 

4. DISCUSSION 

In this work, the safety, genetic relatedness and extracellular antimicrobial 

(bacteriocin) activity of 75 potential probiotic Lc. lactis strains with direct antimicrobial 

activity against the main gram-positive and gram-negative fish pathogens isolated from 

aquacultured rainbow trout and rearing environment (tank vegetation [algae] and tank 

water) along the whole fish life cycle (from larvae to adult trout) (Araújo et al., 2014) 

have been evaluated to select the most suitable strain to be used as probiotic for rainbow 

trout farming. According to the Food and Agriculture Organization and the World Health 

Organization (FAO/WHO, 2006), the development of commercial probiotics requires their 

unequivocal taxonomic identification, as well as their in vitro and in vivo functional 

characterization and safety assessment. With regard to this, we previously reported a 

large-scale safety assessment procedure beyond the QPS status, including several 

microbiological, biochemical and genetic assays, which turned out to be very effective to 

identify strains unsafe not only for the aquatic hosts and their surrounding environment 

but also for humans (Muñoz-Atienza et al., 2013). According to EFSA (2011), the species 

Lc. lactis is considered as QPS, and therefore, demonstration of their safety only requires 

confirmation of the absence of genes encoding resistance to antibiotics of clinical 

significance in human and veterinary medicine. However, in our work we found that 41 

(54.7%) out of the 75 Lc. lactis strains pose safety concerns related not only to acquired 

antibiotic (multi)resistance but also to biogenic amine production. The indiscriminate use 

of antibiotics in fish farming has prompted the emergence and spread of antibiotic 
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resistances (Cabello, 2006; Toranzo et al., 2009). The genetic determinants encoding 

antibiotic resistance may be acquired by Lc. lactis and other LAB, which may then 

horizontally transfer these determinants to other bacteria including animal and human 

pathogens (Flórez et al., 2008; Liu et al., 2009; Walther et al., 2008). Our results revealed 

a high incidence (40%) of Lc. lactis strains showing acquired (multi)resistance to 

tetracycline, streptomycin, kanamycin clindamycin, vancomycin and gentamicin. The 

resistance to tetracycline has been previously found in Lc. lactis from bovine milk and 

derived products, and it has been associated with the common use of this antibiotic for the 

treatment of bovine infections (Flórez et al., 2007; Perreten et al., 1997). The phenotypic 

resistance to clindamycin was previously described in three strains of Lc. lactis isolated 

from raw milk (Walther et al., 2008). Similarly, phenotypic resistance to vancomycin has 

been previously reported for one strain of Lc. lactis from raw milk, but the genetic 

determinant van(A) was not found (Perin et al., 2014). Interestingly, two different strains 

reported as phenotypically susceptible to vancomycin harbored the genetic determinant 

van(A) (Perin et al., 2014). The resistance to low levels of aminoglycosides is intrinsic for 

LAB due to the absence of cytochrome-mediated electron transport in this bacterial group 

(Hummel et al., 2007). In our study, we found several Lc. lactis strains with MICs for 

gentamicin, kanamycin and streptomycin higher than the breakpoints proposed by EFSA 

(2012). Similar results were found by Walther et al. [40], who reported 41 Lc. lactis 

strains from raw milk with high MIC values (≤1000 µg/mL) for kanamycin. Moreover, 

Hummel et al. (2007) and Toomey et al. (2010) described the presence of six 

streptomycin-resistant Lc. lactis strains used as starters for cheese production and seven 

streptomycin-resistant Lc. lactis strains from Irish pork and beef abattoirs, respectively, 

but the genetic determinants codifying this resistance phenotype were not found. Despite 

the high incidence of acquired antibiotic resistance in the 75 lactococci (30 strains, 40%), 

resistance genes were only found in 15 (20%) strains, namely those encoding resistance to 

tetracycline: tet(L), tet(K), tet(O) and/or tet(T). The presence of tet(L) in Lc. lactis has 

been previously described in two strains from dairy products and animal environments 

from Poland, which also harbored tet(S) and tet(M) (Flórez et al., 2007). Although tet(M) 

is commonly found in Lc. lactis strains from dairy products (Devirgiliis et al., 2010; 

Flórez et al., 2008; Toomey et al., 2010), we did not find this gene in any of the lactococci 

showing resistance to tetracycline. Other antibiotic resistance genes have been described 

in Lc. lactis, most of them included in the plasmid pK214 found in the strain Lc. lactis 

K214 isolated from raw milk soft cheese (Perreten et al., 1997). These genetic 
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determinants are cat, str and mdt(A) and erm(T), conferring resistance to 

chloramphenicol, streptomycin and macrolides, respectively (Perreten et al., 1997). 

Moreover, Devirgiliis et al. (2010) reported the presence of erm(B) (conferring resistance 

to erythromycin) in 17 strains of Lc. lactis isolated from raw milk cheese, and Liu et al. 

[9] found dfr(A) (conferring resistance to trimethoprim) in one Lc. lactis strain isolated 

from fermented milk. It should be noted that, to our knowledge, our study describes for 

the first time the presence of tet(K), tet(O) and tet(T) in the species Lc. lactis. The use of 

antibiotics in aquaculture may disturb the homeostasis of gut microecology and 

physiology leading to vulnerability of fish to infections (Kim and Austin, 2008). In this 

respect, it has been suggested that antibiotic resistance may be considered advantageous 

for probiotic strains administered together with antibiotics, since it would contribute to the 

establishment of these beneficial microorganisms in the intestine for prolonged periods; 

however, this practice would require to taxatively demonstrate the absence of genes 

encoding antibiotic resistance (Kim and Austin, 2008). According to the precautionary 

principle, the 15 Lc. lactis strains showing acquired antibiotic resistance were not 

considered as safe despite they were presumably not harboring the respective resistance 

genes. 

On the other hand, several biogenic amines are associated with toxic effects in 

humans (Buňková et al., 2009). In this respect, a regulation for the presence of histamine 

is already in force in the fish industry in the European Union (EC, 2005). In this work, we 

found that 17 (22.7%) Lc. lactis strains produced, at least, one biogenic amine 

(cadaverine, histamine, putrescine and/or tyramine), including six strains showing 

acquired antibiotic resistance. Tyramine production and/or presence of tdc have been 

previously described for Lc. lactis strains of dairy origin, including strains used as starter 

cultures (Arias et al., 2013; Buňková et al., 2009; de Llano et al., 1998; Perin et al., 2014; 

Santos et al., 2003). Coproduction of biogenic amines, such as cadaverine–histamine–

putrescine–tyramine, has also been described in Lc. lactis strains from dairy origin (Arias 

et al., 2013). Interestingly, the 17 phenotypically biogenic-amine-producing strains found 

in this work did not harbor any of the respective biogenic amine genetic determinants, 

which may be due to point mutations of the respective genes which would hinder their 

PCR amplification or to the existence of still unknown genes. Excessive deconjugation of 

bile salts may be unfavorable in animal production since unconjugated bile acids are less 

efficient than their conjugated counterparts in the emulsification of dietary lipids (Begley 
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et al., 2005). Moreover, large amounts of deconjugated bile salts and/or the secondary bile 

acids resulting from their subsequent modification (dehydroxylation) may exert harmful 

effects for the human host (e.g., impairment of fatty acid and monoglyceride digestion, 

DNA damage, colon cancer promotion or alteration of the colon mucosal function leading 

to diarrhea or inflammation) (Begley et al., 2005). Similarly, excessive degradation of 

mucin may be harmful for the fish as it may facilitate the translocation of bacteria to the 

extraintestinal tissues (Ruseler-van Embden et al., 1995). In this respect, it is worthy to 

note that none of the 75 Lc. lactis strains deconjugated bile salts or exhibited mucinolytic 

activity, the latter indicating their low toxigenic and invasive potential at the mucosal 

barrier. This is in agreement with a previous study carried out with 99 LAB strains from 

the genera Enterococcus, Lactobacillus, Lactococcus, Leuconostoc, Pediococcus and 

Weissella isolated from aquatic animals regarded as human food [26]. Similarly, previous 

studies found that LAB do not degrade mucin in vitro (Muñoz-Atienza et al., 2013; Zhou 

et al., 2001). To date, bile salt deconjugation and mucinolytic activity have not been 

described in Lc. lactis. None of the lactococcal strains showed gelatinase or hemolysin 

production. With regard to this, it is worthy to note that the complete genome sequences 

of Lc. lactis subsp. lactis IL1403 and Lc. cremoris SK11 contain genes encoding 

hemolysin-like proteins (GenBank accession numbers NP_266653.1 and YP_808539.1, 

respectively); nevertheless, these strains have not been shown to be virulent. Similarly, 

Perin et al. (2014) reported the presence of six Lc. lactis strains harboring the gene gelE 

encoding gelatinase activity, although phenotypic production of gelatinase was not 

observed. 

Pulsed-field gel electrophoresis has proven to be a valuable tool for genetic typing of 

lactococcal strains (Kelly et al., 2010; Passerini et al., 2010); however, it is an arduous 

and expensive technique with the limitation that only few samples can be simultaneously 

evaluated (Ventura and Zink, 2002). On the other hand, PCR fingerprinting methods such 

as Repetitive Sequence Based PCR (rep-PCR) and ERIC-PCR are more useful due to their 

rapid and easy performance and the possibility to analyze many samples at the same time 

(Ventura and Zink, 2002). ERIC-PCR has been used before to study the genetic variability 

of Lc. lactis and Lc. garvieae (Khemariya et al., 2014; Ture et al., 2015). In our work, 

ERIC-PCR fingerprinting revealed three well-defined and highly divergent groups within 

the 75 Lc. lactis strains, where G1 and G3 are the most phylogenetically distant and, 

interestingly, correspond to strains from the early fry and adult stages, respectively. The 
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three groups display similar percentages of safe lactococcal strains: G1 (50%), G2 

(39.3%) and G3 (45.5%). Interestingly, from the nine Lc. lactis strains identified as 

bacteriocinogenic, most of them (6) were grouped in G1, while three belonged to G2. 

Only three out of the nine bacteriocinogenic strains, included in three different subgroups 

(Lc. cremoris J1-36 in SG1.1, Lc. cremoris EA1-55 in SG2.2 and Lc. cremoris WA2-67 in 

SG2.5) were considered as putatively safe. To our knowledge, this is the first description 

of the application of ERIC-PCR for the genetic profiling of Lc. lactis strains from aquatic 

origin. 

Several studies suggest that production of bacteriocins and organic acids (mainly 

lactic acid) are the main weapons of probiotic LAB of fish and aquatic origin to fight 

against pathogens of relevance for aquaculture (Desriac et al., 2010; Gillor et al., 2008), 

similarly as reported for human and farm animals probiotic LAB (Corr et al., 2007; Gillor 

et al., 2008). With regard to this, from the 75 lactococci analyzed in this study, only nine 

(12%) strains were identified as bacteriocin producers. From them, five (6.7%) strains 

displayed a broad antimicrobial spectrum against Lc. garvieae. The bacteriocinogenic 

strain Lc. cremoris WA2-67, a putatively safe strain isolated from adult rainbow trout tank 

water (Araújo et al., 2014), displaying a strong antimicrobial activity against Lc. garvieae 

was selected for biochemical and genetic characterization of its bacteriocin. MALDI-TOF 

MS analysis of the purified bacteriocin produced by Lc. cremoris WA2-67 (Fig. 2.8) 

showed a major peptide with the same molecular mass as NisZ (3,330.75 Da) (Mulders et 

al., 1991). Moreover, a second peptide with a molecular mass of 3,362.98 Da was 

identified, which likely resulted from spontaneous oxidation of one or two thioether 

bridges or oxidation of one or both of the methionine residues of NisZ (Met17 and/or 

Met21), giving rise to a methionine sulfone (MetSO2) or two methionine sulfoxides 

(MetSO), which in both cases would result in 32 additional Da. In this respect, it has been 

reported that Met in bacteriocins become spontaneously oxidized, especially during their 

purification to homogeneity, leading to a loss or reduction in their antimicrobial activity 

(Basanta et al., 2010; Cintas et al., 2000). Moreover, the oxidation of thioether bridges 

and methionine residues has been described as a common modification of heat-treated or 

stored NisA and NisZ (Schneider et al., 2011). Interestingly, the bacteriocin activity 

quantified in the last RP-FPLC fraction represented a 179% of the antimicrobial activity 

found in the culture supernatant and a 71,300-fold increase in the specific antimicrobial 

activity, which suggests that the oxidation events cited above may take place during the 
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subsequent treatment of the purified bacteriocin for MALDI-TOF MS analysis. Genetic 

analyses confirmed production of NisZ by Lc. cremoris WA2-67 and revealed that the 

bacteriocin gene cluster organization, containing 11 genes grouped in three operons 

(nisZBTCIP, nisRK and nisFEG), is identical to that of Lc. lactis N8 (Immonen et al., 

1995). Downstream the NisZ gene cluster of Lc. cremoris WA2-67, two transposases 

showing homology with the lactococcal insertion sequence IS981 (Siegers and Entian, 

1995) were identified, which together with the sucrose operon constitutes a large nisin-

sucrose conjugative transposon (Tn5276) (Rauch and De Vos, 1992). NisZ-producing Lc. 

lactis strains are highly widespread in nature and have been isolated from several sources, 

including the intestine of the marine fish olive flounder (Paralichthys olivaceus) (Heo et 

al., 2012), fermented foods such as cheese (Alegría et al., 2010), dahi (homemade 

fermented milk) (Mitra et al., 2007), kimchi (Korean fermented vegetables) (Park et al., 

2003), nham (traditional Thai fermented sausage) (Noonpakdee et al., 2003), boza (cereal-

based fermented beverage) (Koral and Tuncer, 2012), rice noodles (Swetwiwathana et al., 

2009), bean sprouts (Cai et al., 1997) and human stools (Millette et al., 2008). Among the 

other known nisin variants, nisin F is the only one produced by a Lc. lactis strain of fish 

origin, namely freshwater catfish (Clarias gariepinus) (de Kwaadsteniet et al., 2008). 

5. CONCLUSIONS 

To our knowledge, this is the first time that a NisZ-producing Lc. lactis strain is 

isolated from an aquatic environment, more precisely tank water of farmed rainbow trout 

at the adult stage. The broad antimicrobial spectrum exerted by Lc. cremoris WA2-67 

against Lc. garvieae and other fish pathogens, together with its lack of safety concerns, 

allows considering this bacteriocinogenic strain as a promising candidate to be used as 

probiotic for rainbow trout farming as an alternative or complementary strategy to 

antibiotics and vaccines for disease prevention. Experiments are currently in progress to 

demonstrate in vivo the safety of this bacteriocinogenic strain and its effectiveness to 

control lactococcosis in rainbow trout farming, which may be of relevance not only for 

fish health and production but also for improving the quality and safety of fish and fish 

products. 
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ABSTRACT 

The use of Lactic acid bacteria (LAB) as probiotics constitutes an alternative or 

complementary strategy to chemotherapy and vaccination for disease control in aquaculture. 

The objectives of this work were (i) the in vitro safety assessment of eight Pediococcus 

acidilactici strains isolated from rainbow trout feed and larvae; (ii) the evaluation of their 

genetic relatedness; (iii) the study of their antimicrobial/bacteriocin activity against fish 

pathogens, and (iv) the biochemical and genetic characterization of the bacteriocin produced 

by the most interesting strain to be used as probiotic in aquaculture. Concerning the safety 

assessment, none of the pediococci showed antibiotic resistance nor produced hemolysin or 

gelatinase, degraded gastric mucin or deconjugated bile salts. Four strains (50%) produced 

tyramine or putrescine, but did not amplified the corresponding genes. ERIC-PCR 

fingerprinting allowed clustering the pediococci in two well-defined groups (68.0% 

similarity). From the eight pediococci displaying direct antimicrobial activity against, at least, 

three out of nine fish pathogens, six strains (75%) were identified as bacteriocin producers. 

The bacteriocin produced by P. acidilactici L-14 was purified, and mass spectrometry and 

DNA sequencing revealed its identity to pediocin PA-1 (PedPA-1). Altogether, our results 

allowed the identification of four (50%) putatively safe pediococci, including two 

bacteriocinogenic strains. ERIC-PCR fingerprinting was shown for the first time as a valuable 

tool for genetic profiling of P. acidilactici strains from aquatic origin. A PedPA-1-producing 

P. acidilactici strain, showing interesting properties for being used as probiotic in 

aquaculture, has been isolated for the first time from an aquatic environment. 
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1. INTRODUCTION 

One of the major challenges for the modern aquaculture is fish mortality, mainly at the 

larval stage, attributed to opportunistic and pathogenic bacteria and resulting in important 

economic losses (Pérez-Sánchez et al., 2014; Villamil et al., 2010). Several approaches have 

been used to prevent and/or treat bacterial diseases, including (i) effective management of 

stock, soil, water, nutrition and environment; (ii) sanitary prophylaxis; (iii) water disinfection, 

(iv) vaccination, and (v) chemotherapy (mainly the use of antibiotics) (Ringø et al., 2010). 

However, the use of antibiotics is expensive and may induce resistances in the bacterial 

pathogens through mutations of indigenous genes and/or acquisition of antibiotic resistance 

genes by mobile genetic elements (Panigrahi and Azad, 2007; Ringø et al., 2010). Despite the 

fact that vaccination seems to constitute the ideal control method, effective commercial 

vaccines against some fish pathogens are not available yet and vaccines cannot prevent 

disease outbreaks in immunologically immature individuals (Subasinghe et al., 2009; Toranzo 

et al., 2009). In addition, vaccination is laborious, costly, and highly stressful to the animals, 

retarding their growth (EFSA, 2008; Gillor et al., 2008). 

A suitable alternative for disease control is the use of probiotics, which do not induce the 

adverse effects of antibiotics and other chemotherapeutic agents (Nayak, 2010). In 

aquaculture, probiotics are considered as live beneficial microbial adjuncts that modify the 

host-associated or ambient microbial community, improve feed use or its nutritional value, 

enhance the host response to diseases, and/or improve the physico-chemical and 

microbiological quality of the surrounding environment (Cross, 2002; Verschuere et al., 

2000). Lactic acid bacteria (LAB) are the bacterial group most commonly proposed as 

probiotics in aquaculture (Gatesoupe, 2008; Pérez-Sánchez et al., 2011; Verschuere et al., 

2000); nevertheless, to date, only Pediococcus acidilactici CNCM MA18/5 M (Bactocell®) 

has been legally authorized for this purpose in the European Union [Commission Regulation 

(EC) No. 911/2009 and Commission Implementing Regulation (EU) No. 95/2013]. Most 

LAB are considered as non-pathogenic and non-opportunistic microorganisms and awarded 

the Qualified Presumption of Safety (QPS) status granted by the European Food Safety 

Authority (EFSA) in Europe (Gaggìa et al., 2010; Liu et al., 2009). The genus Pediococcus is 

one of the best characterized LAB groups, and pediococci have been isolated from ripened 

cheese, processed meat, plant materials and fish (Araújo et al., 2015; Cai et al., 1999; 

Todorov and Dicks, 2009) and are used as starter cultures for the production of fermented 
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foods (Lee et al., 2014). Furthermore, some pediococci produce ribosomally-synthesized 

antimicrobial peptides referred to as bacteriocins (pediocins), being pediocin PA-1/AcH 

(PedPA-1) the most thoroughly characterized (Papagianni and Anastasiadou, 2009). 

Bacteriocins may be classified into three main classes: (i) the lantibiotics, or post-

translationally modified peptides; (ii) the small (< 10 kDa) non-modified, heat stable peptides; 

and (iii) the large, heat-labile protein bacteriocins (Eijsink et al., 2002; Nes et al., 1996; Nes 

and Holo, 2000). Class II bacteriocins have been further subdivided into five subclasses: the 

subclass IIa (normally referred to as pediocin-like bacteriocins since PedPA-1 was the first 

characterized member of this subclass), with strong anti-listerial effect and a consensus motif 

(YGNGVXC) at their N-terminal end; the subclass IIb (two-peptide bacteriocins); the 

subclass IIc (leaderless bacteriocins); the subclass IId (circular bacteriocins), and the subclass 

IIe (other peptide-bacteriocins) (Drider et al., 2006; Franz et al., 2007; Garneau et al., 2002; 

Nes et al., 2007). PedPA-1 was firstly identified in P. acidilactici PAC1.0 (Marugg et al., 

1992), and is the subclass IIa bacteriocin most effective against spoilage and food-borne 

pathogens (Devi and Halami, 2011). 

The objectives of this work were (i) the in vitro safety assessment of eight P. acidilactici 

strains isolated from rainbow trout (Oncorhynchus mykiss, Walbaum) feed and larvae using a 

previously described subtractive screening method (Muñoz-Atienza et al., 2013) more 

exhaustive than that established by EFSA to assess the safety of LAB awarded with the QPS 

status intended for use in food/feed and the production of food/feed additives (EFSA, 2007; 

2011); (ii) the evaluation of their genetic relatedness; (iii) the study of their 

antimicrobial/bacteriocin activity against fish pathogens, and (iv) the biochemical and genetic 

characterization of the bacteriocin produced by the strain showing the most interesting 

properties for being used as probiotic in aquaculture. 

2. MATERIALS AND METHODS 

2.1. Sampling procedure and LAB isolation 

Samples of rainbow trout feed and larvae were obtained from a rainbow trout farm 

located in the south of Spain. LAB were isolated from commercial rainbow trout feed (a pool 

of 3 different samples), which was 10-fold diluted in sterile peptone water (Oxoid, Ltd., 

Basingstoke, United Kingdom), and homogenized in a Stomacher. Then, the sample was 
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pour-plated (three plates per dilution) in de Man, Rogosa and Sharpe (MRS, Oxoid, Ltd., 

Basingstoke, United Kingdom) agar (1.5% w/v) and incubated at 15 ºC in microaerobiosis 

(plate overlying with an agar medium layer) for three to seven days.  

2.2. Bacterial strains and growth conditions 

The strain P. acidilactici L-14 was previously isolated from aquacultured rainbow trout 

larvae by Araújo et al. (2015). P. acidilactici L-14, the strains isolated from aquacultured 

rainbow trout feed, the Gram-positive fish pathogens (Lactococcus garvieae JIP29-99, Lc. 

garvieae CECT5807, Lc. garvieae CF01144, Lc. garvieae CF00021 and Carnobacterium 

maltaromaticum LMG14716), and the indicator microorganism Pediococcus damnosus 

CECT4797 were aerobically grown in MRS at 30 ºC. Streptococcus iniae LMG14521 was 

aerobically grown in Brain Heart Infusion (BHI) broth (Oxoid) at 37 ºC. The Gram-negative 

fish pathogens Yersinia ruckeri LMG3279 and Aeromonas salmonicida LMG3776 were 

aerobically grown in Tryptone Soya Broth (TSB; Oxoid) at 28 ºC, while Vibrio campbellii 

LMG21363 was aerobically grown in TSB supplemented with NaCl (1% w/v; Panreac 

Química S.A.U, Barcelona, Spain) at 28 ºC. Listeria monocytogenes CECT4032 and Listeria 

innocua CECT910 were cultured in Brain Heart Infusion (BHI, Oxoid) at 30 ºC. 

2.3. Direct antimicrobial activity assays 

A total of 26 LAB isolates recovered from rainbow trout feeds and the strain P. 

acidilactici L-14 were assayed for antimicrobial activity against the nine fish pathogens cited 

above by a stab-on-agar test (SOAT) as previously described by Cintas et al. (1995). Briefly, 

each strain was stabbed onto MRS agar and incubated at 30 ºC for 5 h, and then 40 mL of the 

corresponding soft agar (0.8% w/v) medium containing about 1 × 105 cfu/mL of the pathogen 

was poured onto the plates. After incubation at 28–37 ºC for 16–24 h, depending on the 

optimum growth conditions for each tested pathogen, the plates were checked for inhibition 

zones (absence of visible microbial growth around the stabbed cultures), and only inhibition 

halos with diameters above three mm were considered positive. 
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2.4. Taxonomic identification 

The LAB isolates from rainbow trout feed showing antimicrobial activity against, at least, 

three of the tested fish pathogens were taxonomically identified by DNA sequencing of the 

PCR-amplified gene encoding a fragment of the 16S rRNA subunit (16S rDNA). PCR-

amplifications were performed from total bacterial DNA purified using the InstaGene Matrix 

resin (Bio-Rad Laboratories Inc., Hercules, CA, USA) in 50 μL reaction mixtures with 5 to 50 

ng of purified DNA, 70 μmol/L of each primer and 25 μL of MyTaq PCR mix (Bioline, 

London, UK). The oligonucleotide primers used for PCR amplification of 16S rDNA were 

obtained from Sigma-Genosys Ltd. (Cambridge, United Kingdom) (Table II.8). Samples were 

subjected to an initial cycle of denaturation (95 ºC for 1 min), followed by 35 cycles of 

denaturation (95 ºC for 15 s), annealing (48 ºC for 15 s) and elongation (72 ºC for 10 s), 

ending with a final extension step at 72 ºC for 5 min in an Eppendorf Mastercycler thermal 

cycler (Eppendorf, Hamburg, Germany). PCR products were analyzed by electrophoresis on 

1.5% (w/v) agarose (Pronadisa, Madrid, Spain) gels stained with GelRed (Biotium, 

California, USA), and visualized with the Gel Doc 1000 documentation system (Bio-Rad, 

Madrid, Spain). HyperLadder II (Bioline GmbH, Germany) was used as molecular size 

marker. The amplicons were purified by using the NucleoSpin Extract II kit (Macherey & 

Nagel, Düren, Germany) and both DNA strands were sequenced at the Unidad de Genómica 

(Parque Científico de Madrid, Facultad de Ciencias Biológicas, Universidad Complutense de 

Madrid, Spain). Analysis of 16S rDNA sequences was performed with the BLAST program 

available at the National Center for Biotechnology Information (NCBI; 

blast.ncbi.nlm.nih.gov). Only sequence similarities above 97% were considered significant for 

bacterial identification at the species level. 

2.5. Antibiotic susceptibility determination 

The minimum inhibitory concentrations (MICs) of eight antibiotics against the eight P. 

acidilactici strains were determined by a broth microdilution test (Klare et al., 2005). The 

tested antibiotics were ampicillin (0.5 to 32 μg/mL), gentamicin (2 to 128 μg/mL), kanamycin 

(4 to 256 μg/mL), streptomycin (4 to 256 μg/mL), erythromycin (0.12 to 8 μg/mL), 

clindamycin (0.12 to 8 μg/mL), tetracycline (1 to 64 μg/mL), and chloramphenicol (0.5 to 32 

μg/mL). Individual colonies were suspended in 5 ml of saline solution (0.85% NaCl) to a 

turbidity of 1 in the McFarland scale (ca., 3 × 108 cfu/mL) and subsequently 1000-fold diluted 
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in LSM broth, consisting of Iso-sensitest (IST) (Oxoid) and MRS broth (IST:MRS, 9:1; pH 

6.7). A volume of 50 μL of the diluted suspensions was added to microplate wells containing 

50 μl of LSM broth with the different antibiotic concentrations. The microplates were sealed 

with a transparent cover tape and, after incubation at 37 ºC for 18 h, MICs were established as 

the lowest antibiotic concentration inhibiting bacterial growth (absence of turbidity), and 

interpreted according to the breakpoints established by the EFSA (2012). Strains showing 

MICs higher than the respective breakpoint were considered as resistant. Enterococcus 

faecalis CECT795 and Staphylococcus aureus CECT794 were used for quality control. 

Table II.8.  Oligonucleotide primers used in this study. 

Target 
gene Primer 5’–3’ sequencea 

PCR 
fragment 
 size (bp) 

Annealing 
temperature  

(°C) 
Reference 

16S rDNA 
plb16 AGAGTTTGATCCTGGCTCAG 

Variable 48 
Kullen et al. 
(2000) 

mlb16 GGCTGCTGGCACGTAGTTAG 

hdc 
CL1 CCWGGWAAWATWGGWAATGGWTA 

500 48 
Le Jeune et al. 
(1995) 

JV17HC AGACCATACACCATAACCTT 

ldc 
CAD2-F CAYRTNCCNGGNCAYAA 

1,185 53 
de las Rivas et 
al. (2006) 

CAS2-R GGDATNCCNGGNGGRTA 

odc 
3 GTNTTYAAYGCNGAYAARACNTAYTTYGT 

1,446 52 
Marcobal et al. 
(2005) 

16 TACRCARAATACTCCNGGNGGRTANGG 

tdc 
TD5 CAAATGGAAGAAGAAGTAGG 

1,100 48 
Coton et al. 
(2004) 

TD2 ACATAGTCAACCATRTTGAA 

ERIC-PCR 
ERIC-1R ATGTAAGCTCCTGGGGATTCAC 

Variable 46 
Versalovic et 
al. (1991) 

ERIC-2 AAGTAAGTGACTGGGGTGAGCG 
aR=A or G; W=A or T; Y=C or T; D=A, G, or T; N=A, G, C, or T. 

2.6. Hemolysin production 

The production of hemolysin by the eight P. acidilactici strains was determined as 

previously described (Eaton and Gasson, 2001; Muñoz-Atienza et al., 2013). Briefly, cultures 

grown in MRS broth were streaked onto COH agar plates (Columbia agar + 5% [v/v] horse 

blood; BioMérieux, Marcy l’Étoile, France). After plate incubation at 37 ºC for one to two 

days, -hemolysin production was revealed by the presence of clear zones of hydrolysis 

around the colonies. E. faecalis P4 (Eaton and Gasson, 2001) was used as positive control. 
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2.7. Gelatinase production 

The production of gelatinase by the eight P. acidilactici strains was investigated as 

previously described (Eaton and Gasson, 2001; Muñoz-Atienza et al., 2013). Briefly, cultures 

grown in MRS broth were streaked onto Todd-Hewitt (Oxoid) agar plates (1.5%, w/v) 

containing 30 g of gelatine per liter. After overnight incubation at 37 ºC, the plates were 

placed at 4 ºC for 5 h before examination for the presence of zones of turbidity (protein 

hydrolysis) around the colonies. E. faecalis P4 was used as positive control. 

2.8. Mucin degradation 

The ability of eight the P. acidilactici strains to degrade gastric mucin was determined as 

described by Zhou et al. (2001). Mucin from porcine stomach type III (Sigma-Aldrich) and 

agar were incorporated into medium B without glucose at concentrations of 0.5 and 1.5% 

(w/v), respectively. Briefly, 10 μL of cultures grown in MRS broth were spotted onto the 

surface of medium B with mucin. The plates were anaerobically (Anaerogen, Oxoid) 

incubated at 37 ºC for 72 h. After incubation, the plates were stained with a mixture of 0.1% 

(w/v) amido black (Merck KGaA, Darmstadt, Germany) in 3.5 mol/L acetic acid for 30 min, 

and then washed with 1.2 mol/L acetic acid (Merck KGaA). The presence of a discoloured 

zone around the colony was considered as a positive result. A fresh fecal slurry of a healthy 

adult cow was used as positive control. 

2.9. Biogenic amine production 

The detection of production of biogenic amines (histamine, tyramine, putrescine and 

cadaverine) by the eight P. acidilactici strains was first carried out according to the plate 

assay described by Bover-Cid and Holzapfel (1999). Briefly, cultures grown in MRS broth 

were streaked on the improved decarboxylase differential growth medium with and without 

(negative control) the corresponding amino acid precursor (1% w/v, histidine, tyrosine, 

ornithine and lysine). After plate incubation at 37 ºC for four days under anaerobic conditions 

(Anaerogen), the plates were examined for the presence of histidine decarboxylase (HDC), 

tyrosine decarboxylase (TDC), ornithine decarboxylase (ODC) and lysine decarboxylase 

(LDC) activities. Biogenic amine production was detected by a yellow to violet color change 

of the decarboxylase medium due to the alkalinization produced by the decarboxylation of the 



II. Chapter 3 

  168  
  

corresponding amino acid precursor. Lactobacillus brevis CECT4121 and Lactobacillus sp. 

30a (García-Moruno et al., 2005) were used as positive controls for tyramine, and histamine 

and putrescine production, respectively. Subsequently, the presence of the genes encoding 

HDC (hdc), TDC (tdc), ODC (odc) and LDC (ldc) in the eight P. acidilactici strains was 

studied by PCR. Oligonucleotide primers used are shown in Table II.8. PCR-amplifications 

were performed as previously described (Coton et al., 2004; de las Rivas et al., 2006; Le 

Jeune et al., 1995; Marcobal et al., 2005) and PCR-product visualization and analysis were 

performed as described above. 

2.10. Bile salt deconjugation 

The ability of the eight P. acidilactici to deconjugate primary and secondary bile salts 

was determined according to Noriega et al. (2006). Bile salt plates were prepared by adding 

0.5% (w/v) sodium salts of taurocholate or taurodeoxycholate (Sigma-Aldrich Corporation, 

St. Louis, Missouri, USA) to MRS agar (1.5%, w/v) supplemented with 0.05% (w/v) L-

cysteine (Merck KGaA). Briefly, 10 μl of cultures grown in MRS broth were spotted onto 

agar plates and incubated at 37 ºC for 72 h under anaerobic conditions (Anaerogen, Oxoid). 

The presence of precipitated bile acid around the spotted-culture (opaque halo) was 

considered as a positive result. A fresh fecal slurry of a healthy adult cow was used as positive 

control. 

2.11. Enterobacterial Repetitive Intergenic Consensus PCR (ERIC-PCR) 

Genetic profiling of the eight P. acidilactici strains by ERIC-PCR was performed using 

the primers ERIC-1R and ERIC-2 (Table II.8) as previously described (Versalovic et al., 

1991). PCR-amplifications were performed from total bacterial DNA obtained by using the 

InstaGene Matrix resin (Bio-Rad Laboratories Inc.) in 50 μL reaction mixtures with 2 μL of 

purified DNA, 0.7 μmol/L of each primer, 3 mmol/L of MgCl2 and 25 μl of MyTaq PCR mix. 

Samples were subjected to an initial cycle of denaturation (95 ºC for 1 min), followed by 35 

cycles of denaturation (95 ºC for 15 s), annealing (46 ºC for 15 s) and elongation (72 ºC for 10 

s), ending with a final extension step at 72 ºC for 4 min in a Eppendorf Mastercycler thermal 

cycler. PCR products were analyzed by electrophoresis on 1.5% (w/v) agarose gels stained 

with GelRed at 90V for 90 min. PCR-product visualization and analysis were performed as 

described above. The molecular size marker used was the 1 Kb Plus DNA ladder (Invitrogen, 
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Madrid, Spain). Cluster analyses were performed using the unweighted-pair-group method 

with arithmetic averages (UPGMA) using the PhoretixTM 1D Advanced (Nonlinear 

Dynamics Ltd, Newcastle upon Tyne, UK) software. P. acidilactici 347 (Cintas et al., 1998) 

and P. acidilactici MA18/5M (Bactocell®) were used as controls. 

2.12. Extracellular antimicrobial (bacteriocin) activity assay 

The extracellular antimicrobial activity of cell-free supernatants from the eight P. 

acidilactici cultures grown in MRS broth at 30 ºC for 16 h against the indicator 

microorganisms P. damnosus CECT4797, L. monocytogenes CECT4032, L. innocua 

CECT910, Lc. garvieae CF00021 and A. salmonicida LMG3776 was determined by an agar 

well-diffusion test (ADT) as previously described by Cintas et al. (1995). Briefly, 

supernatants were obtained by centrifugation of cultures at 10,000 × g at 4 ºC for 10 min, 

adjusted to pH 6.2 with 1 mol/L NaOH, filter-sterilized through 0.22 μm-pore-size filters 

(Millipore Corp., Bedford, Massachussets, USA) and stored at −20 ºC until use. Fifty-μl 

aliquots of supernatants were placed into wells (6-mm diameter) cut in cooled MRS (0.8%, 

w/v) plates previously seeded (1 × 105 cfu/mL) with the indicator microorganisms. After 2 h 

at 4 ºC, the plates were incubated under the conditions mentioned above to allow the growth 

of the target microorganisms and then analyzed for the presence of inhibition zones around 

the wells. To determine the nature and thermostability of the antimicrobial compounds, the 

supernatants showing antimicrobial activity were (i) treated with proteinase K (10 mg/mL) 

(AppliChem GmbH, Germany) at 37 ºC for 2 h and then heated at 100 ºC for 10 min to 

inactivate the enzyme, and (ii) heated at 100 ºC for 10 min. After treatments, samples were 

assayed for residual antimicrobial activity by an ADT as described above, using P. damnosus 

CECT4797 and L. monocytogenes CECT4032 as indicator microorganisms. Non-treated 

supernatants were used as positive controls. 

2.13. Bacteriocin purification and mass spectrometry analysis 

The bacteriocin produced by P. acidilactici L-14 was purified using a modification of the 

multi-chromatographic procedure described by Cintas et al. (1995). Briefly, the bacteriocin 

was purified from a one liter culture grown in MRS at 30 ºC until the early stationary phase 

(approximately, 16 h). The cell-free culture supernatant was subjected to protein precipitation 

with ammonium sulphate (50% [w/v]; Merck). The pellet and floating materials were mixed 
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and solubilized in 100 mL of 20 mM sodium phosphate buffer (NaP) (pH 6.0), and 

subsequently desalted by gel filtration (PD-10 columns; GE Healthcare Life Sciences, 

Barcelona, Spain). The resulting fractions were further subjected to cationic-exchange (SP 

Sepharose Fast Flow, GE Healthcare) and hydrophobic-interaction (Octyl Sepharose CL-4B, 

GE Healthcare) chromatographies, followed by reversed-phase chromatography (PepRPC HR 

5/5) in a Fast Protein Liquid Chromatography system (ÄKTA-FPLC) (GE Healthcare). The 

antimicrobial activity of the fractions obtained during the purification procedure was 

determined by a microtiter plate assay (Cintas et al., 1998) using L. monocytogenes 

CECT4032 as indicator microorganism. Briefly, two-fold serial dilutions of the purified 

bacteriocin in MRS broth were prepared in microtiter plates. The wells were then filled up to 

200 µL by the addition of 150 µL of a diluted (in BHI broth) fresh overnight culture of the 

indicator microorganism (ca., 1 × 105 cfu/mL). After incubation at 30 ºC for 16 h, growth 

inhibition of L. monocytogenes CECT4032 was measured spectrophotometrically at 620 nm 

with a microtiter plate reader (Labsystems iEMS Reader MF, Labsystems, Helsinki, Finland). 

One bacteriocin unit (BU) was defined as the reciprocal of the highest dilution of supernatant 

or purified bacteriocin causing 50% growth inhibition (50% of the turbidity of the control 

culture without bacteriocin). Fractions displaying a high and specific bacteriocin activity were 

pulled together and rechromatographed on the same reversed-phase column until 

chromatographically pure bacteriocin peptides were obtained. The purified peptide was 

subjected to mass spectrometry analysis in a Matrix-Assisted Laser Desorption Ionization-

Time Of Flight Voyager-DE STR mass spectrometer (MALDI-TOF MS) (PerSeptive 

Biosystems, Foster City, California, USA), at the Mass Spectrum Service of the Centro de 

Genómica y Proteómica (Parque Científico-UCM, Madrid, Spain). 

2.14. Nucleotide sequencing of the PA-1 structural and immunity genes 

The nucleotide sequence encoding the structural (pedA) and immunity (pedB) genes of 

PedPA-1 was determined using specific primer-pairs based on the published DNA sequence 

of the PedPA-1 operon in P. acidilactici PAC1.0 (GenBank accession number M83924) 

(Marugg et al., 1992). Overlapping PCR products of approximately 400-bp in length were 

obtained and subsequently electrophoresed, visualized and purified, and both DNA strands 

sequenced and analyzed, as described above. 
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3. RESULTS 

3.1. Isolation of LAB from rainbow trout feed and direct antimicrobial activity 

A total of 26 LAB isolates were recovered from the rainbow trout feeds, from which seven 

displayed direct antimicrobial activity against, at least, three out of the nine tested fish 

pathogens (Table II.9). In addition, P. acidilactici L-14, isolated from rainbow trout larvae in 

a previous work, was the most active strain, inhibiting a total of seven fish pathogens. The 

most susceptible indicators were Lc. garvieae JIP29-99, Lc. garvieae CF00021 and Lc. 

garvieae CF01144, followed by Lc. garvieae CECT5807, A. salmonicida LMG3776 and C. 

maltaromaticum LMG14716. On the contrary, S. iniae LMG14521, Y. ruckeri LMG3279 and 

V. campbellii LMG21363 were the less sensitive indicator microorganisms. The strains P. 

acidilactici L-14 (isolated from larvae) and P. acidilactici NF1-1, NF1-5, NF1-7 and NF1-25 

(isolated from feed) displayed a broad antimicrobial spectrum and inhibited most of the tested 

Lc. garvieae strains. 

Table II.9. Direct antimicrobial activity against fish pathogens of the eight P. acidilactici strains 
isolated from rainbow trout feed and larvaea. 

 
aDirect antimicrobial activity was determined by a SOAT and the scores reflect different degrees of growth inhibition 
(diameter in mm): -, no inhibition; +, 3–5 mm inhibition zone; ++, 6–9 mm inhibition zone; +++, ≥10 mm inhibition zone. 
bThe strains inhibiting less than three fish pathogens are not shown. 

3.2. Taxonomic identification 

The seven isolates recovered from rainbow trout feed showing antimicrobial activity 

against, at least, three of the tested fish pathogens were identified by nucleotide sequencing of 

16S rDNA as P. acidilactici. 

 

 

Strainb 
Indicator microorganisms 

Lc. garvieae 
CF00021 

Lc. garvieae 
CF01144 

Lc. garvieae 
JIP29-99 

Lc. garvieae 
CECT5807 

St. iniae 
LMG14521 

C. maltaromaticum 
LMG14716 

Y. ruckeri 
LMG3279 

A. salmonicida 
LMG3776 

V. campbellii 
LMG21363 

L-14 ++ ++ ++ +++ - - + ++ +++ 
NF1-1 + +++ +++ +++ - + - - - 
NF1-5 - +++ ++ +++ - - - - - 
NF1-7 + +++ ++ +++ - - - + - 
NF1-10 + +++ - - - - - + - 
NF1-12 - - + + - + - - - 
NF1-18 + - + - + + - + - 
NF1-25 + +++ ++ - - - - - - 
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3.3. Safety assessment 

The seven selected P. acidilactici strains isolated from rainbow trout feed and P. 

acidilactici L-14 were submitted to a comprehensive in vitro safety assessment procedure 

including several microbiological, biochemical and genetic assays. The distribution of MICs 

of the tested antibiotics is summarized in Table II.10. The microbiological breakpoints 

established by EFSA (2012) were used to categorize the eight pediococci as susceptible or 

resistant strains. According to our results, all the strains were susceptible to the antibiotics 

tested in this work (Table II.10).  

Table II.10. MICs distribution of eight antibiotics for the eight P. acidilactici strains isolated 
from rainbow trout feed and larvae. 

Antibiotics 
Number of strains with the indicated MIC (mg/L)a EFSA 

breakpoints 
(mg/L)b 0.06 0.12 0.25 0.5 1 2 4 8 16 32 64 128 256 512 

Ampicillin      2 6        4  

Gentamicin     2  3 3       16 
Kanamycin        1   7    64 

Streptomycin      1   4 3     64 
Erythromycin 6   1 1          1 
Clindamycin 6    2          1 
Tetracycline      1  7       8 

Chloramphenicol      7 1        4 
aShaded areas show the range of dilutions tested for each antibiotic. MICs which exceeded the upper or lower limit of 
the tested range are listed in the next dilution series. bStrains with MICs higher than the EFSA breakpoints are 
considered as resistant. 

Moreover, none of the eight pediococci produced hemolysin or gelatinase, degraded 

gastric mucin or deconjugated primary or secondary bile salts (Table II.11). On the other 

hand, a total of four (50%) strains produced one of the tested biogenic amines (Table II.11). 

Table II.11. Safety assessment of the eight P. acidilactici strains isolated from rainbow trout feed 
and larvae. 

Strain Gelatinase  
production 

Hemolysin  
production 

Mucin 
degradation 

Biogenic aminesa  Antibiotic resistance 
Phenotype Genotype  Phenotype 

L-14 - - - - -  - 
NF1-1 - - - ODC -  - 
NF1-5 - - - TDC -  - 
NF1-7 - - - - -  - 
NF1-10 - - - ODC -  - 
NF1-12 - - - TDC -  - 
NF1-18 - - - - -  - 
NF1-25 - - - - -  - 

aAmino acid descarboxylase enzymes: ODC, ornithine decarboxylase; TDC, tyrosine decarboxylase. 
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With regard to this, two strains (25%) produced tyramine and two strains (25%) produced 

putrescine; however, the respective genes, tdc and odc, were not detected in these strains. 

None of the tested strains produced histamine or cadaverine. Altogether, our results showed 

that 4 strains (P. acidilactici L-14, NF1-7, NF1-18 and NF1-25) are putatively safe 

pediococci. 

3.4. Genetic profiling 

ERIC-PCR fingerprinting of the eight P. acidilactici strains revealed two well-defined 

groups (G1 and G2; 68.0% similarity). Furthermore, the eight pediococci were clustered in 

three well-defined sub-groups (SG1.1, SG1.2 and SG2.1) with similarity coefficients above 

75% (Fig. 2.9). The strains NF1-12 and NF1-25 were the most closely related, presenting 

100% of similarity (SG1.2). 

 
Figure 2.9. Cluster analysis of ERIC-PCR fingerprinting of the eight P. acidilactici strains isolated from 
rainbow trout feed and larvae. The dendrogram was constructed using the Unweighted Pair Group Method 
(UPGMA) using arithmetic averages with correlation levels expressed as percentage values of the Dice 
correlation coefficient. 

3.5. Extracellular antimicrobial activity 

Six out of the eight P. acidilactici strains (75%) displayed extracellular antimicrobial 

activity in their supernatants against P. damnosus CECT4797, but only two (25%) of them (P. 

acidilactici L-14 and NF1-1) were active against the two tested Listeria spp, being P. 

acidilactici L-14 the one displaying the strongest antilisterial activity. P. acidilactici NF1-5, 

MA18/5M

NF1-7

NF1-5

347

NF1-10

L-14

NF1-25

NF1-12

NF1-18

NF1-1
0.68
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G2
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NF1-7, NF1-10 and NF1-12 supernatants showed a similar antimicrobial spectrum, only 

inhibiting P. damnosus CECT4797. None of the tested strains inhibited the growth of the fish 

pathogens Lc. garvieae CF00021 and A. salmonicida LMG3776 (Table II.12). Interestingly, 

the antimicrobial activity of the supernatants disappeared completely after proteinase K 

treatment, but was not sensitive to heating, revealing the proteinaceous nature and heat 

stability of the secreted antimicrobial compounds (i.e., heat-stable bacteriocins). Interestingly, 

from the six bacteriocinogenic strains, only P. acidilactici NF1-7 and P. acidilactici L-14 

were considered as putatively safe. 

Table II.12. Extracellular antimicrobial (bacteriocin) activity of the eight P. acidilactici strains 
isolated from rainbow trout feed and larvaea. 

Strain Origin 

Indicator microorganisms 

P. damnosus  
CECT4797 

 L. monocytogenes 
CECT4032 

 L. innocua  
CECT910 

 Lc. garvieae  
CF00021 

 A. salmonicida 
LMG3776 

SN SN-
H 

SN-
PK 

 SN SN-
H 

SN-
PK 

 SN SN-
H 

SN-
PK 

 SN SN-
H 

SN-
PK 

 SN SN-
H 

SN-
PK 

L-14 Larva 18.7 18.7 -  17.8 17.8 -  17.4 ND ND  - ND ND  - ND ND 
NF1-1 Feed 7.9 7.8 -  7.2 7.1 -  7.2 ND ND  - ND ND  - ND ND 

NF1-5 Feed 7.2 7 -  - - -  - ND ND  - ND ND  - ND ND 
NF1-7 Feed 7.1 7.1 -  - - -  - ND ND  - ND ND  - ND ND 

NF1-10 Feed 7.3 7.3 -  - - -  - ND ND  - ND ND  - ND ND 
NF1-12 Feed 7.1 7 -  - - -  - ND ND  - ND ND  - ND ND 

NF1-18 Feed - - -  - - -  - ND ND  - ND ND  - ND ND 
NF1-25 Feed - - -  - - -  - ND ND  - ND ND  - ND ND 

aAntimicrobial activity (mm) of supernatants (SN), supernatants subjected to heat treatment (SN-H) and supernatants 
subjected to proteinase K treatment (SN-PK) as determined by an ADT. ND, not determined. 

3.6. Purification and genetic characterization of the bacteriocin produced by 

P. acidilactici L-14 

The results of the purification of the bacteriocin produced by P. acidilactici L-14 are 

summarized in Table II.13. The final RP-FPLCresulted in a major well-separated absorbance 

peak with antimicrobial activity against L. monocytogenes CECT4032, which eluted at 19% 

(v/v) 2-propanol in aqueous 0.1% (v/v) trifluoroacetic acid (Fig. 2.10). This fraction showed 

an increment of 8.1 × 108% of the bacteriocin activity originally present in the culture 

supernatant, and an outstanding 6.3 × 1011-fold increase in the specific antimicrobial activity 

(Table II.13). The purity and molecular mass of the bacteriocin was confirmed by MALDI-

TOF MS, which revealed a major peptide with a molecular mass of 4,621.8 Da, as well as a 

second peptide peak with a molecular mass of 4,637.6 Da (Fig. 2.11). 
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Blast analysis of the sequence of 770 contiguous nucleotides (including the genes pedA 

and pedB) of the PedPA-1 gene cluster of P. acidilactici L-14 revealed its identity to the 

sequence of the bacteriocin operon from P. acidilactici PAC1.0 (Marugg et al., 1992). 

Table II.13. Purification of PedPA-1 produced by P. acidilactici L-14. 

aAbsorbance at 254 nm (A254) multiplied by the volume in milliliters.  bAntimicrobial activity in bacteriocin units per milliliter 
(BU/mL), as determined by an MPA, multiplied by the total volume in milliliters.  cSpecific antimicrobial activity expressed 
as the total antimicrobial activity (BU) divided by the total A254.  dSpecific antimicrobial activity of a fraction (BU/A254) 
divided by the specific antimicrobial activity of the culture supernatant (BU/A254). 
 

Figure 2.10. Reversed-phase chromatography of the bacteriocin produced by P. acidilactici L-14. The 
black arrow indicates the peak showing bacteriocin activity against L. monocytogenes CECT4032. 
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Supernatant and purification stage Volume 
(mL) 

Total 
A254

a 

Total 
activity 

(103 BU)b 

Specific 
activityc 

Increase in specific 
activityd (fold) 

Yield 
(%) 

Culture supernatant 1,000   22,600 240 11 1 100 

Ammonium sulfate precipitation     100 1,300 49,200 36,800 3,500 20,480 

Gel filtration chromatography     156    780 9,600 12,200 1,100 3,994 

Cation-exchange chromatography       50      12 1.6×106 1.3×108 1.2×107 6.6×105 

Hydrophobic-interaction 
chromatography     15           0.3 900 3.2×106 3.0×105 384 

Reversed-phase chromatography (FPLC)            1.5           0.3 1.9×109 6.7×1012 6.3×1011 8.1×108 
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Figure 2.11. Mass spectrometry analysis of purified PedPA-1 from P. acidilactici L-14. 

4. DISCUSSION 

In this work, 26 LAB isolates were recovered from rainbow trout feed samples. From 

these isolates, a total of seven were selected for further characterization due to their direct 

antimicrobial activity against, at least, three of the tested fish pathogens, and taxonomically 

identified as P. acidilactici. In addition, P. acidilactici L-14, a strain previously isolated from 

a rainbow trout larvae (Araújo et al., 2015), showed direct antimicrobial activity against 7 of 

the tested fish pathogens. Later on, the extracellular antimicrobial (bacteriocin) activity, safety 

assessment and genetic relatedness of these eight P. acidilactici strains were determined in 

order to select the most suitable strain to be used as probiotic for aquaculture. 

Recently, LAB isolated from rainbow trout have shown the ability to inhibit the growth 

of fish pathogens and these strains have been proposed as probiotics to prevent bacterial fish 

diseases (Pérez-Sánchez et al., 2011; Ringø et al., 2010; Verschuere et al., 2000). The 

antimicrobial activity of LAB is mainly due to the production of bacteriocins and/or organic 

acids, which are the key weapons to inhibit pathogens of relevance for aquaculture (Desriac et 

al., 2010; Gillor et al., 2008), similarly as reported for probiotic LAB used in human and 

animal farming (Corr et al., 2007; Gillor et al., 2008). In our study, the eight P. acidilactici 

strains displayed a broad direct antimicrobial spectrum against fish pathogens, which could be 

due to different antimicrobial metabolites such as organic acids (mainly lactic and acetic 
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acids), hydrogen peroxide, diacetyl, acetaldehyde and/or bacteriocins. In this respect, six out 

of eight P. acidilactici strains were found to be bacteriocin producers, which is in agreement 

with previous studies, where a remarkable high number of LAB displaying antimicrobial 

activity against fish pathogens were potential bacteriocin producers (Gómez-Sala et al., 2015; 

Muñoz-Atienza et al., 2013). 

The species P. acidilactici is awarded with the QPS status since these bacteria are not 

considered neither pathogenic nor opportunistic microorganisms (Gaggìa et al., 2010; Liu et 

al., 2009). With regard to this, according to EFSA, the demonstration of their safety only 

requires confirmation of the absence of genes encoding resistance to antibiotics of clinical 

significance in human and veterinary medicine. Nevertheless, in this work we followed a 

comprehensive previously described in vitro subtractive screening (Muñoz-Atienza et al., 

2013) with criteria more exhaustive than that established by EFSA to assess the safety of P. 

acidilactici strains, which included not only the evaluation of antibiotic resistance but also 

hemolysin and gelatinase production, mucin degradation and biogenic amine production. 

The irresponsible use of antibiotics in aquaculture has contributed to the emergence and 

spread of antibiotic resistances (Cabello, 2006). The genetic determinants encoding antibiotic 

resistance may be acquired by LAB, such as pediococci, and subsequently horizontally 

transferred to other bacteria, including animal and human pathogens (Liu et al., 2009). 

Pediococcus spp. have been previously reported as intrinsically resistant to ciprofloxacin, 

trimethoprim-sulphamethoxazole, streptomycin and tetracycline (Ammor et al., 2007; 

Danielsen et al., 2007; O'Connor et al., 2007; Toomey et al., 2010). According to Ammor et 

al. (2007), the resistance of Pediococcus spp. to vancomycin is considered inherent or 

intrinsic, i.e., not attributed to the acquisition of resistance genes, since it is due to the absence 

of D-Ala-D-lactate in their cell wall, which is the target of vancomycin. In addition, Danielsen 

et al. (2007) reported the presence of the gene erm(B) in a P. acidilactici strain, which confer 

acquired resistance to erythromycin and Tenorio et al. (2001) described the presence of the 

gene aac(6’)Ie-aph(2’’)Ia in a P. acidilactici, which confers high-level resistance to 

gentamicin. Furthermore, we reported for the first time the presence of the genes mef(A/E) 

and lnu(A), conferring resistance to erythromycin and lincosamides, respectively, in 

pediococcal strains (Muñoz-Atienza et al., 2013). Interestingly, none of the P. acidilactici 

strains evaluated in our study showed resistance to any of the tested antibiotics. Moreover, 

none of them produced the virulence factors hemolysin or gelatinase, which is in agreement 

with previous studies (Albano et al., 2009; Mabrouk et al., 2014; Muñoz-Atienza et al., 

2013). In addition, the eight tested strains did not display mucinolytic activity indicating their 
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low invasive and toxigenic potential at the mucosal barrier, which supports that LAB do not 

degrade mucin in vitro and is in agreement with previously published works (Delgado et al., 

2007; Muñoz-Atienza et al., 2013; Zhou et al., 2001). The production of biogenic amines 

(low molecular weight organic bases with biological activity) by the decarboxylation of 

precursor amino acids through substrate-specific enzymes by many LAB strains has been 

associated with undesirable toxic effects for humans (Buňková et al., 2009; Talon and Leroy, 

2011). In this sense, tyramine poisoning is characterized by hypertension and headache, while 

the histamine or scombroid poisoning is associated with facial flush, vomit, diarrhea, edema, 

and heart palpitations amongst others symptoms. In the European Union, the presence of 

histamine is already regulated in some fish products (EC, 2005). Other biogenic amines, such 

as putrescine and cadaverine interfere with the enzymes that metabolize tyramine and 

histamine, enhancing the adverse effects even not being toxic by themselves (Buňková et al., 

2009; Landete et al., 2007). In this work, we found that 4 P. acidilactici strains (50%) 

produced tyramine or putrescine. In a previous study, it was reported that strains of the genus 

Pediococcus were the main producers of tyramine in beer (Izquierdo-Pulido et al., 2000). 

Moreover, P. acidilactici strains were identified as low concentration tyramine producers in 

Robiola di Roccaverano cheese (Bonetta et al., 2008), but other strains were shown as high 

tyramine concentration producers in a sardine infusion decarboxilase broth (Kuley et al., 

2013). However, several studies showed that pediococcal strains isolated from fermented 

sausages (Albano et al., 2009; Fadda et al., 2001), traditionally processed fish products 

(Thapa et al., 2006) and fish and fish products (Muñoz-Atienza et al., 2011) were unable to 

produce tyramine, cadaverine, histamine and/or putrescine. Interestingly, the four biogenic-

amine producing strains identified in our study did not harbor any of the respective genetic 

determinants, which may be due to the existence of still unknown genes, to point mutations of 

the respective genes that could hamper their PCR-amplification or to false-positives. With 

regard to this, and accordingly to the precautionary principle, we did not consider as safe 

these four P. acidilactici strains. On the other hand, the ability of probiotic strains to 

deconjugate bile salts could disrupt the formation of micelles, lipid digestion and absorption 

of fatty acids and monoglycerides in the intestine due to the ineffectiveness in the 

emulsification of dietary lipids and seriously affect the animal production (Begley et al., 

2005). Interestingly, none of the eight tested P. acidilactici deconjugated bile salts. It should 

be mentioned that, according to EFSA, the eight P. acidilactici strains tested in this work 

could be considered as safe microorganisms to be used in food and feed; however, the in vitro 
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subtractive screening procedure used in this work to assess the safety of these P. acidilactici 

strains revealed that only four of them may be considered as safe. 

PCR fingerprinting methods, such as ERIC-PCR, are valuable tools for genetic typing of 

microorganisms, and more useful than pulsed-field gel electrophoresis due to a fast and easy 

execution and the possibility of evaluate many samples simultaneously (Ventura and Zink, 

2002). Previous works reported the suitability of ERIC-PCR to determine the genetic 

variability of LAB species, such as Lactobacillus johnsonii (Ventura and Zink, 2002), 

Enterococcus faecium, E. faecalis and Enterococcus cecorum (Jurkovič et al., 2007; 

Valenzuela et al., 2011; Wijetunge et al., 2012), Lactococcus lactis and Lc. garvieae 

(Khemariya et al., 2014; Ture et al., 2015), and P. acidilactici, Pediococcus pentosaceus and 

Pediococcus lolii (Doi et al., 2009). In our work, ERIC-PCR fingerprinting allowed the 

clustering of the eight P. acidilactici strains isolated from rainbow trout feed and larvae in 

two well-defined groups. The two groups displayed equal percentages of safe pediococcal 

strains (50%). Furthermore, the six pediococcal strains identified as bacteriocinogenic were 

grouped in the three different subgroups (two strains by each subgroup [NF1-1 and NF1-12 in 

SG1.1; L-14 and NF1-10 in SG1.2, and NF1-5 and NF1-7 in SG2.1]). Only two out of the six 

bacteriocinogenic strains, included in two different subgroups (P. acidilactici L-14 and P. 

acidilactici NF1-7), were considered as putatively safe. Interestingly, the bacteriocinogenic 

strains P. acidilactici NF1-5 and NF1-7 were the most closely related to the commercial 

probiotic P. acidilactici MA18/5M (Bactocell), with a similarity of 82%. Moreover, the 

PedPA-1 producer strains P. acidilactici L-14 and P. acidilactici 347 (Cintas et al., 1998) 

presented 83% of similarity, suggesting genetic differences that may be due to the different 

source of isolation.  

Based on its strong antimicrobial activity and safety, we selected the bacteriocinogenic 

strain P. acidilactici L-14 for the characterization of its bacteriocin by using biochemical and 

genetic methods. The purified bacteriocin produced by P. acidilactici L-14 was analyzed by 

MALDI-TOF MS (Fig. 2.11) revealing a major peptide with a molecular mass (4,621.8 Da) 

closely similar to that of the PedPA-1 (4,628.1 Da) firstly identified in P. acidilactici PAC1.0 

(Henderson et al., 1992). This difference may be explained by the formation of two disulphide 

bonds between the cysteines (Cys9 and Cys14, and Cys24 and Cys44) and by the deamidation 

of the three asparagines (Asn27, Asn28 and Asn41), which would result in seven additional 

Da. Moreover, a second peptide with a molecular mass of 4,637.6 Da was identified, which 

likely resulted from a spontaneous oxidation of the methionine residue (Met31) to a 

methionine sulfoxide (MetSO31), thus increasing the molecular mass in 16 additional Da. In 
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this respect, it has been reported that during bacteriocin purification, Met usually becomes 

spontaneously oxidized, leading to loss or reduction of their antimicrobial activity (Basanta et 

al., 2010). Taking into account that the PedPA-1 activity quantified in the last RP-FPLC 

fraction was higher than that of the culture supernatant, the oxidation events cited above could 

have taken place during the subsequent treatment of the purified bacteriocin for MALDI-TOF 

MS analysis, similarly as suggested for enterocin L50 (L50A and L50B) produced by E. 

faecium L50 (Basanta et al., 2010). On the other hand, the genetic analysis of pedA and pedB 

in P. acidilactici L-14 confirmed the results obtained by mass spectra, since both genes were 

identical to the respective genes from P. acidilactici PAC1.0 (Marugg et al., 1992). The gene 

pedA gene encodes a 62 amino acid peptide (prepediocin PA-1) containing a 18 N-terminal 

amino acid leader sequence which is cleaved off during secretion yielding a 44 amino acid 

peptide corresponding to the mature pediocin PA-1 (Marugg et al., 1992). The gene pedB 

encodes a 112 amino acid protein responsible for the immunity of the cells (Marugg et al., 

1992). The operon of this bacteriocin is completed with two more genes involved in secretion, 

pedC and pedD, encoding a 174 amino acid membrane fusion protein and a 724 amino acid 

ATP-binding cassette (ABC) transporter, respectively (Marugg et al., 1992; Venema et al., 

1995). Pediocin-producing pediococci strains are highly widespread in nature and have been 

isolated from several sources, including a large variety of plants and fruits (Bennik et al., 

1997; Carr et al., 2002; Todorov and Dicks, 2009), fermented meat and meat products 

(Albano et al., 2007; Bauer et al., 2005), boza (cereal-based fermented beverage) (Todorov 

and Dicks, 2005), the gastrointestinal tract of poultry (Juven et al., 1991), ducks (Kurzak et 

al., 1998) and sheep (Hudson et al., 2000), and human feces (Millette et al., 2007). 

Interestingly, this bacteriocin has been also found in other species, such as P. pentosaceus 

(Bennik et al., 1997), Pediococcus parvulus (Miller et al., 2005), Lactobacillus plantarum 

(Ennahar et al., 1996) and Bacillus coagulans (Le Marrec et al., 2000). 

5. CONCLUSION 

The results of this work reveal that rainbow trout feed and larvae constitute an interesting 

source for the isolation of bacteriocinogenic pediococci with potential application as 

probiotics in aquaculture. To our knowledge, this is the first report on the isolation of a 

PedPA-1-producing strain from an aquatic environment (rainbow trout larvae). Moreover, our 

work describes for the first time the suitability of ERIC-PCR for the genetic profiling of P. 

acidilactici strains from aquatic origin. Further in vitro and in vivo studies should be carried 
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out in order to evaluate the probiotic effects and to confirm the lack of toxicity of this strain 

before its proposal as probiotic to prevent fish diseases in aquaculture which may be of 

relevance not only for fish health and production but also for improving the quality and safety 

of fish and fish products. 
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ABSTRACT 

The use of lactic acid bacteria of aquatic origin as probiotics constitutes an alternative 

strategy to the antibiotic treatment for disease control in aquaculture. Enterococci are 

currently used as probiotics in human and animal health. In this study, we evaluated the safety 

of 64 enterococci isolated from rainbow trout (Oncorhynchus mykiss, Walbaum), feed and 

rearing environment, and their antimicrobial activity against nine fish pathogens. The 64 

enterococcal isolates were identified to the species level by polymerase chain reaction (PCR), 

using specific primers for the different enterococcal species, and confirmed by superoxide 

dismutase gene sequencing. Enterococcus faecium and Enterococcus hirae were the most 

common species (42.2 and 35.9%, respectively). A total of 48 strains (75%) showed 

phenotypic resistance to, at least, one antibiotic determined by a disk-diffusion method, and 

25 strains (39.1%) harbored, at least, one antibiotic resistance gene [erm(B), tet( M), tet(S), 

tet(K), tet(L), tet(T), vanC2, and aad(E)], detected by PCR. One (1.6%) strain produced 

gelatinase and none produced hemolysin, using a plate assay. The virulence genes gelE 

(46.9%), efaAfs (17.2%), agg (1.6%), and hyl (1.6%) were detected by PCR. A total of 48 

strains (75%) exerted antimicrobial activity against one or more of the tested fish pathogens, 

using a stab-on-agar test. From these strains, 21 (43.8%) harbored, at least, one bacteriocin-

encoding gene (entP, entL50A and entL50B, hirJM79, entSE-K4, entQ and entA), detected by 

PCR. None of the enterococci showed bile deconjugation and mucin degradation abilities. A 

total of 17 enterococcal strains (26.6%) that did not harbor any antibiotic resistance or 

virulence factor were considered safe for application as probiotics, including six strains 

(35.3%) that showed antimicrobial activity against, at least, one fish pathogen and harbored, 

at least, one bacteriocin-encoding gene. Rainbow trout, feed, and rearing environment 

constitute an appropriate source for the isolation of enterococci as potential probiotic for 

aquaculture. 
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1. INTRODUCTION 

In recent years, aquaculture activity has expanded, becoming the fastest-growing food-

producing sector worldwide; however, the emergence of a large variety of pathogens 

represents a significant limitation to the development of modern aquaculture (Bostock et al., 

2010; Defoirdt et al., 2011). In order to prevent and control fish diseases, the use of veterinary 

drugs, especially antibiotics, has increased in the last few years (Mohapatra et al., 2012). The 

massive use of antibiotics enhanced the antibiotic resistance among pathogenic bacteria due to 

point mutations in the indigenous genes and to acquired and transmissible mechanisms of 

resistance, such as horizontal transfer of resistance genes (Cabello, 2006; Yousefian and 

Amiri, 2009). Moreover, vaccination cannot prevent disease outbreaks in immunologically 

immature individuals, and effective commercial vaccines against some fish pathogens are not 

yet available (Defoirdt et al., 2007). In this sense, the use of probiotics emerges as a serious 

alternative not only to prevent fish pathologies, but also to improve animal productivity and 

food quality and safety (Defoirdt et al., 2011; Ringø et al., 2010; Verschuere et al., 2000).  

Enterococci, found naturally in food products, are considered normal human and animal 

commensals (Gaggìa et al., 2010). These microorganisms are used as (1) starter cultures in 

food products, such as cheese; (2) probiotic cultures for humans and animals; and (3) silage 

additives (Foulquié Moreno et al., 2006). As probiotic cultures, enterococci have been used in 

humans to (1) treat diarrhea, including antibiotic-associated diarrhea, and irritable bowel 

syndrome; (2) reduce the level of cholesterol in serum; and (3) modulate the immune response 

(Franz et al., 2011). Furthermore, enterococci cultures have been used as animal feed in 

slaughter animals (Franz et al., 2011). The enterococcal strains used currently as probiotics 

are Enterococcus faecium SF68® (NCIMB 10415, produced by CerbiosPharma SA, 

Barbengo, Switzerland) and Enterococcus faecalis Symbioflor 1 (SymbioPharm, Herborn, 

Germany) (Franz et al., 2011). Nevertheless, the use of enterococci as probiotics remains a 

controversial issue due to the association of these bacteria with nosocomial infections and 

multiple antibiotic resistances (Gaggìa et al., 2010). According to the European Food Safety 

Authority (EFSA), the only safety qualification required for strains belonging to lactic acid 

bacteria (LAB) species regarded with the Qualified Presumption of Safety intended for use in 

animal feeding is the demonstration of the absence of acquired transmissible antibiotic 

resistance (EFSA, 2011). However, in the case of enterococci, a more meticulous, strain-
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specific evaluation is required to evaluate the risk associated with their use in the food chain 

(EFSA, 2012). 

An interesting property enterococci must have to be considered as probiotic is the 

capability to produce bacteriocins (often termed as enterocins), which are small, ribosomally 

synthesized, extracellular, and heat-stable peptides, with antimicrobial activity against Gram-

positive and Gram-negative bacteria (Cintas et al., 2001). According to Franz et al. (2007), 

enterocins can be categorized into four classes: (1) lantibiotic enterocins (Class I); (2) small, 

nonlantibiotic enterocins (Class II); (3) cyclic enterocins (Class III); and (4) large proteins 

(Class IV). Most enterocins identified were included in Class II (small, nonlantibiotic 

peptides), which was divided into three subgroups: class II.1, pediocin-like bacteriocins 

(including, among others, enterocin A [EntA], enterocin P [EntP], enterocin SE-K4 [EntSe-

K4], and hiracin JM79 [HirJM79]); class II.2, enterocins synthesized without a leader peptide 

(enterocin L50 [EntL50A and EntL50B] and enterocin Q [EntQ]); and class II.3, other linear, 

non–pediocin-like enterocins (enterocin B [EntB]). 

The objectives of this study were (1) the in vitro safety assessment of 64 Enterococcus 

spp. isolated from rainbow trout intestine, feed, and rearing environment; and (2) the 

evaluation of their antimicrobial activity against the main Gram-negative and Gram-positive 

fish pathogens. 

2. MATERIALS AND METHODS 

2.1. Samples and bacterial strains 

The samples used in this study were obtained from a rainbow trout farm located in the 

south of Spain, and sampling procedures were previously described (Araújo et al., 2015). A 

total of 64 enterococci were isolated from independent composite samples from (1) the whole 

intestine of aquacultured rainbow trout (six pools composed of three specimens); (2) feed 

(four pools composed of three samples); and (3) rearing environment (tank vegetation [algae; 

seven pools composed of three samples] and tank water [seven pools composed of three 

samples]). Samples were 10-fold diluted in sterile peptone water (Oxoid, Ltd., Basingstoke, 

UK) and homogenized in a stomacher. Then, samples were diluted and plated in Slanetz-

Bartley agar (Oxoid) and incubated at 35 ºC for 48 h (three plates per dilution). Colonies with 
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typical enterococcal characteristics were subjected to Gram stain, the catalase test, and the 

bile–aesculin reaction (BioMérieux, La Palme, France). 

2.2. Species identification 

Species identification was carried out by polymerase chain reaction (PCR) using specific 

primers (Sigma-Genosys Ltd., Cambridge, UK) for the most common species of the genus 

Enterococcus (Torres et al., 2003). PCR amplifications were performed from total bacterial 

DNA obtained by the InstaGene Matrix resin (Bio-Rad Laboratories Inc., Hercules, CA) in 50 

µL reaction mixtures with 5–50 ng of purified DNA, 0.7 µmol/L of each primer and 25 µL of 

MyTaq PCR mix (Bioline, London, UK). Samples were subjected to an initial cycle of 

denaturation (95 ºC for 1 min), followed by 35 cycles of denaturation (95 ºC for 15 s), 

annealing (46–65 ºC for 15 s) and elongation (72 ºC for 10 s), ending with an optional final 

extension step at 72 ºC for 5 min in an Eppendorf Mastercycler thermal cycler (Eppendorf, 

Hamburg, Germany). PCR products were analyzed by electrophoresis on 1.5% (wt/vol) 

agarose (Pronadisa, Madrid, Spain) gels stained with GelRed (Biotium, Hayward, CA) at 90 

V for 45 min, and visualized with the Gel Doc 1000 documentation system (Bio-Rad). The 

molecular size markers used were the HyperLadder II (Bioline) and the 1Kb Plus DNA ladder 

(Invitrogen, Madrid, Spain). A second PCR, amplifying the superoxide dismutase (sodA) gene 

(Table II.14), was performed in all the enterococcal isolates in order to confirm the 

taxonomical identification. The resulting PCR products were purified using the NucleoSpin 

Extract II kit (MachereyNagel GMBH & Co. KG, Düren, Germany) and sequenced at the 

Unidad de Genómica (Parque Científico de Madrid, Facultad de Ciencias Biológicas, 

Universidad Complutense de Madrid, Spain). Analysis of DNA sequences was performed 

with the BLAST program, available at the National Center for Biotechnology Information 

(http://blast.ncbi.nlm.nih.gov/Blast.cgi). 

Table II.14. Oligonucleotide primers used in this study. 

Target gene Primer 5’–3’ sequence* 
PCR 

fragment 
size (bp) 

Anneling 
temperature 

(°C) 
Reference 

ddlE. faecalis 
ddl E. faecalis-F ATCAAGTACAGTTAGTCT 941 54 Torres et al. (2003) ddl E. faecalis-R ACGATTCAAAGCTAACTG 

ddlE. faecium ddl E. faecium-F GCAAGGCTTCTTAGAGA 550 54 Torres et al. (2003) ddl E. faecium-R CATCGTGTAAGCTAACTTC 

E. durans (mur2) mur2-F CGTCAGTACCCTTCTTTTGCAGAGTC 130 60 Torres et al. (2003) mur2-R GCATTATTACCAGTGTTAGTGGTTG 

E. hirae (murG) murG-F GGCATATTTATCCAGCACTAG 521 60 Torres et al. (2003) murG-R CTCTGGATCAAGTCCATAAGTGG 

sodA d1 CCITAYICITAYGAYGCIYTIGARCC 480 50 Poyart et al. (2000) d2 ARRTARTAIGCRTGYTCCCAIACRTC 

aad(E) aadEI GCAGAACAGGATGAACGTATTCG 369 55 Klare et al. (2007) aadEII ATCAGTCGGAACTATGTCCC 
* K=G or T; R=A or G; W=A or T; Y=C or T; S=C or G; M=A or C; D=A, G, or T; N=A, G, C, or T. 
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Table II.14. Continuation. 
Target gene Primer 5’–3’ sequence* PCR fragment 

size (bp) 
Anneling 

temperature (°C) Reference 

cat(A) CatpIP 501-1 GGATATGAAATTTATCCCTC 486 50 Aarestrup et al. 
(2000) CatpIP 501-2 CAATCATCTACCCTATGAAT 

erm(A) A1 TCTAAAAAGCATGTAAAAGAA 645 52 Torres et al. (2003) A2 CTTCGATAGTTTATTAATATTAGT 

erm(B)  B1 GAAAAGGTACTCAACCAAATA 639 52 Torres et al. (2003) B2 AGTAACGGTACTTAAATTGTTTAC 

erm(C) C1 TCAAAACATAATATAGATAAA 642 52 Torres et al. (2003) C2 GCTAATATTGTTTAAATCGTCAAT 

tetB(P) TetB/P-FW AAAACTTATTATATTATAGTG 169 46 Klare et al. (2007) TetB/P-RV TGGAGTATCAATAATATTCAC 

tet(K) tetKI CAATACCTACGATATCTA 352 50 Klare et al. (2007) tetKII TTGAGCTGTCTTGGTTCA 

tet(L) tetLI TGGTCCTATCTTCTACTCATTC 385 53 Klare et al. (2007) tetLII TTCCGATTTCGGCAGTAC 

tet(M) tetMI GGTGAACATCATAGACACGC 401 45 Klare et al. (2007) tetMII CTTGTTCGAGTTCCAATGC 

tet(O) tetOI AGCGTCAAAGGGGAATCACTATCC 1,723 55 Klare et al. (2007) tetOII CGGCGGGGTTGGCAAATA 

tet(Q) TetQ-FW AGAATCTGCTGTTTGCCAGTG 169 63 Klare et al. (2007) TetQ-RV CGGAGTGTCAATGATATTGCA 

tet(S) tetS-FW ATCAAGATATTAAGGAC 573 55 Klare et al. (2007) tetS-RV TTCTCTATGTGGTAATC 

tet(T) TetT-FW AAGGTTTATTATATAAAAGTG 169 46 Klare et al. (2007) TetT-RV AGGTGTATCTATGATATTTAC 

tet(W) tetWI GGMCAYRTGGATTTYWTIGC 1,187 64 Klare et al. (2007) tetWII TCIGMIGGIGTRCTIRCIGGRC 

van(A) VanA1 GGGAAAACGACAATTGC  732 54 Torres et al. (2003) VanA2 GTACAATGCGGCCGTTA 

van(B) vanB-F CAAAGCTCCGCAGCTTGCATG 484 58 Torres et al. (2003) vanB-R TGCATCCAAGCACCCGATATAC 

vanC1 VANC1-1 GCTGAAATATGAAGTAATGACCA 811 58 Torres et al. (2003) VANC1-2 CGGCATGGTGTTGATTTCGTT 

vanC2 vanC2/3-1 CTCCTACGATTCTCTTG 439 54 Torres et al. (2003) vanC2/3-2 CGAGCAAGACCTTTAAG 

vat(A) vatA-1 CAATGACCAT GGACCTGATC 619 52 Lina et al. (1999) vatA-2 CTTCAGCATT TCGATATCTC 

vat(B) vatB-1 CCCTGATCCA AATAGCATAT ATCC 602 52 Lina et al. (1999) vatB-2 CTAAATCAGA GCTACAAAGTG 

agg TE3 AAGAAAAAGAAGTAGACCAAC  1553 52 Muñoz-Atienza et al. 
(2013) TE4 AAACGGCAAGACAAGTAAATA 

cylLL–cylLS cylLLSR1 GTGTTGAGGAAATGGAAGCG 324 60 Muñoz-Atienza et al. 
(2013) cylLLSR2 TCTCAGCCTGAACATCTCCAC 

cylLL–cylLS–
cylM 

RHCT1 GTACTAACAGAGAGTGC  2,659 48 Muñoz-Atienza et al. 
(2013) RHCT2 TAGGCATCTATTCAGAGC 

efaAfs TE5 GACAGACCCTCACGAATA 705 49 Muñoz-Atienza et al. 
(2013) TE6 AGTTCATCATGCTGTAGTA 

esp TE34 TTGCTAATGCTAGTCCACGACC 933 64 Muñoz-Atienza et al. 
(2013) TE36 GCGTCAACACTTGCATTGCCGAA 

gelE TE9 ACCCCGTATCATTGGTTT 419 57 Muñoz-Atienza et al. 
(2013) TE10 ACGCATTGCTTTTCCATC 

hyl HYLn1 ACAGAAGAGCTGCAGGAAATG 276 58 Muñoz-Atienza et al. 
(2013) HYLn2 GACTGACGTCCAAGTTTCCAA 

IS16 IS16-F CATGTTCCACGAACCAGAG 547 53 Werner et al. (2011) IS16-R TCAAAAAGTGGGCTTGGC 

ef1097 EF1097-F3 GGCGATGGCATTACTAATGACATTAGG 408 65 Brandão et al. (2010) EF1097-R3 CTTAGCCCACATTGAACTGCCCATAAAGC 
ent1071A and  
ent1071B 

CFr-1 ATAATTAGGGGGAACGATAA 403 51 Brandão et al. (2010) CFr-2 ATACATTCTTCCACTTATTTTT 

entA EnterA-F ATGAAACATTTAAAAATTTTGTCTATTAAAG 197 59 Brandão et al. (2010) EnterA-R TTAGCACTTCCCTGGAATTGCTCC 

entB EntB3 AGACCTAACAACTTATCTAAAG 126 50 Brandão et al. (2010) EntB5 GTTGCATTTAGAGTATACATTTGC 

entAS-48 AS48-R1 TCGGTATACCAGCAGCAGTT 125 59 Brandão et al. (2010) AS48-R2 TGCTGCAGCGAGTAAAGAAA 

entL PCEL-F CGATTTCTGTTGTAGGAACC 1,770 51 Brandão et al. (2010) PCEL-R GTACATCTCCATATACTTTTCC 
entL50A and  
entL50B 

EntL50-R1 ATGGGAGCAATCGCAAAATTAGTAGC 286 65 Brandão et al. (2010) EntL50-R2 TTAATGTCTTTTTAGCCATTTTTCAAT 

entP EntP1 ATGAGAAAAAAATTATTTAGTTTAGCTCTTATTGG 216 64 Brandão et al. (2010) EntP2 TTAATGTCCCATACCTGCCAAACCAG 

entqA EntQ-R1 ATGAATTTTCTTAAAAATGGTATCGCAAAATG 105 57 Brandão et al. (2010) EntQ-R2 TTAACAAGAAATTTTTTCCCATGGCAAG 

entSE-K4 SEK4-FW GCCACGTATTACGGAAATGGTGTC 146 53 Brandão et al. (2010) SEK4-RV TTATCTTCCACCTATACCACCTAACAC 

hirJM79 HNZSC-FW ATGAAAAAGAAAGTATTAAAACATTGTGTTATTCTAGG 250 61 Brandão et al. (2010) HPJE-RV ATAAGTTAAGCTTGTACTACCTTCTAGGTGCCCATGGACC 
* K=G or T; R=A or G; W=A or T; Y=C or T; S=C or G; M=A or C; D=A, G, or T; N=A, G, C, or T. 
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2.3. Antibiotic susceptibility 

Susceptibility for 11 antimicrobial agents (ampicillin, chloramphenicol, ciprofloxacin, 

erythromycin, gentamicin, kanamycin, quinupristin–dalfopristin, streptomycin, teicoplanin, 

tetracycline, and vancomycin) was performed by the disk-diffusion method according to the 

criteria of the Clinical and Laboratory Standards Institute (CLSI, 2011). High-level resistance 

was evaluated for aminoglycosides. The microbiological breakpoints (in millimeters) 

categorizing enterococci as resistant to a given antibiotic are the following: ampicillin ≤16, 

chloramphenicol (≤12), ciprofloxacin (≤15), erythromycin (≤13), gentamicin (≤6), kanamycin 

(≤6), quinupristin–dalfopristin (≤15), streptomycin (≤6), teicoplanin (≤10), tetracycline (≤14), 

and vancomycin (≤14). E. faecalis ATCC 29212 and Staphylococcus aureus ATCC 25923 

strains were used for quality control. 

2.4. Gelatinase and hemolysin production 

Gelatinase production was determined as previously described (Eaton and Gasson, 2001; 

Muñoz-Atienza et al., 2013). Briefly, cultures grown in de Man, Rogosa and Sharpe (MRS, 

Oxoid) broth were streaked onto Todd-Hewitt (Oxoid) agar plates (1.5%, wt/vol) containing 

30 g of gelatin per liter. After overnight incubation at 37 ºC, the plates were placed at 4 ºC for 

5 h before examination for the presence of zones of turbidity (protein hydrolysis) around the 

colonies. In both assays, E. faecalis P4 was used as positive control (Eaton and Gasson, 

2001). Hemolysin production by the 64 Enterococcus spp. strains was determined as 

previously described (Eaton and Gasson, 2001; Muñoz-Atienza et al., 2013). Briefly, cultures 

grown in MRS broth were streaked onto layered fresh horse-blood agar plates (BioMérieux, 

Marcy l’Étoile, France). After plate incubation at 37 ºC for one to two days, β-hemolysin was 

revealed by the visualization of clear zones of hydrolysis around the colonies. 

2.5. Bile salt deconjugation 

The ability of the 64 Enterococcus spp. to deconjugate primary and secondary bile salts 

was evaluated according to Noriega et al. (2006). Bile salt plates were prepared by adding 

0.5% (wt/vol) sodium salts of taurocholate and taurodeoxycholate (Sigma-Aldrich Corp., St. 

Louis, MO) to MRS agar (1.5%, wt/vol) supplemented with 0.05% (wt/vol) l-cysteine (Merck 

KGaA, Darmstadt, Germany). Briefly, 10 µL of cultures grown in MRS broth were spotted 
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onto agar plates and incubated at 37 ºC for 72 h under anaerobic conditions (Anaerogen; 

Oxoid). The presence of precipitated bile acid around the spotted-culture (opaque halo) was 

considered a positive result. A fresh fecal slurry of a healthy adult cow was used as positive 

control. 

2.6. Mucin degradation 

The ability of the 64 Enterococcus spp. to degrade gastric mucin was determined 

according to Zhou et al. (2001). Mucin from porcine stomach type III (Sigma-Aldrich) and 

agar were incorporated to medium B without glucose at concentrations of 0.5 and 1.5% 

(wt/vol), respectively. Briefly, 10 µL of cultures grown in MRS broth were spotted onto the 

surface of medium B with mucin. The plates were incubated anaerobically (Anaerogen; 

Oxoid) at 37 ºC for 72 h. After incubation, the plates were stained with a mixture of 0.1% 

(wt/vol) amido black (Merck KGaA) in 3.5 mol/L acetic acid for 30 min, and then washed 

with 1.2 mol/L acetic acid (Merck KGaA). The presence of a discolored zone around the 

colony was considered a positive result. A fresh fecal slurry of a healthy adult cow was used 

as positive control. 

2.7. Direct antimicrobial activity 

The 64 Enterococcus spp. were assayed for antimicrobial activity by a stab-on-agar test 

as previously described by Cintas et al. (1995) against nine fish pathogens (see below). 

Briefly, The 64 Enterococcus spp. were stabbed onto MRS agar and incubated at 37 ºC for 5 

h, and then 40 mL of the corresponding soft agar (0.8% wt/vol) medium containing about 

1×105 cfu/mL of the pathogen strain was poured onto the plates. After incubation at 28–37 ºC 

for 16–24 h, depending on the optimum growth conditions for each tested pathogen, the plates 

were checked for inhibition zones (absence of visible microbial growth around the stabbed 

cultures), and only inhibition halos with diameters >3 mm were considered positive (Muñoz-

Atienza et al., 2013). The Gram-positive pathogens Lactococcus garvieae JIP29-99, Lc. 

garvieae CECT5807, Lc. garvieae CF01144, Lc. garvieae CF00021, and Carnobacterium 

maltaromaticum LMG14716 were aerobically grown in MRS broth at 30 ºC, while 

Streptococcus iniae LMG14521 was aerobically grown in brain–heart infusion broth (Oxoid) 

at 37 ºC. The Gram-negative pathogens Yersinia ruckeri LMG3279 and Aeromonas 

salmonicida LMG3776 were aerobically grown in tryptone soya broth (TSB) (Oxoid) at 
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28 ºC, while Vibrio campbellii LMG21363 was aerobically grown in TSB supplemented with 

NaCl (1% wt/vol; Panreac Química S.A.U., Barcelona, Spain) at 28 ºC. Lactococcus lactis 

BB24 (nisin A producer) and E. faecium L50 (EntL50A and EntL50B, and EntQ producer) 

were used as antimicrobial activity controls (Brandão et al., 2010; Cintas et al., 1995). 

2.8. PCR detection of antibiotic resistance genes, virulence genes and markers, and 

bacteriocin structural genes 

The presence of antibiotic resistance, virulence, and bacteriocin structural genes was 

performed by PCR amplification with primers and conditions described previously (Table 

II.14). The presence of transferable genetic determinants conferring resistance to 

chloramphenicol [cat(A)], erythromycin [erm(A), erm(B), and erm(C)], quinupristin–

dalfopristin [vat(D) and vat(E)], streptomycin [aad(E)], tetracycline [tetB(P), tet(K), tet(L), 

tet(M), tet(O), tet(Q), tet(S), tet(T), and tet(W)], and vancomycin [van(A), van(B), vanC1, and 

vanC2] was determined in the enterococcal strains that showed antibiotic resistance by the 

disk-diffusion method. Furthermore, detection of genes encoding the virulence factors 

aggregation substance (agg), cytolysin precursor (cylLL–cylLS), cytolysin precursor, and post-

translational modifier (cylLL–cylLS‒cylM), E. faecalis endocarditis antigen (efaAfs), 

enterococcal surface protein (esp), gelatinase (gelE), and a putative glycosyl hydrolase (hyl) 

was determined in all Enterococcus spp. strains. In addition, the presence of the hospital strain 

marker IS16 was determined by PCR (Werner et al., 2011). The positive control strains for 

detection of potential virulence factors were the following: E. faecalis P4 for agg, cylLL–

cylLS, cylLL–cylLS‒cylM, efaAfs and gelE, E. faecalis P36 for esp, E. faecium C68 for hyl 

(Muñoz-Atienza et al., 2013), and E. faecium P2-5 (clonal complex 17 adapted to the hospital 

environment) for IS16 obtained from the Servicio de Microbiología, Instituto Ramón y Cajal 

de Investigación Sanitaria, Hospital Universitario Ramón y Cajal, Madrid, Spain. Moreover, 

the presence of enterocin 1071 (ent1071A and ent1071B), enterocin AS-48 (entAS-48), 

enterocin A (entA), enterocin B (entB), enterocin L50 (entL50A and entL50B), enterocin P 

(entP), enterocin Q (entqA), enterocin SE-K4 (entSE-K4), enterococcin V583 (ef1097), 

enterolysin A (entL), and hiracin JM79 (hirJM79) structural genes was evaluated in the 

enterococcal strains, which showed direct antimicrobial activity against at least one fish 

pathogen. The positive control strains for detection of bacteriocin structural genes were the 

following: E. faecalis FAIR-E309 (ent1071A and ent1071B), E. faecalis INIA-4 (entAS-48), 

E. faecium T136 (entA and entB), E. faecium L50 (entL50A and entL50B and entqA), E. 
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faecium P13 (entP), E. faecalis K-4 (entSE-K4), E. faecalis DBC5 (ef1097), E. faecalis DBH9 

(entL), and E. hirae DCH5 (hirJM79) (Brandão et al., 2010). PCR-amplifications and PCR-

product visualization and analysis were performed as described above. 

3. RESULTS 

3.1. Genotypic identification 

The taxonomic identification at the species level of the 64 enterococcal isolates showed 

that 27 isolates (42.2%) were identified as E. faecium, 23 isolates (35.9%) as E. hirae, 8 

isolates (12.5%) as E. faecalis, 3 isolates (4.7%) as E. durans, and 3 isolates (4.7%) as E. 

casseliflavus (Table II.15). 

3.2. Antibiotic susceptibility 

The results of the antibiotic susceptibility revealed that a total of 48 enterococcal strains 

(75%) displayed phenotypic acquired antibiotic resistance to, at least, one antibiotic (Table 

II.15). In this respect, 20 strains were resistant to erythromycin (41.7%), 13 strains to 

tetracycline (27.1%), eight strains to ciprofloxacin (16.7%), six strains to quinupristin–

dalfopristin (12.5%), four strains to vancomycin (8.3%), three strains to chloramphenicol 

(6.25%), and one strain to streptomycin (2.1%). Moreover, multiple antibiotic resistance (two 

to six antibiotics) was found in nine enterococcal strains (18.8%). Phenotypic resistance to 

ampicillin, gentamicin, kanamycin, and teicoplanin was not identified in this study. 

3.3. Detection of antibiotic resistance genes 

The enterococcal strains showing phenotypic antibiotic resistances were further submitted 

to PCR in order to identify the presence of the respective antibiotic resistance genes. A total 

of 25 of 48 strains (52.1%) harbored, at least, one antibiotic resistance gene: erm(B) (14 

strains, 56%), tet(M) (six strains, 24%), tet(S) (four strains, 16%), tet(K) (three strains, 12%), 

tet(L) (three strains, 12%), tet(T) (one strain, 4%), vanC2 (three strains, 12%), and aad(E) 

(one strain, 4%) (Table II.15). The genes involved in the horizontal transfer of resistance to 

chloramphenicol [cat(A)], quinupristin–dalfopristin [vat(D) and vat(E)], vancomycin [van(A) 
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and van(B)], as well as some genes involved in the resistance of erythromycin [erm(A) and 

erm(C)] and tetracycline [tetB(P), tet(O), tet(Q), and tet(W)] were not detected. 

Table II.15. Safety assessment and bacteriocin genotype detected in the 64 Enterococcus spp. strains. 
Species Strain 

Antibiotic resistance  Virulence 
Bacteriocin genotype 

Phenotypea Genotype  Phenotypeb Genotype 
E. faecium F1E-4 ERY erm(B)  - - entL50A and entL50B+entP 
E. faecium F1E-5 ERY erm(B)  - gelE entL50A and entL50B+entP 
E. faecium F1E-7 ERY erm(B)  - gelE entL50A and entL50B+entP 
E. faecium F1E-8 ERY erm(B)  - - entL50A and entL50B+entP 
E. faecium F1E-9 ERY erm(B)  - gelE entL50A and entL50B+entP+entSE-K4+hirJM79 
E. faecium F1E-10 ERY erm(B)  - - entL50A and entL50B+entP+entqA+entSE-K4 
E. faecium NF1E-17 ERY -  - gelE entP 
E. faecium NF1E-18 ERY erm(B)  - gelE entP 
E. faecium NF1E-19 ERY-TET -  - gelE - 
E. faecium NF1E-20 ERY -  - gelE entP 
E. faecium NF1E-21 ERY erm(B)  - gelE entP 
E. faecium NF1E-22 CIP-ERY -  - gelE entP 
E. faecium NF1E-23 CIP-ERY -  - gelE entP 
E. faecium EJ1E-44 TET tet(M)  - - - 
E. faecium EJ1E-45 TET tet(M)  - - - 
E. faecium EJ1E-46 TET tet(M)  - - - 
E. faecium EJ1E-49 CIP -  - gelE - 
E. faecium EJ1E-51 TET-ERY erm(B)+tet(M)+tet(T)  - - - 
E. faecium EJ1E-52 CHL-ERY-TET erm(B)+tet(K)+tet(M)  - gelE - 
E. faecium WJ2E-56 QD -  - efaAfs - 
E. faecium WJ2E-57 - -  - efaAfs - 
E. faecium EJ2E-59 - -  - - entL50A and entL50B+entP+hirJM79 
E. faecium EJ2E-60 - -  - - entL50A and entL50B+entP 
E. faecium EJ2E-61 - -  - - entL50A and entL50B+entP+hirJM79 
E. faecium A2E-62 CIP -  - gelE entA; entL50A and entL50B+entP 
E. faecium A2E-63 ERY erm(B)  - gelE entL50A and entL50B+entP+entqA 
E. faecium A2E-64 ERY erm(B)  - gelE entL50A and entL50B+entqA+entSE-K4+hirJM79 
E. hirae WLE-1 - 

 
-  - - entP 

E. hirae WLE-2 - -  - - entP 
E. hirae WLE-3 - -  - - entP 
E. hirae F1E-6 ERY erm(B)  - - - 
E. hirae EF1E-14 TET tet(L)+tet(S)  - gelE - 
E. hirae EF1E-15 TET tet(L)+tet(S)  - gelE - 
E. hirae EF1E-16 TET tet(L)+tet(S)  - gelE - 
E. hirae NF1E-24 - -  - - - 
E. hirae NF1E-25 - -  - - - 
E. hirae NF1E-26 - -  - - - 
E. hirae EF2E-27 CIP-QD -  - - - 
E. hirae EF2E-29 - -  - - - 
E. hirae EF2E-34 - -  - - - 
E. hirae EF2E-36 - -  - - - 
E. hirae EF2E-37 - -  - - - 
E. hirae EJ1E-38 - -  - efaAfs - 
E. hirae EJ1E-40 - -  - - - 
E. hirae EJ1E-41 - -  - efaAfs - 
E. hirae EJ1E-42 - -  - efaAfs - 
E. hirae EJ1E-43 - -  - - - 
E. hirae EJ1E-47 TET tet(M)  - gelE - 
E. hirae EJ1E-50 CHL-CIP-ERY-QD-STR-TET aad(E)+erm(B)+tet(K)+tet(S)  gelE -  
E. hirae WJ2E-58 QD -  - efaAfs - 

aAntibiotics: CHL, chloramphenicol; CIP, ciprofloxacin; ERY, erythromycin; Q-D, quinupristin-dalfopristin; STR, streptomycin; TET, 
tetracycline; VAN, vancomycin. bGelE refers to gelatinase activity. 
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Table II.15. Continuation. 
Species Strain 

Antibiotic resistance  Virulence 
Bacteriocin genotype 

Phenotypea Genotype  Phenotypeb Genotype 
E. faecalis EF1E-11 - -  - efaAfs+gelE - 
E. faecalis EF1E-12 - -  - gelE - 
E. faecalis EF1E-13 - -  - efaAfs+gelE - 
E. faecalis EF2E-30 CIP -  - - - 
E. faecalis EF2E-31 TET tet(K)  - gelE - 
E. faecalis EF2E-35 CIP-ERY-QD-VAN -  GelE+ efaAfs+gelE - 
E. faecalis EJ1E-39 - -  - efaAfs - 
E. faecalis J2E-55 - -  - efaAfs+gelE - 
E. casseliflavus EF2E-28 VAN vanC2  - agg+gelE+hyl - 
E. casseliflavus EF2E-32 VAN vanC2  - gelE - 
E. casseliflavus EF2E-33 CIP- QD-TET-VAN vanC2  - gelE - 
E. durans EJ1E-48 CHL -  - gelE - 
E. durans J2E-53 - -  - - - 
E. durans J2E-54 - -  - - - 

aAntibiotics: CHL, chloramphenicol; CIP, ciprofloxacin; ERY, erythromycin; Q-D, quinupristin-dalfopristin; STR, streptomycin; 
TET, tetracycline; VAN, vancomycin. bGelE refers to gelatinase activity. 

3.4. Gelatinase and hemolysin production, bile salt deconjugation, and mucin 

degradation 

The production of gelatinase was phenotypically detected in one strain (Table II.15). 

Hemolysin production, bile salts deconjugation, and mucin degradation abilities were not 

found in any of the tested strains. 

3.5. Detection of virulence genes and markers 

The presence of, at least, one virulence gene was detected in 37 of 64 enterococci 

(57.8%) (Table II.15). From these, a total of 30 strains (81.1%) harbored the gene gelE, 11 

(29.7%) harbored efaAfs, one (2.7%) harbored agg, and one (2.7%) harbored hyl.  

3.6. Direct antimicrobial activity and detection of bacteriocin structural genes 

Analysis of the direct antimicrobial activity of the 64 enterococcal strains against nine 

indicator strains showed that 48 strains (75%) inhibited the growth of, at least, one of the fish 

pathogens tested. The most sensitive pathogen tested was Lc. garvieae CECT5807, inhibited 

by a total of 22 enterococci (34.4%) corresponding to the following species: 11 E. hirae 

strains (50%), nine E. faecium strains (41%), one E. faecalis strain (4.5%), and one E. 

casseliflavus strains (4.5%) (Table II.16). 
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Table II.16. Antimicrobial activity of 64 enterococcal strains against the nine fish pathogens 
tested. 

Indicator strains 

Number of enterococci with antimicrobial activity 

E. faecium E. hirae E. faecalis E. 
casseliflavus E. durans Total 

(n = 27) (n = 23) (n = 8) (n = 3) (n = 3) (n = 64) 
Lc. garvieae CF00021 7 2 3 1 0 13 
Lc. garvieae CF01144 7 2 3 1 0 13 
Lc. garvieae CECT5807 9 11 1 1 0 22 
Lc. garvieae JIP29-99 7 3 2 1 0 13 
C. maltaromaticum LMG14716 18 1 0 1 0 20 
St. iniae LMG14521 4 9 4 2 0 19 
Y. ruckeri LMG3279 5 0 2 1 0 8 
A. salmonicida LMG3776 4 2 2 2 0 10 
V. campbellii LMG21363 0 0 0 0 0 0 

 

With respect to Lc. garvieae, it should be noted that 36 of the 48 strains (75%) showed 

antimicrobial activity against, at least, one strain of this pathogen species. Conversely, none of 

the Enterococcus spp. strains inhibited the Gram-negative indicator Vibrio campbellii. 

Furthermore, E. durans strains did not show antimicrobial activity against any of the tested 

pathogens. 

The 48 strains with direct antimicrobial activity were further investigated for the presence 

of enterocins. From these strains, 21 (43.8%) harbored, at least, one enterocin encoding gene; 

entP was the most common (20 strains, 95.2%) (Table II.15). In addition, others enterocins 

such as entL50A and entL50B (12 strains, 57.1%), hirJM79 (four strains, 19%), entSE-K4 

(three strains, 14.3%), entqA (three strains, 14.3%), and entA (one strain, 4.8%) were found 

(Table II.15). The presence of enterocin 1071, enterocin AS-48, enterocin B, enterococcin 

V583, and enterolysin A was not detected. Regarding the occurrence of different enterocin 

structural gene combinations in the tested strains, the one with the highest occurrence was 

entP with entL50A and entL50B (five E. faecium strains, 23.8%). The occurrence of the 

combination of four structural genes was found in four E. faecium strians (19%) (entL50A and 

entL50B, entP, and hirJM79, 9.5%; entL50A and entL50B, entP, and entQ, 4.8%; entA, 

entL50A and entL50B and entP, 4.8%). The presence of five different structural genes was 

found in three E. faecium strains (14.3%) (entL50A and entL50B, entqA, entSE-K4 and 

hirJM79, 4.8%; entL50A and entL50B, entP, entSE-K4 and hirJM79, 4.8%; entL50A and 

entL50B, entP, entqA, and entSE-K4, 4.8%). Moreover, from the 21 strains harboring 
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enterocins encoding-genes, 18 (85.7%) were identified as E. faecium and three (14.3%) 

strains as E. hirae (Table II.15). 

3.7. Safety aspects and antimicrobial activity of potential probiotic candidates 

A total of 17 (26.6%) enterococcal strains did not harbor any detrimental enzymatic 

activity, antibiotic resistance, or virulence factor. From these enterococci, 12 strains (70.6%) 

were identified as E. hirae, three strains (17.6%) were E. faecium, and two strains (11.8%) 

were E. durans. Moreover, nine of 17 strains (52.9%) showed antimicrobial activity against, 

at least, one fish pathogen, whereas only six of 17 (35.3%) harbored, at least, one enterocin-

encoding gene. 

4. DISCUSSION 

In this work, the in vitro safety of 64 enterococcal isolates and their antimicrobial activity 

against fish pathogens have been assayed in order to identify and select the most suitable 

candidates to be further evaluated as probiotics for a sustainable aquaculture. E. faecium and 

E. hirae were the most common species (42.2 and 35.9%, respectively), which is in agreement 

with a previous study with mullet fish (Liza ramada) (Silva et al., 2012).  

The use and the recurrent abuse of antibiotics in aquaculture has resulted in the 

emergence and spread of antibiotic-resistant bacteria in the fish-farming environment 

(Muñoz-Atienza et al., 2013). According to EFSA, bacterial strains intended for use as 

probiotics should not harbor any acquired resistance to antibiotics of importance in clinical 

and veterinary medicine (EFSA, 2011). The tested antimicrobials used in this study were 

selected following the recommendations of the CLSI for the genus Enterococcus (CLSI, 

2011). In this work, 14 of the 20 (70%) erythromycin-resistant strains harbored the erm(B) 

gene. Previous studies have shown that erm(B) is the most frequently resistant gene found 

among erythromycin-resistant enterococci (Barreto et al., 2009; Santos et al., 2013). The 

antibiotic resistance determinants erm(A) and erm(C) were not found in the enterococci 

strains tested; however, other mechanisms of resistance, such as drug efflux pumps encoded 

by the gene mef(A/E) and enzymatic inactivation of the antibiotic encoded by the 

erythromycin esterases genes, ere(A) and ere(B), may be present in those strains in which no 

tested macrolide-resistant genes were found. Eleven of 13 (84.5%) tetracycline-resistant 
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strains harbored, at least, one gene encoding resistance to this antibiotic, tet(M) being the 

most commonly occurring gene and supporting the evidence that this gene is the most 

widespread among tetracycline-resistant LAB (Ammor et al., 2007). The gene aad(E) 

responsible for high-level streptomycin resistance was detected in one E. hirae strain with 

phenotypic-resistance streptomycin. A total of four strains were phenotypically resistant to 

vancomycin, including three E. casseliflavus, which are intrinsic resistant, and one E. faecalis, 

which did not harbor any of the tested vancomycin-resistant genetic determinants. Moreover, 

none of the strains resistant to ciprofloxacin, quinupristin–dalfopristin, and chloramphenicol 

harbored any of the respective resistance genes. This finding suggests the presence of further 

mechanisms of resistance to these antibiotics. 

Enterococci harboring virulence factors have the ability to colonize and invade host 

tissue, displace through epithelial cells, and elude the host’s immune response (Johnson, 

1994). In our study, the virulence genes gelE, efaAfs, agg, and hyl were detected. A total of 30 

enterococcal strains carried the virulence factor gelE, which encodes for an extracellular zinc 

endopeptidase that hydrolyzes gelatin, collagen, hemoglobin, and other bioactive compounds 

(Muñoz-Atienza et al., 2013). However, only one E. faecalis strain expressed gelatinase 

activity, indicating the carriage of a non functional gelE gene by all the other strains, which is 

agreement with previous studies (Eaton and Gasson, 2001; Muñoz-Atienza et al., 2013). From 

the 11 strains harboring the E. faecalis endocarditis antigen (efaAfs), five were E. faecalis 

strains, four were E. hirae, and two were E. faecium strains. On the other hand, the virulence 

factors hyl and agg, which encode a putative glycosyl hydrolase enzyme and a surface-bound 

glycoprotein, respectively, were only found in one E. casseliflavus strain, also harboring gelE. 

Recently, and based on previous studies, the EFSA (2012) has published a method to assess 

the safety and to identify E. faecium strains of clinical origin, which was based on the 

presence of three virulence marker genes (esp, hylEfm or IS16) and the resistance to ampicillin. 

The mobile IS16 element (designated as a mutator-type transposase) was previously proposed 

as a specific marker to recognize hospital-associated E. faecium strains (Werner et al., 2011). 

The absence of IS16 element among our enterococci is in agreement with Werner et al. 

(2011), who suggested a limited host range of IS16-bearing plasmids only among hospital 

associated strains. None of our E. faecium strains harbored the virulence marker genes esp 

and hyl or showed resistance to ampicillin.  

The deconjugation of bile salts by probiotic strains could be unfavorable in fish farming 

due to unconjugated bile acids, which are less efficient than their conjugated counterparts in 
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the emulsification of dietary lipids. In addition, the formation of micelles, lipid digestion, and 

absorption of fatty acids and monoglycerides could be decreased by deconjugated bile salts 

(Begley et al., 2005). In this respect, none of the 64 enterococcal strains tested deconjugated 

bile salts, revealing the suitableness of these strains for application in animal production, 

which is in agreement with a previous study with LAB strains isolated from aquatic animals 

regarded as human food (Muñoz-Atienza et al., 2013). Moreover, the 64 Enterococcus spp. 

strains tested did not display mucinolytic activity, indicating their low invasive and toxigenic 

potential. at the mucosal barrier, thus supporting the data previously published that LAB do 

not degrade mucin in vitro (Zhou et al., 2001).  

With regard to the safety assessment, and according to the precautionary principle, we did 

not consider as safe the 47 (73.4%) enterococcal strains showing phenotypic or genotypic 

acquired antibiotic resistance and/or virulence factors, even if the strains presumably did not 

harbor genes encoding antibiotic resistance or virulence factors. 

LAB isolated from rainbow trout have shown antimicrobial activity against fish 

pathogens and have been proposed as probiotics to prevent bacterial fish diseases (Pérez-

Sánchez et al., 2011; Ringø et al., 2010; Verschuere et al., 2000). Seventy-five percent of the 

enterococcal strains of this study exerted antimicrobial activity against, at least, one of the 

tested fish pathogens, which indicates that the production of antimicrobial compounds, such 

as bacteriocins, is a common probiotic property among enterococci isolated in this study. In 

fish farming, lactococcosis caused by the zoonotic agent Lc. garvieae, causing hemorrhagic 

septicemia and meningoencephalitis, is one of the most serious diseases affecting several 

marine and freshwater fish species (Vendrell et al., 2006). With regard to this, our work 

shows that active enterococci against fish pathogen are common among rainbow trout 

intestine, feed, and rearing environment (36 strains, 56.3%). A previous study, with 

enterococcal strains from visceral wastes of freshwater Indian major carps (Catla, Catla catla; 

Mrigal, Cirrhinus mrigala; and Rohu, Labeo rohita), reported a lower rate of enterococci 

(27.7%) with antimicrobial activity against fish pathogens (Ramakrishnan et al., 2012). 

Nevertheless, from the 48 enterococcal strains exerting antimicrobial activity, 27 strains did 

not harbor any bacteriocin structural gene, which suggests the production of antimicrobial 

compounds such as organic acids (mainly lactic and acetic acids), hydrogen peroxide, or 

different bacteriocins not tested in this study. According to our results, the bacteriocin 

structural genes found among our enterococcal strains belonged to subclass II.1, the pediocin-

like bacteriocins (EntP, HirJM79, EntSe-K4, and EntA) and to subclass II.2, enterocins 
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synthesized without a leader peptide (EntL50A and EntL50B, and EntQ). Interestingly, the 

potential bacteriogenic E. hirae only harbored entP, which was also detected previously in an 

strain from pets (Brandão et al., 2010). A previous study suggested that EntA and EntB act 

synergistically (Casaus et al., 1997), although we found an E. faecium strains containing entA, 

but not entB. Concerning the presence of different combinations of enterocin structural genes, 

our results reveal a high incidence of strains harboring more than one gene (12 strains, 

57.1%), an indication of the high genetic potential of enterococci to produce various 

bacteriocins, a fact supported by other studies (Brandão et al., 2010; Casaus et al., 1997; 

Poeta et al., 2007). However, not all enterocin genes are expressed simultaneously in the 

multiple bacteriocin-producing strains (Casaus et al., 1997) and silent bacteriocin genes, 

which may become activated by external factors, were reported previously in enterococci 

(Eaton and Gasson, 2001; Poeta et al., 2007). 

5. CONCLUSIONS 

A total of 17 (26.6%) enterococcal strains that did not harbor any antibiotic resistance or 

virulence factor were considered safe, including three E. faecium and three E. hirae (35.3%) 

that showed antimicrobial activity against, at least, one fish pathogen, and harbored, at least, 

one bacteriocin-encoding gene. These results reveals that the rainbow trout feed and rearing 

environment are an interesting and appropriate source to isolate enterococci with a potential 

application as probiotics for a sustainable aquaculture. However, in vivo safety assessment of 

their absence of toxicity and undesirable effects must be also carried out in rainbow trout 

before proposal of these strains as probiotics. 
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ABSTRACT 

Probiotics represent an alternative to chemotherapy and vaccination to control fish 

diseases, including lactococcosis caused by Lactococcus garvieae. The aims of this study 

were (i) to determine the in vitro probiotic properties of three bacteriocinogenic Lactococcus 

lactis subsp. cremoris of aquatic origin, (ii) to evaluate in vivo the ability of Lc. cremoris 

WA2-67 to protect rainbow trout (Oncorhynchus mykiss, Walbaum) against infection by 

Lc. garvieae, and (iii) to demonstrate the role of nisin Z (NisZ) production as an anti-infective 

mechanism. The three Lc. cremoris survived in freshwater at 18 ºC for seven days, withstood 

exposure to pH 3.0 and 10% (v/v) rainbow trout bile and showed different cell surface 

hydrophobicity (37.93–58.52%). The wild-type NisZ-producer Lc. cremoris WA2-67 and its 

non-bacteriocinogenic mutant Lc. cremoris WA2-67 ∆nisZ were administered orally (106 

cfu/g) to rainbow trout for 21 days and, subsequently, fish were challenged with Lc. garvieae 

CLG4 by the cohabitation method. The fish fed with the bacteriocinogenic strain Lc. cremoris 

WA2-67 reduced significantly (p<0.01) the mortality (20%) compared to the fish treated with 

its non-bacteriocinogenic knockout isogenic mutant (50%) and the control (72.5%). We 

demonstrated the effectiveness of Lc. cremoris WA2-67 to protect rainbow trout against 

infection with the invasive pathogen Lc. garvieae and the relevance of NisZ production as an 

anti-infective mechanism. This is the first report demonstrating the effective in vivo role of 

bacteriocin (NisZ) production as a mechanism to protect fish against lactococcosis. Our 

results suggest that the wild-type NisZ-producer strain Lc. cremoris WA2-67 could be used in 

fish farming to prevent lactococcosis in rainbow trout. 
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1. INTRODUCTION 

Aquaculture has become a quickly expanding industry in several countries due to the 

growing demand for farmed products in the last few years (Nayak, 2010). Moreover, the 

expansion of aquaculture results in the emergence of several fish diseases as one of the main 

challenges with the outcome of significant economic losses in the fish farming sector (Pérez-

Sánchez et al., 2014). Lactococcosis, caused by Lactococcus garvieae, affects rainbow trout 

(Oncorhynchus mykiss, Walbaum) and a variety of wild and intensive cultured marine and 

freshwater fish around the world, mainly at the larval and early fry stages (Vendrell et al., 

2008; Verschuere et al., 2000). Moreover, Lc. garvieae is currently considered as an emergent 

human pathogen (Chan et al., 2011). Traditionally, two strategies have been applied in 

aquaculture for the therapy and prevention of bacterial fish diseases outbreaks, namely 

antibiotic treatment and vaccination. Antibiotics have been widely used, in many cases 

indiscriminately, which has promoted, amongst other detrimental effects, the emergence and 

spread of acquired transmissible antibiotic resistance by genetic exchange to other bacteria, 

including human and fish pathogens, which is a serious health threat (Flórez et al., 2008; 

Pérez-Sánchez et al., 2014; Vendrell et al., 2008). Theoretically, vaccination constitutes an 

ideal control method, but the use of vaccines is laborious, costly, highly stressful for fish, and 

not available for many bacterial fish pathogens, cannot prevent disease outbreaks in immature 

and not fully immunocompetent small individuals, and, in many cases, the efficacy of 

vaccines varies due to antigenic variability (EFSA, 2008; Gillor et al., 2008). With respect to 

lactococcosis, although vaccines conferred high protection in rainbow trout it only lasted for a 

short period (three to six months) (Toranzo et al., 2009). Probiotic therapy offers a suitable 

alternative for controlling pathogens thereby overcoming the adverse consequences of 

antibiotics and chemotherapeutic agents (Nayak, 2010). In aquaculture, probiotics are 

considered as live beneficial microbial adjuncts that modify the host-associated or ambient 

microbial community, improve feed use or its nutritional value, enhance the host response to 

diseases, and/or improve the physico-chemical and microbiological quality of the surrounding 

environment (Pérez-Sánchez et al., 2014; Verschuere et al., 2000). The most widely evaluated 

microorganisms for use as probiotics in fish farming are Bacillus spp., Pseudomonas spp., 

Vibrio spp., and lactic acid bacteria (LAB) group (mainly the genera Lactobacillus, 

Lactococcus, Carnobacterium and Enterococcus) (Balcázar et al., 2006; Pérez-Sánchez et al., 

2011a; Verschuere et al., 2000); however, to date, there is only one strain (Pediococcus 
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acidilactici CNCM MA18/5 M, Bactocell®) legally authorized for this purpose in the 

European Union. 

LAB produce a wide range of antimicrobial metabolites such as organic acids (mainly 

lactic and acetic acids), hydrogen peroxide, diacetyl, acetaldehyde and a heterogeneous group 

of ribosomally-synthesized peptides or proteins, referred to as bacteriocins, that display 

antimicrobial activity against a broad range of Gram-positive and, to a lesser extent, Gram-

negative bacteria (Cintas et al., 2001; Cleveland et al., 2001; Cotter et al., 2005; Line et al., 

2008). LAB-bacteriocins may be categorized into three main classes: (i) the lantibiotics, or 

post-translationally modified peptides, such as dehydroalanine and dehydrobutyrine that 

participate in the formation of thioether bridges; (ii) the non-modified, small, heat-stable 

peptides, and (iii) the large, heat-labile protein bacteriocins (Cintas et al., 2001; Cleveland et 

al., 2001). One of the most well-known LAB species is Lactococcus lactis, which is generally 

considered safe for human and animal consumption (QPS status) based on its wide use as 

starter in the dairy industry, extensive, daily consumption by humans and low relation with 

human infections (Flórez et al., 2008; Gaggìa et al., 2010). An interesting characteristic of 

Lc. lactis is the production of several bacteriocins, including the lantibiotic nisin A (NisA) 

and its natural variants (Z, Q, F and U) (Trmčić et al., 2011). NisA is the most thoroughly 

characterized LAB-bacteriocin and, to date, the only one internationally accepted as additive 

for certain types of food (Cotter et al., 2005; Delves-Broughton, 2005). NisZ, the most 

widespread NisA variant, in which histidine is replaced by asparagine at position 27, is a 

polycyclic peptide that consists of 34 amino acid residues and five thioether bridges (Mulders 

et al., 1991). The health benefits of probiotic bacteria are well documented and bacteriocin-

production strains are a considered as a promising alternative to the use of antibiotics as anti-

infective agents in human and animal (including aquaculture practices) medicine (Corr et al., 

2007; Gillor et al., 2008); however, the in vivo identification of the mechanistic basis of the 

beneficial effects has only been demonstrated in few studies (Corr et al., 2007; Millette et al., 

2008; O'Shea et al., 2012). 

In a previous work, we isolated and taxonomically identified the cultivable total 

microbiota and LAB from farmed rainbow trout intestine and tank vegetation and water at 

seven different growth stages (from larvae to adult trout), and we found that 239 out of 1,620 

isolates, identified as Lc. lactis subesp. lactis, Lc. lactis subesp. cremoris, Enterococcus 

faecium, Lc. garvieae, Weisella soli, Pediococcus acidilactici, Lactobacillus sakei, and 

Leuconostoc mesenteroides, were active against Lc. garvieae (Araújo et al., 2015a). From 
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them, 75 Lc. lactis strains were selected according to their antimicrobial activity against 

Lc. garvieae and other relevant Gram-negative and Gram-positive fish pathogens, and nine 

strains were shown to be bacteriocinogenic, being identified Lc. lactis subsp. cremoris WA2-

67 as a NisZ-producer strain (Araújo et al., 2015b). Therefore, the main objectives of the 

present study were (i) to determine the in vitro probiotic properties of three bacteriocinogenic 

Lc. cremoris strains of aquatic origin from our collection (Lc. cremoris J1-36, EA1-55 and 

WA2-67), (ii) to evaluate in vivo the ability of Lc. cremoris WA2-67 to protect rainbow trout 

against infection by Lc. garvieae, and (iii) to evaluate in vitro and in vivo the role of NisZ 

production as an anti-infection mechanism of Lc. cremoris WA2-67. 

2. MATERIALS AND METHODS 

2.1. Bacterial strains, growth conditions and plasmids 

The bacterial strains and plasmids used in this work are listed in Table II.17. Three 

Lc. cremoris strains (J1-36, EA1-55 and WA2-67), previously isolated from farmed rainbow 

trout intestine and rearing environment (tank vegetation and water), were selected for this 

study due to their safety aspects and extracellular bacteriocinogenic antimicrobial activity 

against Lc. garvieae (Araújo et al., 2015a; Araújo et al., 2015b). All LAB strains were grown 

in de Man, Rogosa and Sharpe broth (MRS, Oxoid Ltd., Basingstoke, United Kingdom) and 

incubated overnight at 30 ºC, unless otherwise stated. Escherichia coli JM109 (Invitrogen 

Life Technologies, Carlsbad, CA) was grown in Luria-Bertani (LB) medium (Sigma-Aldrich 

Inc., St. Louis, MO) overnight with shaking at 37 °C. Lactococcal strains used for the 

construction of Lc. cremoris WA2-67 ∆nisZ isogenic strain were grown in M17 broth (Oxoid) 

supplemented with 0.5 % (w/v) glucose (GM17) at 30 or 37 ºC. 

2.2. Survival in freshwater 

Cultures of the three Lc. cremoris strains grown in MRS broth at 30 ºC for 18 h were 

centrifuged at 5,000 × g at 4 ºC for 5 min. Bacterial pellets were then washed twice with 

sterile phosphate saline buffer (PBS; pH 7.2) and resuspended in the same buffer. Lactococcal 

strains were inoculated (107 cfu/mL) in filtered (0.22 µm) and autoclaved (121 ºC, 15 min) 

freshwater, collected from a rainbow trout farm, and incubated at 18 ºC for seven days. 
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Samples taken at 0 (control), 2, 6, 24, 48 h and 7 d were serially diluted in sterile PBS and 

viable counts were determined by plating on MRS agar plates (1.5%, w/v) (30 ºC, 24–48h) in 

triplicate. Three independent experiments were performed. 

Table II.17. Bacterial strains and plasmids used in this study for nisin Z gene knockout. 
Bacterial strains or 
plasmids Description Source or reference 

Bacterial strains   

Lc. cremoris J1-36 Wild bacteriocinogenic strain Araújo et al. (2015a) 

Lc. cremoris EA1-55 Wild bacteriocinogenic strain Araújo et al. (2015a) 

Lc. cremoris WA2-67 Wild strain, Nisin Z producer Araújo et al. (2015a) 

Lc. garvieae CLG4 Indicator microorganism and infective agent LFP-UNIZARa 

E. coli JM109  Host strain Invitrogen Life 
Technologies 

E. coli JM109+ 
pGEM-T-∆nisZ 

Strain harboring the construction for the deleted nisZ mutant (f1 ori 
lacZ; Ampr) This study 

Lc. cremoris LL108 RepA+; Cmr Leenhouts et al. (1996) 

Lc. cremoris LL108+ 
pORI280-∆nisZ 

Strain harboring the construction for the deleted nisZ mutant (RepA+; 
ori+; β-galactosidase+; Eryr; Cmr) This study 

Lc. cremoris WA2-
67+pVE6007 Strain harboring pVE6007 plasmid [RepA+, Cmr, (Ts)] This study 

   
Plasmids   

pGEM-T Easy f1 ori lacZ; Ampr Promega 

pGEM-T-∆nisZ Construction for the deleted nisZ mutant [f1 orilacZ; Ampr] This study 

   pORI280 RepA-;ori+; β-galactosidase+; Eryr; Integration vector Leenhouts et al. (1996) 

   pORI280-∆nisZ Construction for the deleted nisZ mutant [RepA-; ori+; β-galactosidase+; 
Eryr] This study 

pVE6007 RepA+; Cmr; Temperature sensitive derivative of pWV01 Maguin et al. (1992) 
aLFP-UNIZAR: Culture collection of Laboratory of Fish Pathology, Universidad de Zaragoza, Spain. 

2.3. Resistance to rainbow trout bile and low pH 

Lc. cremoris tolerance to rainbow trout bile was evaluated as previously described by 

Nikoskelainen et al. (2001). Bile was collected by puncturing the trout gallbladder and was 

stored at −20 °C until use. Lactococcal suspensions obtained as described above were 

inoculated (107 cfu/mL) in sterile PBS (control) and with PBS supplemented with 10% (v/v) 

of trout bile. Three independent experiments were performed. The tolerance to low pH was 

studied according to Prasad et al. (1998). Briefly, lactococcal suspensions obtained as 

described above were inoculated (107 cfu/mL) in sterile PBS previously adjusted at pH 2.0, 

3.0, and 6.8 (control). Three independent experiments were performed. In both experiments, 

after incubation at 18 ºC for 1.5 h, viable counts were determined as described above. 
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2.4. Cell surface hydrophobicity 

Lactococcal surface hydrophobicity was evaluated by their adhesion to hydrocarbons 

using the method described by Rosenberg et al. (1984). Lactococcal suspensions obtained as 

described above were adjusted to an OD600 of 1.0, mixed with 1/5 vol. of toluene (Panreac 

Química S. A., Barcelona, Spain) during 2 min and incubated at 37 ºC for 1 h to allow the 

separation of the two phases. Following phase separation, the OD of the aqueous phase was 

measured and The cell hidrophobicity percentage (H%) was calculated by the formula H% = 

([OD0 – OD1]/OD0) × 100, where OD0 and OD1 refer to the ODs of the aqueous phase and the 

original suspension, respectively. Three independent experiments were performed in 

triplicate. 

2.5. Construction of Lc. cremoris WA2-67 ∆nisZ isogenic strain 

2.5.1. Molecular techniques and enzymes 

DNA manipulations, including PCR amplifications, restriction endonuclease digestions, 

ligations, and transformations, were performed as previously described (Basanta et al., 2009). 

The primers used in this study are shown in Table II.18 and were obtained from Sigma-

Genosys Ltd. (Cambridge, United Kingdom). PCR products were sequenced at the Unidad de 

Genómica (Parque Científico de Madrid, Facultad de Ciencias Biológicas, Universidad 

Complutense de Madrid, Spain). E. coli JM109 competent cells were transformed as 

described by the manufacturer (Invitrogen). The method described by Holo et al. (1991) was 

used to obtain competent cells and to transform plasmid DNA into Lc. cremoris LL108 and 

Lc. cremoris WA2-67. The restriction enzymes XbaI and XmaI were suplied by New England 

Biolabs (Ipswich, MA, USA). 

2.5.2. Construction of the gene knockout plasmid 

In order to construct the integration vector, the flanking sequences located upstream 

(fragment A) and downstream (fragment B) of nisZ were amplified by PCR from the 

chromosome of Lc. cremoris WA2-67 (Fig. 2.12). The 647-bp fragment A and the 733-bp 

fragment B were amplified using the primers KOA-F/KOA-R and KOB-F/KOB-R (Table 

II.18), respectively, and both fragments were connected by overlapping PCR as previously 

described (Horton et al., 1989). Connected fragments (1,380 bp) were cloned into the plasmid 
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pGEM-T Easy Vector (Promega Corporation, Madison, WI) and transformed in E. coli 

JM109 following manufacturer instructions. Bacteria harboring recombinant plasmids were 

selected on LB agar plate containing ampicillin (100 mg/L), isopropyl-β-D-

thiogalactopyranoside (IPTG; 1mM), and 5-bromo-4-chloro-3-indolyl-beta-D-galacto-

pyranoside (X-Gal; 40 mg/L). Afterward, the plasmid pGEM-∆nisZ was extracted and 

digested with XbaI and XmaI. The digested fragment (1,380 bp) was ligated with XbaI- and 

XmaI-digested pORI280 plasmid, obtaining the knockout plasmid pORI280-∆nisZ, and 

subsequently transformed into Lc. cremoris LL108 (Lc. cremoris LL108+pORI280-∆nisZ). 

Transformants were selected on GM17 agar plates supplemented with 10% sucrose (SGM17) 

and erythromycin (Ery,5 µg/mL) incubated at 30 °C for 48 h. 

Table II.18. Primers and PCR products used in this study for nisin Z gene knockout. 
Primers or 
 PCR product Nucleotide sequence (5'→3')a or PCR product description Fragment 

amplified 
Primers   
   KOA-F CATATCTAGAAATCACCGTCACCTTATTTTTAGGC A and A-B 
   KOA-R TTGATTTGGTTTGAGTGCCTCCTTATAATTTATTTTG A 
   KOB-F GCACTCAAACCAAATCAAAGGATAGTATTTTGTTAG B 
   KOB-R CATACCCGGGAGTTCTCTATATTCGTCTCCATAGC B and A-B 
   
PCR product   
   A 647-bp XbaI fragment upstream of the structural gene of NisZ (nisZ)  
   B 733-bp XmaI fragment downstream of the structural gene of NisZ (nisZ)  
   A-B 1380-bp XbaI+XmaI construction with the deletion of the gene nisZ (∆nisZ)   

aCleavage sites for restriction enzymes are underlined. Boldface type indicates nucleotide tails added to the 
specific sequences to ensure the proper functioning of the restriction enzymes. Overlapping sites for splicing on 
italic. 

 
Fig. 2.12. The schematic representation of nisZ knockout: the location of nisZ in the Lc. cremoris WA2-67 
chromosome (A) and the location of ΔnisZ in the Lc. cremoris WA2-67 ΔnisZ chromosome (B). Adapted from 
Lu et al. (2013). 
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2.5.3. Knockout of nisZ 

The knockout of nisZ was carried out using the method described by Leenhouts et al. 

(1998). Briefly, the thermosensitive plasmid pVE6007 was transformed by electroporation 

into Lc. cremoris WA2-67 and the mixture plated on SGM17 agar plates supplemented with 

chloranfenicol (Cm, 5 µg/mL) and incubated at 30 °C (permissive temperature) for 48 h. The 

presence of the plasmid pVE6007 in Lc. cremoris WA2-67 transformants (Lc. cremorisWA2-

67+pVE6007) was confirmed by PCR and plasmid isolation. The obtained products were 

purified by using the NucleoSpin Extract II kit (Macherey-Nagel GMBH & Co. KG, Düren, 

Germany) and both DNA strands were sequenced at the Unidad de Genómica (Parque 

Científico de Madrid, Facultad de Ciencias Biológicas, Universidad Complutense de Madrid, 

Spain).  

The plasmid pORI280-∆nisZ was extracted from Lc. cremoris LL108+pORI280-∆nisZ 

cells and transformed by electroporation into Lc. cremoris WA2-67+pVE6007. The 

transformation mixture was plated on SGM17 agar supplemented with Ery (5 µg/ml) and Cm 

(5 µg/mL) and incubated at 30 °C for 48 h. The presence of the plasmid pORI280-∆nisZ in 

Lc. cremoris WA2-67+pVE6007 transformants (Lc. cremoris WA2-67+pVE6007+pORI280-

∆nisZ) was confirmed by PCR and plasmid isolation and nucleotide sequences of the 

recombinant plasmid were confirmed by DNA sequencing as described above. 

In order to stop pVE6007 and pORI280-∆nisZ replication, selected colonies were 

incubated on SGM17 supplemented with Ery (5 µg/mL) for, at least, 3 h at 37 °C. The 

temperature shift causes the loss of the plasmid pVE6007 and allows the integration of 

pORI280-∆nisZ into Lc. cremoris WA2-67 genome. Then, the transformation mixture was 

plated in SGM17 agar supplemented with Ery (5 µg/mL) at 30 °C for 24 h. The resulting 

isogenic mutant strain Lc. cremoris WA2-67 ∆nisZ was stored at −20 °C until further use. The 

knockout of nisZ was confirmed by PCR and DNA sequencing as described above. 

2.5.4. Extracellular antimicrobial (bacteriocin) activity assay 

In order to evaluate the absence of NisZ production by the mutant isogenic strain 

Lc. cremoris WA2-67 ∆nisZ, the bacteriocin activity of the cell-free culture supernatants was 

assessed by an agar well-diffusion test (ADT) as previously described by Cintas et al. (1995), 

using Lc. cremoris WA2-67 as positive control of activity and Lc. garvieae CLG4 as indicator 

microorganism. Briefly, supernatants were obtained by centrifugation of cultures at 10,000 
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× g at 4 °C for 10 min, adjusted to pH 6.2 with 1 M NaOH (Panreac), filter-sterilized through 

0.22 μm-pore-size filters (Millipore Corp., Bedford, Massachussets, USA) and stored at 

−20°C until use. Fifty-μl aliquots of supernatants were placed into wells (6-mm diameter) cut 

in cooled MRS (0.8%, w/v) plates previously seeded (1×105 cfu/ml) with the indicator 

microorganism. After 2 h at 4 °C, the plates were incubated at 30 °C for 16 h to allow the 

growth of the target microorganisms and then analyzed for the presence of inhibition zones 

around the wells. 

2.6. Preparation of the feed 

Lc. cremoris WA2-67 and Lc. cremoris WA2-67 ∆nisZ were grown in MRS broth in a 

shaking incubator at 22 °C overnight. After incubation, the cells were harvested by 

centrifugation at 2000 × g at 4 °C for 5 min, washed twice with PBS and re-suspended to the 

original volume in the same buffer. Lactococcal suspensions were adjusted to an OD600 of 

0.25±0.05 (107–108 cfu/mL). Dilution plating was used to verify the relationship between 

OD600 and cfu/mL. Commercial feed (Skretting, Burgos, Spain) was used as the basal diet for 

the supplementation of the two lactococcal strains, respectively. Bacterial strains were slowly 

applied into the feed, mixing part by part in a drum mixer reaching a final concentration of 

106 cfu/g feed. This procedure was performed twice daily. The probiotic concentration in each 

feed was determined by plating on MRS agar in triplicate. 

2.7. Fish 

Rainbow trout were obtained from a commercial fish farm in the Autonomous 

Community of Aragon, Spain. The fish had not been vaccinated nor exposed to fish diseases 

and were considered pathogen free by standard microbiological techniques and by previously 

described PCR techniques for the detection of Lc. garvieae, Aeromonas salmonicida, 

Flavobacterium psychrophilum and Yersinia ruckeri (Pérez-Sánchez et al., 2011b). The fish 

were acclimated for two weeks to laboratory conditions in tanks before the start of the trial. A 

standard commercial feed was used twice a day to feed the fish with a rate of 1.5% of the 

biomass per day. 

 



II. Chapter 5 

  222  
  

2.8. Experimental conditions 

Rainbow trout, with an average weight of 33 g at the start of the experimental period, 

were held in four 1,000 liter-tanks (50 fish each) in re-circulating aerated freshwater at 

15±1 °C, and stocked with 25% water change every day and a 12 h dark/12 h light 

photoperiod. During 36 days of probiotic supplementation, the water temperature was 

increased progressively from 15±1 to 18±1 °C to stimulate the experimental infection. Two 

groups were fed a diet supplemented with Lc. cremoris WA2-67 (106 cfu/g) or Lc. cremoris 

WA2-67 ∆nisZ (106 cfu/g) during the entire trial period, as previously reported for other LAB 

used as probiotics (Balcázar et al., 2007a; Pérez-Sánchez et al., 2011b; Vendrell et al., 2008). 

The remaining two groups were fed an unsupplemented diet during the entire trial period and 

were used as negative (and to keep fish that were used for the cohabitation method) and 

positive controls of infection. 

2.9. Growth rate analysis 

In order to evaluate the specific growth rate (SGR), at the beginning and after 36 days of 

probiotic supplementation, all fish were anaesthetized with a lower dose of tricaine 

methanesulfonate (MS-222; Syndel Laboratories, Vancouver, Canada; 50 mg/L) and weighed. 

The SGR of the different groups was calculated by the formula: SGR = [(ln Wf - ln 

Wi)×100]/t, where Wi and Wf are average weight before and after probiotic supplementation, 

respectively, and t, is the time used during the in vivo assay (days). 

2.10. Challenge test 

After 21 days of probiotic administration, the experimental infection was carried out by 

the cohabitation method. Lc. garvieae CLG4, previously isolated during a natural outbreak in 

rainbow trout, was grown on MRS agar at 22 °C for 24 h. The bacterial suspension obtained 

and adjusted as described above was diluted to 105 cfu/mL, and 0.1 mL of this suspension was 

injected intraperitoneally into cohabitation fish previously anaesthetized with MS-222 (50 

mg/L). All cohabitants (10 fish employed in each group) were marked by clipping the adipose 

fin after injection, and were placed into the appropriate tank with the rest of fish. Dead fish 

were collected and cumulative mortality was recorded. The probiotic efficacy was calculated 

the last day of the trial by the cumulative mortality and also by relative percent survival 
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(RPS). RPS was calculated by the formula: RPS = [1 - (% mortality in probiotic supplemented 

group / % mortality in control group) × 100] (Amend, 1981). Lc. garvieae CLG4 was isolated 

from tissue samples of recently dead fish on Columbia Sheep Blood Agar (BioMérieux, 

Marcy l’Etoile, France) at 22 °C for 48 h, and its identity was verified by a previously 

described PCR method (Pérez-Sánchez et al., 2011b). At the end of the 36-day probiotic 

feeding trial, the remaining fish were sacrificed by immersion in a tank containing MS-222 

(150 mg/L, 15 min), according to the instructions given by the Zaragoza University Ethics 

Committee for Animal Experimentation. 

2.11. Statistical analysis 

After transformation of the data, student´s t test was used to determine significant 

differences between treated and control groups, while one-way ANOVA was used to 

determine the significant differences between groups followed by Duncan´s multiple range 

test as a post hoc comparison. Survival curves were estimated by the Kaplan–Meier method 

and compared by the log-rank test. All statistics were performed using SPSS for Windows 

version 11.5 (SPSS, Chicago, USA) and the statistical significant level was accepted at 

p<0.05. 

3. RESULTS 

3.1. Survival in freshwater 

The three Lc. cremoris strains survived in freshwater for seven days (Table II.19). The 

survival percentages for Lc. cremoris J1-36 and Lc. cremoris WA2-67 did not present 

significant differences compared to the control along the seven days of incubation. However, 

at day seven, the survival percentage for Lc. cremoris EA1-55 decreased significantly to 

86.6% (p<0.01). 

3.2. Resistance to rainbow trout bile and low pH 

The three Lc. cremoris strains survived in the presence of rainbow trout bile at 10% (v/v) 

for 1.5 h (Table II.19). Interestingly, the three strains showed a significant increase of viable 
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counts in the presence of rainbow trout bile (p<0.05 for Lc. cremoris WA2-67 and EA1-55, 

and p<0.01 for Lc. cremoris J1-36). The three Lc. cremoris strains survived to pH 3.0 for 

1.5 h (Table II.19). In all cases, survival percentages were higher than 40% and significantly 

lower than values obtained for the control (p<0.01). 

Table II.19. Ability of lactococcal strains to survive/tolerate the freshwater, acidic and bile 
environmenta. 

Strains 

Survival in freshwater Tolerance to low pH 
(1.5 h) 

Tolerance to rainbow 
trout bile (1.5 h) 

Control 
(0 h) 

2 h 6 h 24 h 48 h 7 d Control  
(pH 6.8) 

pH 3.0 Control 
(PBS) 

Bile  
(10%; v/v) 

Lc. cremoris 
J1-36 

6.83±0.05 6.92±0.04 6.88±0.03 6.86±0.04 6.82±0.03 6.77±0.03 5.95±0.05 2.43±0.23** 5.21±0.12 5.73±0.04** 

Lc. cremoris 
EA1-55 

6.65±0.07 6.72±0.03 6.64±0.06 6.62±0.04 6.70±0.04 5.76±0.15** 6.52±0.07 3.61±0.07** 4.82±0.20 5.31±0.11* 

Lc. cremoris 
WA2-67 

6.98±0.04 7.09±0.07 7.07±0.10 7.04±0.04 7.00±0.04 6.97±0.02 6.79±0.06 3.52±0.12** 5.48±0.08 5.62±0.04* 

aResults are expressed as log10cfu/ml (mean ± S.D.) (n=3). Asterisks denote statistically significant differences with respect to 
control (*p<0.05; **p<0.01). 

3.3. Hydrophobicity 

The cell surface hydrophobicity percentages of the three Lc. cremoris strains ranged from 

37.93 to 58.52% (Fig. 2.13). Lc. cremoris WA2-67 showed the highest cell surface 

hydrophobicity (p<0.05). 

 
Fig. 2.13. Lc. cremoris cell surface hydrophobicity. Results are expressed as 
hydrophobicity (%) (mean ± S.D.) (n=3). Means showing different letters indicate 
significant differences (p<0.05). 
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3.4. Extracellular antimicrobial (bacteriocin) activity assay 

The knockout isogenic mutant strain Lc. cremoris WA2-67 ∆nisZ, lacking nisZ, as 

demonstrated by PCR (results not shown), did not display extracellular antimicrobial activity 

against Lc. garvieae CLG4 (Fig. 2.14), which demonstrated the lack of NisZ production. 

 
Fig. 2.14. Antimicrobial activity of supernatants from the wild-
type bacteriocinogenic strain Lc. cremoris WA2-67 (A) and its 
non-bacteriocinogenic knockout mutant isogenic strain  
Lc. cremoris WA2-67 ∆nisZ (B) against Lc. garvieae CLG4 as 
determined by an ADT. 

3.5. Growth rate analysis 

During the trial, no significantly differences were observed in the SGR between different 

groups evaluated (p = 0.30). The SGR were 1.88, 1.76 and 1.58 in the groups supplemented 

with the wild-type bacteriocinogenic strain Lc. cremoris WA2-67, the non bacteriocinogenic 

isogenic mutant strain Lc. cremoris WA2-67 ∆nisZ, and the positive infection control group, 

respectively. 

3.6. Challenge tests 

To investigate whether the bacteriocinogenic strain Lc. cremoris WA2-67 was able to 

protect rainbow trout against lactococcosis infection, as well as to determine the role of NisZ 

production as an anti-infective mechanism, the fish groups fed this wild-type strain and its 

non bacteriocinogenic knockout mutant isogenic strain Lc. cremoris WA2-67 ∆nisZ, were 

infected with Lc. garvieae CLG4 following the cohabitation method. The probiotic 

supplementation diets resulted in an accumulated mortality of infected fish ranging from 20% 

(Lc. cremoris WA2-67) to 50% (Lc. cremoris WA2-67 ∆nisZ); whereas the accumulative 

A B
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mortality in fish group not-treated with the probiotics (positive control) was 72.5% (Fig. 

2.15). Statistical analysis demonstrated that fish fed with the diet supplemented with 

Lc. cremoris WA2-67 at 36 days had significantly (p<0.01) lower mortality than fish fed with 

the diet supplemented with Lc. cremoris WA2-67 ∆nisZ or the positive infection control 

group. With regard to this, the mortality rate of Lc. cremoris WA2-67 ∆nisZ group did not 

significantly differ (p=0.11) compared to the positive infection control group. RPS were thus 

72.4 and 31% in fish fed the diet containing Lc. cremoris WA2-67 and Lc. cremoris WA2-67 

∆nisZ, respectively, compared with the control group. External examination and 

bacteriological analysis of fish that died during the study revealed the presence of 

Lc. garvieae in all cases. 

 
Fig. 2.15. Mortality curves of rainbow trout challenged with Lc. garvieae 
CLG4 with and without probiotic treatments (Lc. cremoris WA2-67 and 
Lc. cremoris WA2-67 ∆nisZ). The asterisk indicates significant difference 
compared to the other groups (p<0.01). 

4. DISCUSSION 

In previous researches, we found that three bacteriocinogenic Lc. cremoris strains 

isolated from farmed rainbow trout intestine and rearing environment (tank vegetation and 

water) displayed a broad antimicrobial activity against the fish-pathogen Lc. garvieae (Araújo 

*

Control
Lc. cremoris WA2-67∆nisZ
Lc. cremoris WA2-67

Cu
m

ul
at

iv
e m

or
ta

lit
y

(%
)

Days after challenge



 II. Chapter 5 

  227  
  

et al., 2015b). In this work, the probiotic properties of these three Lc. cremoris strains, 

including the NisZ-producer Lc. cremoris WA2-67 isolated from rainbow trout tank water, 

were determined in vitro in order to select the most suitable strain to evaluate in vivo 

effectiveness to control lactococosis in rainbow trout. The capacity of survival in freshwater is 

a desirable property for probiotics cultures intended for use in continental aquaculture, 

similarly to the capacity of probiotic used in marine aquaculture to survive in seawater 

(Vázquez et al., 2003). In this respect, our study revealed a prolonged survival of the three 

Lc. cremoris strains in freshwater at 18 °C for up to seven days, which is in concordance with 

a previous study in turbot larvae, where a P. acidilactici strain was reported to be able to 

survive for more than four days in seawater, indicating as adequate time for direct uptake by 

turbot larvae (Villamil et al., 2010). 

Determination of resistance to low pH and fish bile has been suggested as a method for 

the evaluation of the potential capacity of strains to survive passage through the fish 

gastrointestinal tract and colonize quickly its mucosal surfaces (Balcázar et al., 2008; 

Nikoskelainen et al., 2001; Pérez-Sánchez et al., 2011a); however, there is no consensus 

about the bile concentration to which the potential probiotic should be tolerant (Balcázar et 

al., 2008). In our study, the three Lc. cremoris strains were able to resist to a high 

concentration of rainbow trout bile (10 %, v/v) and to pH 3.0, which is in agreement with 

results previously reported for other LAB proposed as probiotics (Balcázar et al., 2008; 

Nikoskelainen et al., 2001; Pérez-Sánchez et al., 2011a). The cell surface hydrophobicity is 

also a desirable property of probiotics since higher hydrophobic strains displayed stronger 

adhesive capability to intestine and other mucosa (Pan et al., 2006). According to the criteria 

established by Ahumada et al. (1999), the three lactococci strains evaluated in this study 

possessed medium surface hydrophobicity (37.93–58.52%). Lc. cremoris WA2-67 displayed 

significantly higher hydrophobicity values than the other two lactococci, which suggest this 

strain is more capable to adhere to intestinal epithelial cells. In previous studies, the strains 

Lc. cremoris CFLP 25 (isolated from rainbow trout) (Pérez-Sánchez et al., 2011a) and 

Lc. cremoris SMF110 (isolated from Atlantic salmon, Salmo salar) (Muñoz-Atienza et al., 

2014), showed hydrophobicity of 24.99 and 12.12%, respectively, which were lower than the 

hydrophobicity observed for Lc. cremoris WA2-67 (58.52%). 

There are few studies reporting LAB strains with antimicrobial activity against 

Lc. garvieae. Balcázar et al. (2007b) isolated from healthy salmonids, including brown trout 

(Salmo trutta), rainbow trout, and Atlantic salmon, the strain Leuconostoc mesenteroides 
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CLFP 196, which produce antimicrobial substances against Lc. garvieae. Moreover, 

Sequeiros et al. (2010) have described the isolation of four LAB strains from the intestinal 

tract of Patagonian fish (Odontesthes platensis) with antimicrobial activity against 

Lc. garvieae, including the putative bacteriocinogenic strain Lc. lactis TW34. Regarding in 

vivo tests, the supplementation of fish feed with the probiotic putative bacteriocinogenic 

strains Lb. plantarum CLFP 3 (Pérez-Sánchez et al., 2011b), and Lb. plantarum CLFP 238 

(Vendrell et al., 2008) produced significant reduction of cumulative mortality of rainbow 

trout infected with Lc. garvieae. 

Based on its potential probiotic properties observed in vitro, the wild-type NisZ-producer 

strain Lc. cremoris WA2-67 was selected to demonstrate in vitro and in vivo the role of NisZ 

production as an anti-infection mechanism. Lc. cremoris WA2-67 and its non-

bacteriocinogenic knockout mutant isogenic strain Lc. cremoris WA2-67 ∆nisZ were 

administered orally to rainbow trout for 21 days and subsequently, fish were challenged with 

the pathogen Lc. garvieae CLG4 by the cohabitation method. Probiotic supplementation of 

feed with Lc. cremoris WA2-67 significantly reduced fish mortality from 72.5% (positive 

infection control group) to 20%; however, the reduction of the cumulative mortality between 

the positive infection control group (72.5%) and the group treated with the non-

bacteriocinogenic strain Lc. cremoris WA2-67 ∆nisZ did not show significant reduction of 

cumulative mortality (50%), which demonstrates the effectiveness of the NisZ-producer strain 

Lc. cremoris WA2-67 to protect rainbow trout against Lc. garvieae infection, as well as the 

relevance of NisZ production as an anti-infective mechanism. 

Despite bacteriocinogenicity being a common trait amongst LAB of aquatic origin 

(Desriac et al., 2010; Gatesoupe, 2008; Gillor et al., 2008) and LAB-bacteriocins have been 

found to constitute one of the most potent weapons to fight against fish pathogens in vitro 

(Desriac et al., 2010; Kirkup, 2006), in situ LAB-bacteriocin production has never been 

shown to protect fish against bacterial infection. Nevertheless, some studies have 

demonstrated the effectiveness of bacteriocin production by some probiotic LAB as a 

mechanism to fight against infection in murine models (Corr et al., 2007; Millette et al., 2008; 

O'Shea et al., 2012). Bacteriocin production is considered as a competitive advantage in the 

microbial environment due to its antimicrobial activity against pathogens within the 

gastrointestinal tract (O'Shea et al., 2012). Additionally, bacteriocins can also act as 

colonizing peptides by promoting the introduction and/or dominance of a bacteriocin-

producing strain into a previously colonized niche. Besides, bacteriocins may function as 
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peptides signaling other bacteria through quorum sensing within microbial communities or 

signaling host immune system cells (Dobson et al., 2012). Corr et al. (2007) demonstrated the 

protective effect of the bacteriocin Abp118 produced by Lactobacillus salivarius UCC18 

against Listeria monocytogenes in a murine model using, among other approaches, a stable 

mutant of Lb. salivarius UCC18, which failed to produce this bacteriocin and also failed to 

protect mice from infection. Moreover, Millette et al. (2008) showed the anti-infective 

properties of two bacteriocinogenic LAB strains, the nisin Z producer Lc. lactis MM19 and 

the pediocin PA-1/AcH producer P. acidilactici MM33, which were capable of reducing the 

intestinal colonization by vancomycin-resistant enterococci in murine models. Recently, 

Schubiger et al. (2015) demonstrated that entericidin produced by the Gram-negative strain 

Enterobacter sp. C6-6 is requiered for a probiotic treatment to protect rainbow trout against 

cold-water disease caused by Flavobacterium psychrophilum. 

In conclusion, the three lactococcal strains isolated from farmed rainbow trout intestine 

and rearing environment showed good freshwater survival, tolerance to low pH and rainbow 

trout bile, and cell surface hydrophobicity. Moreover, the administration of the NisZ-producer 

Lc. cremoris WA2-67 to rainbow trout reduced the mortality caused by the invasive pathogen 

Lc. garvieae CLG-4, and NisZ production was identified as an anti-infective mechanism. To 

our knowledge, this is the first report demonstrating the effective in vivo role of bacteriocin 

(NisZ) production as a mechanism to protect fish against lactococcosis. Overall, our results 

suggest that the wild-type NisZ-producer strain Lc. cremoris WA2-67 could be used in fish 

farming to prevent lactococcosis in rainbow trout. 
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GENERAL DISCUSSION 

In this thesis, microbiological, genetic and biochemical tools were used to evaluate the 

total and lactic microbiota from selected stages of the rainbow trout life-cycle (from larvae to 

adult trout) and rearing environment in order to isolate and characterize suitable strains to be 

further used as probiotics in rainbow trout farming. In this respect, the probiotic treatments in 

aquaculture can be considered as: (1) methods of biocontrol and bioremediation, considering 

that they allow the introduction of microorganisms, which (i) eliminate or reduce the number 

of pathogens in the aquatic environment, (ii) reduce the formation of biofilms caused by 

bacteria and fungi on the installations (biofouling) and/or (iii) act as bioreactor to recycle 

nutrients (nitrogen, phosphorus and other biodegradable substances) due to the possibility to 

use the wastewater of the installations for their growth; and also as (2) probiotics sensu stricto 

since, due to its ability to (i) control bacterial fish diseases, (ii) contribute that food diet 

stimulate optimal growth, (iii) improve water quality and (iv) modulate the immune system of 

the host (Chabrillón et al., 2005; Panigrahi and Azad, 2007). We proposed the development of 

an alternative or complementary strategy to chemotherapy and vaccination, based on the use 

of lactic acid bacteria (LAB) as probiotics of aquatic origin, in order to prevent and control 

the most important bacterial fish diseases for rainbow trout intensive production, which is the 

great importance for the European Union aquaculture, including Portugal. In addition, this 

strategy would improve animal productivity and the quality and safety of marketed products 

as well as reduce environmental degradation of farms aquatic environment by improving their 

physical-chemical and microbiological quality, recycling of nutrients and water, and 

restraining bacterial biofilms formation. 

We observed a variation on bacterial population of the total microbiota (TM) and LAB 

from rainbow trout intestine and rearing environment along the fish life-cycle. With regard to 

this, seasonal evolution, day-to-day fluctuations and environmental conditions have been 

associated with quantitative differences in fish microbiota (Al-Harbi and Uddin, 2004; 

Gatesoupe, 2008a; Spanggaard et al., 2000). Nevertheless, bacterial counts obtained from 

tank water were lower than those from rainbow trout intestine and tank vegetation, possibly 

due to the frequent tank water renewal and lower nutrient availability. 

The taxonomic identification of the TM and LAB in this work revealed diversification of 

the composition of the rainbow trout and rearing environment microbiota along the fish-cycle. 

The composition of the TM by growth stage showed the prevalence of Enterobacteriaceae at 
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growth stages F2, J1 and A1 and also that this family was represented in all growth stages 

(Fig. 3.1). Aeromonadaceae were dominant at growth stages L, F1 and A2 and 

Streptococcaceae and Bacillaceae were the most prevalent families at the growth stage J2. 

Fermentative bacteria of the family Enterobacteriaceae and Aeromonadaceae are fast 

growing organisms that are expected to thrive in the fish gastrointestinal tract and 

environment with its conditions of low pH and lack of oxygen (Huber et al., 2004). Incoming 

water and feed may correspond to the way species of the family Streptococcaceae can enter 

fish farms, and have the potential to multiply in the fish intestine (Cahill, 1990). With regard 

to LAB, the genus Lactococcus (generally Lc. lactis) was dominant (Fig. 3.2) during most of 

the fish life-cycle which is in agreement with other studies carried out on other fish species 

(Hagi et al., 2004; Hovda et al., 2007). However, Pediococcus spp. and Weissella spp. were 

prevalent in the intestinal and rearing environment microbiota at the growth stages L and F2, 

respectively. The knowledge of the fish microbiota along the life-cycle may help in the 

selection of probiotic strains to be used in order to increase protection against diseases and/or 

fish production. Hence, these niches were identified as ideal sources for the isolation of LAB 

with antimicrobial activity against fish pathogens, particularly against Lc. garvieae. 

 
Figure 3.1. Relative percentages of the cultivable total microbiota at each growth stage. 
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Figure 3.2. Relative percentages of LAB at each growth stage. 

Recently, LAB isolated from rainbow trout have shown the ability to inhibit the growth 

of fish pathogens and have been proposed as probiotics to prevent lactococcosis and other 

bacterial fish diseases (Muñoz-Atienza et al., 2013; Pérez-Sánchez et al., 2011b; Ringø et al., 

2010; Verschuere et al., 2000). The antimicrobial activity of LAB is mainly due to the 

production of bacteriocins and/or organic acids, which are the key weapons to inhibit 

pathogens of relevance for human and animal farming, including aquaculture (Corr et al., 

2007; Desriac et al., 2010; Gillor et al., 2008). From a total of 1,710 randomly selected LAB, 

1,214 isolates (71%) exerted antimicrobial activity against, at least, one of the tested fish 

pathogens, enlightening that the production of antimicrobial compounds is a common 

probiotic property amongst LAB from rainbow trout intestine, feed and rearing environment. 

The use of probiotics in aquaculture may change the microbial ecology of aquatic hosts 

and their environment, consequently the safety assessment acquires great importance, not 

only for the species which is intended to be used, but also for humans and environment, 

(Decamp and Moriarty, 2007). Several studies reported the selection of LAB as potential 

probiotics for aquaculture (Balcázar et al., 2008; Dimitroglou et al., 2011; Merrifield et al., 

2010b; Nikoskelainen et al., 2001a); however, the safety assessment of these strains is 

generally restricted to in vivo tests in the host in order to confirm the absence of pathogenicity 

(Das et al., 2010; Decamp and Moriarty, 2007; Dimitroglou et al., 2011; Merrifield et al., 

2010b; Olmos et al., 2011; Wang et al., 2008). It should be noted that, in vitro studies on the 
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safety assessment are not usually performed, despite that they are very effective to 

simultaneously evaluate the safety of a large number of strains. 

According to the FAO/WHO guidelines (FAO/WHO, 2006), the development of 

commercial probiotics requires their unequivocal taxonomic identification and the 

demonstration of their safety only requires confirmation of the absence of genes encoding 

resistance to antibiotics of clinical significance in human and veterinary medicine. According 

to EFSA (EFSA, 2011), LAB studied in this work (Lc. lactis and P. acidilactici) are awarded 

with QPS status since these bacteria are not considered neither pathogenic nor opportunistic 

microorganisms (Gaggìa et al., 2010; Liu et al., 2009). On the other hand, it is important to 

mention that in the case of enterococci, a more meticulous, strain-specific evaluation is 

required to evaluate the risk associated with their use in the food chain (EFSA, 2012a). We 

followed a comprehensive previously described in vitro subtractive screening (Muñoz-

Atienza et al., 2013) with criteria more exhaustive than that established by EFSA to assess the 

safety of LAB. Several microbiological, biochemical and genetic assays were included, which 

turned out to be very effective to identify strains unsafe not only for the aquatic hosts and 

their surrounding environment as well as for humans. These assays not only included the 

evaluation of antibiotic resistance, but also hemolysin and gelatinase production, biogenic 

amine production, deconjugation of bile salts and mucin degradation. 

The widespread use and frequent overuse of antibiotics, including those used in human 

medicine, as prophylactic and therapeutic agents to control bacterial diseases in fish farming 

has resulted in (i) the emergence and spread of antibiotic resistant bacteria, including fish 

pathogens, (ii) the transference of their genetic determinants to bacteria of terrestrial animals 

and to human pathogens and (iii) the alteration of the microbiota of the aquaculture 

environment (Cabello, 2006; Das et al., 2010; Toranzo et al., 2009). The genetic determinants 

encoding antibiotic resistance may be acquired by LAB, and then horizontally transferred to 

other bacteria such as animal and human pathogens (Flórez et al., 2008; Liu et al., 2009; 

Walther et al., 2008). In this sense and according to EFSA, bacterial strains intended for use 

as probiotics should not harbour any acquired resistance to antibiotics of importance in 

clinical and veterinary medicine (EFSA, 2012b). 

Our results revealed a high incidence (30 strains, 40%) of Lc. lactis strains showing 

acquired antibiotic resistances to tetracycline, streptomycin, kanamycin, clindamycin, 

vancomycin, and gentamicin. Despite this high incidence in the lactococcal strains, genes 

encoding resistance were only found in 15 (20%) strains, specifically those genes encoding 



III. General Discussion 

  241  
  

resistance to tetracycline: tet(K), tet(L), tet(O) and/or tet(T). Although tet(M) is commonly 

found in Lc. lactis strains from dairy products and is considered the most common genetic 

determinant among tetracycline-resistant LAB (Ammor et al., 2007; Devirgiliis et al., 2010; 

Flórez et al., 2008; Toomey et al., 2010), any of the lactococci showing resistance to 

tetracycline harboured this gene. It should be underlined that to our knowledge, our study 

described for the first time the presence of tet(K), tet(O) and tet(T) in the species Lc. lactis. 

The phenotypic resistance to streptomycin, kanamycin clindamycin, vancomycin, and 

gentamicin presented by Lc. lactis strains, have been previously reported by other authors, 

including the presence of the respective genetic determinants of antibiotic resistance (Flórez 

et al., 2007; Hummel et al., 2007; Perin et al., 2014; Perreten et al., 1997; Toomey et al., 

2010). 

Interestingly, all the P. acidilactici strains evaluated in our study did not harbour 

resistance to any of the antibiotics proposed by EFSA. Pediococci have been previously 

reported as intrinsically resistant to ciprofloxacin, trimethoprim-sulphamethoxazole, 

streptomycin, tetracycline and vancomycin (Ammor et al., 2007; Danielsen et al., 2007; 

O'Connor et al., 2007; Toomey et al., 2010). Nevertheless, the presence of transferable 

genetic determinants such as erm(B) and mef(A/E), aac(6’)Ie-aph(2’’)Ia, and lnu(A) 

conferring resistance to erythromycin, gentamicin and lincosamides, respectively, have been 

formerly described in pediococcal strains (Danielsen et al., 2007; Muñoz-Atienza et al., 2013; 

Tenorio et al., 2001). 

The criteria of bacterial antibiotic resistance established by EFSA (2012b) does not 

include the microbiological breakpoints used to categorise as susceptible or resistant the 

different species of the Enterococcus genus. In this regard, the Clinical and Laboratory 

Standards Institute criteria was used in this work in order to evaluate the susceptibility to 

antibiotics in enterococci (CLSI, 2011). The resistance to erythromycin was the most 

observed amongst the enteroccal strains, and the gene erm(B) was the most commonly 

detected in 14 out of the 20 (70%) erythromycin-resistant strains. The erm(B) determinant is 

widespread among erythromycin-resistant enterococci, especially E. faecium and E. faecalis 

(Werner, 2012). Occasionally, the antibiotic resistance determinants erm(A) and erm(C) are 

found, but in our study these genes were not detected. Moreover, 11 out of the 13 

tetracycline-resistant enterococci showed, at least, one of the several genes encoding 

resistance to tetracycline, including tet(M) (six strains), tet(S) (four strains), tet(K) (three 

strains), tet(L) (three strains), and tet(T) (one strain). The gene tet(M) was the most frequent 
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supporting the evidence that is the most widespread gene among tetracycline-resistant LAB 

(Ammor et al., 2007). One E. hirae strain with phenotypic-resistance to streptomycin 

harboured the gene aad(E). Streptomycin resistance is encoded by the gene aad(E) which is 

an integral part of a multi-resistance gene cluster aad(E)-sat4-aph(A) encoding streptomycin-

streptothricin-kanamycin resistance (Werner, 2012). A total of four strains were 

phenotypically resistant to vancomycin, including one E. faecalis which did not harbour any 

of the tested vancomycin-resistant genetic determinants, and three intrinsic resistant 

E. casseliflavus. Similarly, the presence of genetic determinants in the strains phenotypic 

resistant to ciprofloxacin (eight strains), quinupristin–dalfopristin (six strains), and 

chloramphenicol (three strains) were not found. This finding suggests the presence of further 

mechanisms of resistance to these antibiotics or point mutations of the respective genes which 

would hinder their PCR-amplification. 

Regarding virulence activities, hemolysin production was not detected in any of the LAB 

strains tested in this study. As previously reported, this trait is not common among 

pediococcal strains (Albano et al., 2009; Mabrouk et al., 2014; Muñoz-Atienza et al., 2013). 

Concerning the lactococcal strains, it is important to mention that the complete genome 

sequences of Lc. lactis subsp. lactis IL1403 and Lc. lactis subsp. cremoris SK11 contain 

genes encoding hemolysin-like proteins (GenBank accession numbers NP_266653.1 and 

YP_808539.1, respectively); nevertheless, these strains have not been shown to be virulent. 

Enterococci are more likely to harbour virulence factors than lactococci and pediococci. In 

this sense, a total of 30 enterococci carried the virulence factor gelE, which encodes for an 

extracellular zinc endopeptidase that hydrolyzes gelatin, collagen, hemoglobin, and other 

bioactive compounds (Muñoz-Atienza et al., 2013). Only one E. faecalis strain expressed 

gelatinase activity, indicating the carriage of a non-functional gelE gene by all the other 

strains, which is agreement with previous studies (Eaton and Gasson, 2001; Muñoz-Atienza et 

al., 2013). In addition, 11 enterococcal strains harboured the E. faecalis endocarditis antigen 

(efaAfs) and one E. casseliflavus strain harboured the virulence factors hyl and agg, which 

encode a putative glycosyl hydrolase and a surface-bound glycoprotein, respectively, and also 

the harboured gelE. Recently, EFSA (2012a) has published a method to assess the safety of E. 

faecium and to identify strains potentially linked to nosocomial infections. Based on previous 

studies, this method tests out the presence of three virulence marker genes (esp, hylEfm or 

IS16) and the resistance to ampicillin. According to this document, any E. faecium strain 

resistant to ampicillin or possessing any of the three previously mentioned virulence marker 
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genes should be used as an additive in animal feed. Werner et al. (2011) proposed the mobile 

IS16 element (designated as a mutator-type transposase) as a specific marker to recognize 

hospital-associated E. faecium strains, suggesting the limited host range of IS16-bearing 

plasmids only among hospital associated strains. The virulence gene esp, encoding the 

enterococcal cell surface-associated protein, has been located in a pathogenicity island 

(Leavis et al., 2004) and has recently been proposed as an integrative conjugative element 

(ICEEfm1) due to its mobility and self-transmissibility (Top et al., 2011). Previous studies 

have associated Esp production by E. faecium strains with biofilms formation (Heikens et al., 

2007), urinary tract infections (Leendertse et al., 2009) and endocarditis (Heikens et al., 

2011). Moreover, the hylEfm gene is located on a transferable megaplasmid in E. faecium 

hospital-associated strains (Freitas et al., 2010). A previous study showed that the acquisition 

of hylEfm plasmid by E. faecium D344SRF strain (low colonization ability) from E. faecium 

C68 strain, isolated from hospital environment, promoted colonization in the gastrointestinal 

tract of mice (Rice et al., 2009). It has been previously reported that the genes esp and hylEfm 

are more frequently found in ampicillin and vancomycin resistant E. faecium strains than 

amongst ampicillin-susceptible and vancomycin resistant E. faecium strains (Vankerckhoven 

et al., 2004). The increased incidence of enterococci involved in hospital outbreaks have been 

attributed to the spread of vancomycin and ampicillin resistant E. faecium strains presenting 

esp and/or hylEfm virulence genes (Klare et al., 2005; Vankerckhoven et al., 2008; Werner et 

al., 2008). Therefore, the fact that E. faecium strains evaluated in this study did not present 

these virulence genes (esp and hylEfm) can be related to its non-clinical origin. 

Biogenic amines are defined as low molecular weight organic bases with biological 

activity and their production has been associated with detrimental toxic effects on human 

health (Buňková et al., 2009; Talon and Leroy, 2011). Biogenic amines production is due to 

the decarboxylation of precursor amino acids through substract-specific enzymes by many 

LAB strains (Fig. 3.3). The tyramine and the histamine or scombroid poisonings are the most 

common and are associated with hypertension and headache, and vomit, diarrhea, edema, and 

heart palpitations, respectively. Putrescine and cadaverine are not toxic by themselves, but 

they interfere with the enzymes that metabolize tyramine and histamine, enhancing the 

adverse effects (Buňková et al., 2009; Landete et al., 2007). 
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Figure 3.3. Biogenic amine biosynthesis pathways in LAB. Arginine decarboxylase 
(ADC), agmatine deiminase (AGD), arginine deiminase (AD), histidine decarboxylase 
(HDC), lysine decarboxylase (LDC), tyrosine decarboxylase (TDC), ornithine 
decarboxylase (ODC), carbamate kinase (CK), and putrescine carbamoyl transferase (PTC). 
Source: Linares et al. (2011). 

In the European Union, the presence of histamine in some fish products is already 

normalized by the Regulation (EC) No. 1441/2007, which modified the Regulation (EC) No. 

2073/2005. In this work, we found 17 Lc. lactis strains and four P. acidilactici strains 

producing, at least, one biogenic amine (cadaverine, histamine, putrescine and/or tyramine). 

Tyramine production have been previously reported for Lc. lactis strains of dairy origin (Arias 

et al., 2013; Buňková et al., 2009; de Llano et al., 1998; Perin et al., 2014; Santos et al., 

2003) and for P. acidilactici strains in beer (Izquierdo-Pulido et al., 2000), and cheese 

(Bonetta et al., 2008). The coproduction of several biogenic amines, such as cadaverine-

histamine-putrescine-tyramine, has also been described in Lc. lactis strains from dairy origin 

(Arias et al., 2013). Interestingly, the phenotipically biogenic-amine producing strains found 

in this work did not harbour any of the respective biogenic amines genetic determinants, 
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which may be due to point mutations of the respective genes that would hamper their PCR-

amplification, to the existence of still unknown genes or to false-positives. Regarding to this, 

and accordingly to the precautionary principle, we did not consider as safe the 21 

phenotipically biogenic-amine producing strains (17 Lc. lactis and four P. acidilactici). 

The degradation of mucin may be harmful for the fish as it may facilitate the 

translocation of bacteria to the extra-intestinal tissues (Ruseler-van Embden et al., 1995). In 

this respect, none of the LAB strains studied displayed mucinolytic activity, indicating their 

low toxigenic and invasive potential at the mucosal barrier, which is in agreement with 

previously published studies showing that LAB do not degrade mucin in vitro (Muñoz-

Atienza et al., 2013; Ruseler-van Embden et al., 1995; Zhou et al., 2001). 

The excessive deconjugation of bile salts by probiotic strains may be unfavourable in fish 

farming since unconjugated bile acids are less efficient than their conjugated counterparts in 

the emulsification of dietary lipids (Begley et al., 2005). The formation of micelles, lipid 

digestion, and absorption of fatty acids and monoglycerides could be decreased by 

deconjugated bile salts (Begley et al., 2005). In this sense, large amounts of deconjugated bile 

salts and/or the secondary bile acids resulting from their subsequent modification 

(dehydroxylation) may exert harmful effects for the human host (e.g., impairment of fatty acid 

and monoglyceride digestion, DNA damage, colon cancer promotion, or alteration of the 

colon mucosal function leading to diarrhea or inflammation) (Begley et al., 2005). 

Interestingly, none of the tested LAB strains deconjugated bile salts, revealing the 

suitableness of these strains for application in animal production, which is in agreement with 

a previous study with LAB strains isolated from aquatic animals regarded as human food 

(Muñoz-Atienza et al., 2013). 

The safety assessment carried out in this study allowed the detection of 55 LAB (37.4%) 

putatively safe strains to be used in food and feed. According to the precautionary principle, 

the strains showing phenotypic or genotypic acquired antibiotic resistance, virulence factors 

(even if the strains presumably did not harbour genes encoding antibiotic resistance or 

virulence factors) and/or other detrimental enzymatic activities, were not considered as safe 

and were discarded for further characterization as probiotics. 

Pulsed-field gel electrophoresis (PFGE) has proven to be a valuable tool for genetic 

typing of LAB such as lactobacilli, enterococci, lactococci (Kelly et al., 2010; Passerini et al., 

2010; Stephenson et al., 2009; Wijetunge et al., 2012); however, several limitations are 
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associated with PFGE, such as the low number of samples to be simultaneously evaluated, 

slow and complex execution and high costs associated (Ventura and Zink, 2002). 

Alternatively, PCR fingerprinting methods, such as ERIC-PCR, are more useful since they 

avoid the limitations of PFGE (Ventura and Zink, 2002). The ERIC sequences, otherwise 

known as intergenic repeat units, contain a highly conserved central inverted repeat and are 

located in extragenic regions (Versalovic et al., 1991). Previous works reported the suitability 

of ERIC-PCR to determine the genetic variability of several LAB species, such as Lb. 

johnsonii (Ventura and Zink, 2002), E. faecium, E. faecalis and E. cecorum (Jurkovič et al., 

2007; Valenzuela et al., 2011; Wijetunge et al., 2012), St. pyogenes (Matsumoto et al., 2001), 

Lc. lactis and Lc. garvieae (Khemariya et al., 2014; Ture et al., 2015), and P. acidilactici, P. 

pentosaceus and P. lolii (Doi et al., 2009). In this work, ERIC-PCR has been used to study the 

genetic variability and relatedness of Lc. lactis and P. acidilactici strains. ERIC-PCR 

fingerprinting allowed the clustering of 75 Lc. lactis and eight P. acidilactici in three- and two 

well-defined and divergent groups, respectively. However, the three bacteriocinogenic 

putatively safe lactococcal strains (Lc. cremoris J1-36, Lc. cremoris EA1-55 and Lc. cremoris 

WA2-67) and the two bacteriocinogenic putatively safe pediococcal strains (P. acidilactici L-

14 and P. acidilactici NF1-7) were included in different subgroups, which did not allow the 

determination of specific groups/subgroups of bacteriocinogenic putatively safe strains. 

Regarding the lactococcal strains, three well-defined and highly divergent groups were 

established and, interestingly, the most phylogenetically distant groups corresponded to 

strains from the early fry and adult stages, respectively. With regard to the pediococcal 

strains, two well-defined groups were established and it should be noted that the commercial 

probiotic P. acidilactici MA18/5M (Bactocell®) and P. acidilactici L-14 were grouped in 

different groups revealing genetic differences amongst them. To our knowledge, this is the 

first description of the application of ERIC-PCR for the genetic profiling of Lc. lactis and P. 

acidilactici strains from aquatic origin. 

The production of bacteriocins and organic acids (mainly lactic acid) have been 

suggested as the main weapons of probiotic LAB of fish and aquatic origin to inhibit 

pathogens of relevance for aquaculture (Corr et al., 2007; Desriac et al., 2010; Gillor et al., 

2008), similarly as reported for human and farm animals probiotic LAB (Corr et al., 2007; 

Gillor et al., 2008). With regard to this, from the 75 lactococci analysed, only nine (12%) 

strains were identified as bacteriocinogenic and from them, five (6.7%) strains displayed a 

broad antimicrobial spectrum against Lc. garvieae. Moreover, six out of eight (75%) 
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pediococcal strains were identified as bacteriocinogenic and from them, only two (25%) 

inhibit the foodborne pathogen L. monocytogenes. 

Regarding the enterococci, 21 strains harboured, at least, one bacteriocin-structural gene, 

being the enterocin P (entP) the most common gene (20 strains, 95.2%). Interestingly, one E. 

faecium strain harboured the gene encoding enterocin A (entA) but not enterocin B (entB), 

which has been previously suggested that these enterocins act synergistically (Casaus et al., 

1997). It is important to underline the high incidence of strains harbouring more than one 

bacteriocin-structural gene (12 strains, 57.1%), suggesting the potential of enterococci to 

produce several bacteriocins, as reported previously (Brandão et al., 2010; Casaus et al., 

1997; Poeta et al., 2007). Nevertheless, the enterocin genes might not be expressed 

concurrently in the multiple bacteriocin-producing strains, possibly due to the presence of 

silent bacteriocin genes (Casaus et al., 1997; Eaton and Gasson, 2001; Poeta et al., 2007). 

The bacteriocinogenic strains Lc. cremoris WA2-67 and P. acidilactici L-14, putatively 

safe strains isolated from adult rainbow trout tank water and larvae, respectively, were 

selected for biochemical and genetic characterization of their bacteriocins. MALDI-TOF MS 

analysis of the purified bacteriocin produced by Lc. cremoris WA2-67 showed a major 

peptide with the same molecular mass as nisin Z (NisZ; 3,330.75 Da) (Mulders et al., 1991) 

and the purified bacteriocin produced by P. acidilactici L-14 showed a major peptide with a 

closely similar molecular mass (4,621.8 Da) to the theoretical value of pediocin PA-1 

(PedPA-1; 4,628.1 Da) (Henderson et al., 1992). In both cases, the genetic analyses 

confirmed the production of NisZ and PedPA-1 by Lc. cremoris WA2-67 and P. acidilactici 

L-14, respectively. The NisZ gene cluster organization in Lc. cremoris WA2-67, containing 

11 genes grouped in three contiguous operons (nisZBTCIP, nisRK and nisFEG), is identical to 

a previously reported nisZ-producing strain (Immonen et al., 1995) (Fig. 1.9; Section I). On 

the other hand, the genetic analysis of pedA (encodes the 62 amino acid peptide prepediocin 

PA-1) and pedB (encodes 112 amino acid protein responsible for the immunity) genes in 

P. acidilactici L-14 was identical to the respective genes from P. acidilactici PAC1.0 (Fig. 

3.4) (Marugg et al., 1992). 
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Figure 3.4. Schematic representation of pediocin PA-1 operon. The amino acid sequences of the 62 amino 
acid prepediocin PA-1 primary translation product and the 44 amino acid propediocin PA-1 produced by 
leader peptide processing also are shown. Adapted from Rodríguez et al. (2002) and Ray and Miller (2000). 

NisZ-producing Lc. lactis and pediocin-producing pediococci are highly widespread in 

nature and have been isolated from several sources, such as fermented food products (Albano 

et al., 2007; Alegría et al., 2010; Bauer et al., 2005; Koral and Tuncer, 2012; Mitra et al., 

2007; Noonpakdee et al., 2003; Park et al., 2003; Todorov and Dicks, 2005), plants and fruits 

(Bennik et al., 1997; Cai et al., 1997; Carr et al., 2002; Swetwiwathana et al., 2009; Todorov 

and Dicks, 2009), and the gastrointestinal tract and feces of human and animals (Heo et al., 

2012; Hudson et al., 2000; Juven et al., 1991; Kurzak et al., 1998; Millette et al., 2007; 2008). 

Our study comprises, for the first time, the isolation of a NisZ-producing Lc. lactis and a 

PedPA-1-producing P. acidilactici strain from an aquatic environment, specifically tank water 

of adult rainbow trout, and rainbow trout larvae, respectively. 

Probiotics must harbor several features to ensure optimal functionality and to exert their 

beneficial effect on the host, including (i) the ability to survive in the aquatic environment, 

and gastrointestinal tract of the host (e.g., resistance to low pH and bile), and (ii) good cell 

surface hydrophobicity. Therefore, the in vitro characterization of the functional properties 

during the probiotic selection it is an important process (Pérez-Sánchez et al., 2011a). In this 

sense, the functional probiotic properties of three putatively safe bacteriocinogenic 

Lc. cremoris strains with a broad antimicrobial activity against the fish-pathogen Lc. garvieae 

were assessed in order to select the most suitable strain to evaluate in vivo its effectiveness to 

control lactococosis in rainbow trout.  
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Regarding the capacity of survival in freshwater, which is a desirable property for 

probiotics cultures intended for use in inland aquaculture, similarly to the capacity of 

probiotics used in marine aquaculture to survive in seawater (Vázquez et al., 2003), our study 

revealed a long-term survival of the three Lc. cremoris strains in freshwater for up to 7 days. 

These results are in agreement with previously reported data, whereas a P. acidilactici strain 

showed the ability to survive for more than four days in seawater, which was considered as an 

adequate period of time for direct uptake by turbot larvae (Villamil et al., 2010). 

Determination of resistance to low pH and fish bile has been suggested as a method for 

the evaluation of the capacity of strains to survive through the fish gastrointestinal tract 

(Balcázar et al., 2008; Nikoskelainen et al., 2001a; Pérez-Sánchez et al., 2011a); however, no 

scientific consensus exists on the pH and bile concentration to which probiotic strains should 

be tolerant (Balcázar et al., 2008). In this sense, the three Lc. cremoris strains of our study 

were able to resist to pH 3.0 and to a high concentration of rainbow trout bile (10 %, v/v), 

which is in agreement with results previously reported for other LAB proposed as probiotics 

(Balcázar et al., 2008; Nikoskelainen et al., 2001a; Pérez-Sánchez et al., 2011a). The cell 

surface hydrophobicity is also an advantageous property of probiotics since higher 

hydrophobic strains have been reported presenting stronger adhesive capability to intestine 

and other mucosa (Pan et al., 2006). Ahumada et al. (1999) established the criteria to classify 

hydrophobicity as low (0 to 35%), medium (36 to 70%), and high (71 to 100%). According to 

this, the three lactococci strains evaluated possessed medium surface hydrophobicity (37.93–

58.52%), being Lc. cremoris WA2-67 the strain displaying significantly higher 

hydrophobicity values, which suggest more capability to adhere to intestinal epithelial cells. 

Considering its probiotic properties, safety and strong antimicrobial activity displayed 

against Lc. garvieae, the NisZ-producer strain Lc. cremoris WA2-67 was selected to 

demonstrate in vitro and in vivo the role of NisZ production as an anti-infection mechanism. 

In this respect, a non bacteriocinogenic mutant isogenic strain (Lc. cremoris WA2-67 ∆nisZ), 

in which a knock-out of the NisZ structural gene had been performed by double-crossover 

homologous recombination, was used. To investigate whether the probiotic strains were able 

to protect rainbow trout against lactococcosis infection (Fig. 3.5), both strains were 

administered orally to rainbow trout for 21 days and afterwards fish were infected with 

Lc. garvieae by the cohabitation method. Fish fed diets supplemented with Lc. cremoris 

WA2-67 significantly reduced fish mortality from 72.5% (positive infection control group) to 

20%. On the other hand, probiotic supplementation of feed with the non-bacteriocinogenic 
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strain Lc. cremoris WA2-67 ∆nisZ did not show significant reduction of cumulative mortality 

(50%) compared with the positive infection control group (72.5%). These results exhibit the 

effectiveness of the NisZ-producer strain Lc. cremoris WA2-67 to protect rainbow trout 

against Lc. garvieae infection, as well as identify NisZ production as an anti-infective 

mechanism. To our knowledge, this is the first report demonstrating the outstanding in vivo 

effect of bacteriocin (NisZ) production as a weapon to protect fish against lactococcosis. 

 
Figure 3.5. Lactococcosis infection in farmed rainbow trout characterized by bilateral exophtalmia and 

periorbital hemorrhages. 

Despite bacteriocin production is considered as a common feature amongst LAB of 

aquatic origin (Desriac et al., 2010; Gatesoupe, 2008b; Gillor et al., 2008), and as a 

competitive advantage in the microbial environment due to its ability to inhibit pathogens 

within the gastrointestinal tract (O'Shea et al., 2012), in situ LAB-bacteriocin production has 

never been shown to protect fish against bacterial infection. Recently, it has been reported that 

the bacteriocin (entericidin) produced by the Gram-negative strain Enterobacter sp. C6-6 was 

effective to protect rainbow trout from cold-water disease caused by Flavobacterium 

psychrophilum (Schubiger et al., 2015). Moreover, some studies have demonstrated the 

effectiveness of LAB bacteriocins as a mechanism to fight against infection in murine models 

(Corr et al., 2007; Millette et al., 2008). The bacteriocin Abp118 produced by Lactobacillus 

salivarius UCC18 has been reported to inhibit L. monocytogenes in a murine model. In this 

respect, a stable mutant of Lb. salivarius UCC18 unable to produce the bacteriocin Abp118, 

was unsuccessful to protect mice from infection caused by L. monocytogenes confirming that 
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the antimicrobial effect is a result of direct antagonism between Lb. salivarius and the 

pathogen, mediated by the bacteriocin Abp118 (Corr et al., 2007). Additionally, other authors 

showed that the intestinal colonization by vancomycin-resistant enterococci in murine models 

was reduced by the anti-infective properties of two bacteriocinogenic LAB, the NisZ producer 

Lc. lactis MM19 and the PedPA-1 producer P. acidilactici MM33 (Millette et al., 2008). 

Altogether, our results suggest that the wild-type NisZ-producer strain Lc. cremoris 

WA2-67 could be used in fish farming to prevent lactococcosis in rainbow trout. 
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CONCLUDING REMARKS AND FUTURE PROSPECTS 

The main conclusions obtained in this doctoral thesis are the following: 

1. This is the first study describing the cultivable total microbiota (TM) and lactic acid 
bacteria (LAB) from rainbow trout (Oncorhynchus mykiss, Walbaum) intestine and 
rearing environment (tank vegetation and water) from selected stages of the fish life-
cycle (from larvae to the adult stage). Our results demonstrate that TM was mostly 
composed of Aeromonadaceae in the three origins at the larval stage, while 
Enterobacteriaceae were clearly dominant in the fish intestine from the growth stage F1 
to the adult stage A2. In addition, Enterobacteriaceae were also predominant during 
several growth stages of tank water and a great variation of predominant families was 
observed in tank vegetation. Moreover, LAB composition did not differ much during the 
rainbow trout life-cycle, being Lactococcus the most common genus in most of the 
samples and growth stages. 

2. The antimicrobial activity against the main Gram-negative and Gram-positive fish 
pathogens, including Lactococcus garvieae, is a common probiotic property amongst the 
LAB isolated from rainbow trout intestine, feed and rearing environment. From 1,710 
LAB, 1,214 isolates (71%) showed direct antimicrobial activity against, at least, one of 
the fish pathogens tested in this work. 

3. A total of 147 LAB (75 Lactococcus lactis, eight Pediococcus acidilactici and 64 
Enterococcus spp.) were selected for their in vitro safety assessment using an 
approximation more exhaustive than that established by EFSA for LAB awarded with the 
QPS status. From these strains, 55 (34 Lc. lactis, 17 Enterococcus spp. and four P. 
acidilactici) might be considered as putatively safe due to the lack of antibiotic 
resistances, virulence factors and detrimental enzymatic activities. 

4. Antibiotic resistances were detected in most of the Enterococcus spp. strains (75%), and, 
to a lesser extent, in Lc. lactis strains (40%). This study describes for the first time the 
presence of tet(K), tet(O) and tet(T) in the species Lc. lactis. Moreover, any lactococcal 
and pediococcal strains harbored any virulence factors; however, the presence of, at least, 
one virulence gene was detected in 37 out of the 64 enterococci (57.8%). Moreover, 17 
Lc. lactis strains and four P. acidilactici strains produced, at least, one of the tested 
biogenic amines (histamine, putrescine, tyramine and/or cadaverine).  

5. This study described the suitability of ERIC-PCR for the genetic profiling of Lc. lactis 
and P. acidilactici strains from aquatic origin. Regarding the lactococcal strains, three 
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well-defined and highly divergent groups were established, and, interestingly, the most 
phylogenetically distant groups corresponded to the strains from the early fry and adult 
stages, respectively. With regard to the pediococcal strains, two well-defined groups were 
established, and it should be noted that the commercial probiotic strain P. acidilactici 
MA18/5M (Bactocell) and P. acidilactici L-14, isolated in our work from rainbow trout 
larvae, were grouped in different groups revealing genetic differences amongst them. 

6. A total of nine Lc. lactis and six P. acidilactici strains showed extracellular antimicrobial 
activity due to the production of heat-stable bacteriocins showing a heterogeneous 
inhibitory spectrum against Gram-positive fish and foodborne pathogens, respectively. 

7. PCR allowed the detection of previously described enterocin structural genes in 21 out of 
the 48 Enterococcus spp. strains, being the enterocin P encoding gene (entP) the most 
widespread (20 strains, 95.2%), either alone or in combination with other enterocin 
structural genes. 

8. The bacteriocinogenic strains Lactococcus lactis subsp. cremoris WA2-67 and P. 
acidilactici L-14 were selected, based on their strong antimicrobial activity and safety 
assessment, for the characterization of their bacteriocins using biochemical and genetic 
methods. MALDI-TOF MS of purified bacteriocins and genetic analysis revealed that Lc. 
cremoris WA2-67 and P. acidilactici L-14 produce nisin Z (NisZ) and pediocin PA-1 
(PedPA-1), respectively. 

9. The in vitro evaluation of the functional and probiotic properties of the selected Lc. lactis 
strains showed excellent rates of survival in freshwater, great tolerance to low pH and 
rainbow trout bile, and good cell surface hydrophobicity. 

10. The administration of the NisZ-producer Lc. cremoris WA2-67 to rainbow trout during 
the in vivo challenge experiments reduced significantly fish mortality caused by the 
invasive pathogen Lc. garvieae CLG-4. However, rainbow trout treated with the non-
bacteriocinogenic isogenic mutant Lc. cremoris WA2-67 ∆nisZ, obtained by knock-out of 
the bacteriocin structural gene, failed to reduce significantly fish mortality. These results 
demonstrate for the first time the outstanding in vivo effect of bacteriocin (NisZ) 
production as a weapon to protect fish against lactococcosis. 

11. The results of the in vitro and in vivo assays carried out in this work demonstrate that the 
wild-type NisZ-producer strain Lc. cremoris WA2-67 possesses a great biotechnological 
potential as probiotic in rainbow trout farming to prevent lactococcosis. 

According to the promising results obtained, it is proposed to continue with this research 
topic about the characterization and evaluation of LAB of aquatic origin for use as probiotics 
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in rainbow trout farming. In this regard, it is intended to evaluate, by real-time PCR, the effect 
of the NisZ-producer Lc. cremoris WA2-67 in the modulation of the transcription of fish 
immunity-related genes (interleukin-1β, tumor necrosis factor-α, lysozyme, complement, 
major histocompatibility complex-Iα and major histocompatibility complex-IIα) in the 
internal organs of rainbow trout (head-kidney, spleen, liver, intestine and skin) collected 
during the in vivo challenging tests before and after the infection with Lc. garvieae CLG-4. 

After evaluation of the ability of the NisZ-producer Lc. cremoris WA2-67 to stimulate the 

immune system of rainbow trout to protect against Lc. garvieae, it would be interesting to 

determine its in vivo ability to colonize the gastrointestinal tract and mucosal surfaces of 

rainbow trout, as well as the rearing environment. Regarding to this, the development of tools 

and molecular techniques to mark specifically the NisZ-producer Lc. cremoris WA2-67 will 

be carried out. In this context, this strain will be marked by bioluminescence and/or 

fluorescence, amplifying by PCR the genes of the operon luxABCDE from the pLuxMC1 

vector and the gene gfpuv from the pGFPuv (Clontech) and pVenus vectors, in order to clone 

them into various plasmids (pMG36c/pMG36e, pINT29 or pELS200) and to express them in 

Lc. cremoris WA2-67. After generation of this recombinant bacteriocinogenic strain, its in 

vivo ability to colonize the gastrointestinal tract and mucosal surfaces of rainbow trout, as 

well as the rearing environment, will be evaluated and monitored. 

Subsequently, the effect of the NisZ-producer Lc. cremoris WA2-67 on the structure and 

population dynamics of the rainbow trout microbiota and its rearing environment will be 

determined. In this regard, the predominant cultivable microbiota will be characterized after 

the in vivo treatment of rainbow trout with the NisZ-producer Lc. cremoris WA2-67 using 

microbiological and metagenomic methods (PCR-DGGE and next-generation DNA 

sequencing). 

Another aspect that is attracting a great interest in recent years, that will be also addressed 

as part of the future work, is the study of the cell surface proteins and the proteins secreted by 

LAB with probiotic functions such as (i) adherence to mucus and epithelial cells; (ii) 

modulation of epithelial and immune cells, and (iii) induction changes in expression of genes 

in host cells, allowing the identification and characterization of some of the main mechanisms 

of action by which probiotic strains exert their beneficial effects. 

Finally, the sequencing and functional analysis of the genome of the NisZ-producer Lc. 

cremoris WA2-67, which is of a great scientific and applied interest, will be also carried out. 

In this regard, the information obtained will allow the comparison of its genome with that of 
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other Lc. cremoris strains isolated from other sources, as well as the identification of the 

genetic determinants associated with the probiotic properties of the NisZ-producer Lc. 

cremoris WA2-67, including the genes involved in (i) adhesion to mucosal surfaces, (ii) 

survival under stress conditions (e.g., low pH and high concentrations of organic acids and 

bile salts), and (iii) ability to stimulate the immune response (both innate and adaptive). 

Furthermore, this information will allow the future application of several “omic” techniques 

(proteomics, metabolomics, genomics and transcriptomics) to establish the optimal 

experimental conditions for Lc. cremoris WA2-67 and other LAB to exert their probiotic 

effects, and therefore, the development of commercial bacterial cultures of interest for use in 

farming of rainbow trout, and probably, other species of commercial interest for the 

Portuguese and European marine and inland aquaculture enhancing economic aspects. 
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