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Summary 

The energy cost associated to the immune and stress response has to be sustained 

by endogenous sources of nutrients. Hence, proper nutrition is not only key in 

maintaining growth but also in the supply of basic requirements for the immune and 

neuroendocrine systems. In fact, the inflammatory process may be responsible for a 

significant increase of the metabolic needs which often results in the depletion of 

essential nutrient provisions, ultimately impacting growth. Therefore, inflammation can 

be defined as a coordinated and highly controlled response, composed by numerous 

mechanisms and with a concomitant energy cost. Such higher nutrient demand has 

necessarily to be supplied in order to avoid the risk of an inefficient response and host 

damage by both pathogen and self-mechanisms. For that, the supply of specific 

nutrients in the diet could be a strategy to be applied in specific situations when 

requirements are higher (e.g. stress response, infection situation). Thereunto, 

promoting fish robustness by using functional ingredients that are able to modulate the 

immunological status could be considered a prophylactic strategy to increase disease 

resistance and allow the production of a healthy and convenient fish.  

Despite their role in protein biosynthesis, the range of metabolic pathways that depend 

on the proper supply of specific amino acids (AA) unveil their importance in the support 

of fish health and immune homeostasis. In fact, individual AA can have a lead-role in 

both pro-inflammatory and self-restrain mechanism, and others can be key in the 

regulation of the neuroendocrine-immune related mechanisms of fish. Therefore, and 

since immune homeostasis comprises host capacity to recognize the infection agent 

or environmental stressor, proper response and following repair, the adequate supply 

of specific AA could be essential for a successful immune response.  

The present study intends to take two AA with distinct and somehow opposite roles in 

several immune-related pathways previously described in mammals, methionine and 

tryptophan, and test their role as functional additives in aquafeeds.  More specifically, 

through in vitro and in vivo approaches, the role of methionine and tryptophan on the 

inflammatory mechanisms, related metabolic pathways, apoptotic mechanisms and 

disease resistance in European seabass were evaluated. 

 

Methionine is the main player in the regulation of several cellular events key in the 

immune response, such the methylation/regulation of gene expression and the 
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synthesis of polyamines for cellular proliferation and differentiation. Also, being the 

precursor of cysteine, methionine is involved in the glutathione formation, a major anti-

oxidant molecule. In vivo dietary methionine showed to be key for fish health 

management by improving European seabass immune status without triggering 

inflammatory indicators when fed a supplemented diet at 1% of feed weight (MET1, 

Chapter 2) during 2 weeks. In fact, in Chapter 4, head kidney leucocytes cultured in 

a methionine-rich medium (Leibowitz L-15 medium supplemented with 1.5 mM of L-

methionine, M2x) showed improved polyamine cellular content in the absence of 

stimuli, pointing to a direct modulation of the methionine-related catabolism pathways. 

In response to an inflammatory stimuli, the previous enhanced immune status allowed 

an enhanced cellular and cellular-associated humoral response to Photobacterium 

damselae subsp. piscicida (Phdp), ultimately improving at some level disease 

resistance to Phdp (Chapter 2). These results are supported by the in vitro 

observations (Chapter 4) since methionine surplus (Leibowitz L-15 medium 

supplemented with 1 and 1.5 mM of L-methionine, M1x and M2x, respectively) was 

able to enhance leucocyte viability while increasing polyamine production and 

methionine-related genes expression in response to an inflammatory agent (PhdpUV 

and LPSPhdp). Additionally, in response to Phdp bacterial exotoxin AIP56- apoptosis 

induction, methionine surplus decreased the apoptotic signals.  

Methionine was indeed able to improve the immune response allowing fish to improve 

their resistance to a bacterial challenge. Nonetheless, since most works have been 

focused in the effect of methionine surplus in a practical dietary formulation scenario, 

in Chapter 5 we showed that methionine requirement could be higher than the levels 

established, when fed a 0 % fish meal diet in order to sustain the immune mechanisms. 

Methionine dietary supplementation induced changes in the expression of methionine- 

and cell proliferation-related genes in fish fed a fish meal-free diet for only 2 weeks 

with approximately 40 and 70 % (MET1.25 and MET1.5, respectively) above the 

requirement level. More importantly, after a 12 weeks feeding period, the increase of 

methionine dietary content led to an improved cell status and decrease of apoptotic 

indicators, progressively reaching the levels found in a fish meal-based diet.  

 

Tryptophan contribution to the immune system is sustained by the inhibitory role of its 

metabolites through the kynurenine pathway in response to inflammation and as a 
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precursor of the neurotransmitter serotonin, modulating cortisol production. 

Tryptophan dietary supplementation was tested in vivo (Chapter 3), and its inability to 

impact seabass immune status while increasing cortisol levels was observed. In fact, 

in response to Phdp, a compromised inflammatory response and disease resistance 

was observed when dietary tryptophan was offered 30 % above the requirement level 

(TRP17). Additionally, tryptophan dietary deficiency (NCTRL, 17% less tryptophan 

than the control diet) failed to alter seabass immune status while increasing plasma 

cortisol levels and compromising leucocyte response to Phdp. The results observed in 

vivo were found in agreement with the in vitro (Chapter 4) works.  Head kidney 

leucocytes cultured with graded levels of tryptophan (Leibowitz L-15 medium 

supplemented with 0.2 and 0.3 mM of L-tryptophan, T1x and T2x respectively) 

displayed an attenuated inflammatory response (PhdpUV and LPSPhdp) while 

lowering cell resilience to the AIP56-induced apoptosis.  

 

Together the present results point to methionine ability to act as an immune-regulator. 

Methionine supplementation contributed to the improvement of leucocyte response in 

the absence of a stimuli while allowing the mounting of a faster and more efficient 

inflammatory response with methionine being consumed by the distinct routes 

according to the need to recognize, respond or repair. In contrast, tryptophan dietary 

supply above the requirement level and under unstimulated conditions seems to be 

consumed through the neuroendocrine route for the production of cortisol leading to 

an important cell impairment in response to inflammation with clear signals of immune 

tolerance. Similarly, negative effects were also observed in fish fed the tryptophan 

deficient diet pointing to the importance of tolerance signals for immune homeostasis. 

 

Keywords: innate immunity, functional ingredients, amino acids, primary cell culture, 

leucocytes, fish  
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Resumo 

O gasto energético associado à resposta imunitária e ao stress deve ser suportado 

por fontes endógenas de nutrientes. Portanto, uma nutrição adequada não é apenas 

essencial para manter o crescimento, mas também fornece os requisitos básicos para 

os sistemas imunitário e neuroendócrino. De fato, a inflamação pode ser responsável 

por um aumento significativo das necessidades metabólicas que, esgotando as 

reservas nutricionais, pode ter um impacto importante no crescimento. A inflamação 

pode então ser definida como uma resposta coordenada e controlada, e composta por 

inúmeros mecanismos que apresentam um importante custo metabólico. Essa 

necessidade de nutrientes deve ser obrigatoriamente suprida evitando uma resposta 

imunitária ineficiente e danos no hospedeiro, provocados quer pelo patogeno quer 

pela própria inflamação. Para isso, o fornecimento de nutrientes específicos na dieta 

pode ser uma estratégia a aplicar em situações específicas, nas quais os requisitos 

nutricionais são aumentados (por exemplo, resposta a stress e em situações de 

infeção). Portanto, a promoção da robustez do peixe através do uso de ingredientes 

funcionais capazes de modular o estado imunitário, pode ser uma estratégia profilática 

para aumentar a resistência a doenças e permitir a produção de um peixe mais 

saudável.  

 

Além do seu papel na síntese de proteínas, as várias vias metabólicas que dependem 

no fornecimento adequado de aminoácidos (AA) mostram a sua importância para a 

saúde e homeostase do peixe. De fato, AA específicos podem apresentar um papel-

chave nos mecanismos pró-inflamatórios enquanto que outros podem ser importantes 

no controlo da inflamação. Adicionalmente, alguns AA podem ainda ser fundamentais 

na regulação de mecanismos imune-neuroendócrinos em peixes. Tendo em conta que 

a homeostase do hospedeiro depende da sua capacidade de reconhecer a infeção ou 

stress, responder apropriadamente e recuperar, o fornecimento adequado de AA 

específicos pode ser essencial para uma resposta imunitária bem sucedida.  

A presente Tese pretende então estudar dois AA que apresentam em mamíferos 

papeis distintos e de certa forma opostos no sistema imunitário, a metionina e o 

triptófano, e avaliar os seus papeis funcionais como aditivos em dietas para peixe. 

Mais propriamente, através de abordagens in vivo e in vitro, avaliar no Robalo 
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europeu, o papel de ambos os AA na modulação da inflamação, nos mecanismos 

apoptóticos, nas vias metabólicas desses AA e na resistência a doença.  

 

A metionina apresenta um papel-chave na regulação de vários processos celulares 

essenciais na resposta imunitária, como a metilação/ regulação da expressão 

genética, na síntese de poliaminas e na diferenciação celular. Além disso, sendo 

percursor da cisteína, a metionina está envolvida na síntese da glutationa, uma 

importante molécula antioxidante. A suplementação na dieta de metionina a 1% do 

peso do alimento (MET1, Capítulo 2) durante 2 semanas, mostrou ser essencial para 

a saúde do robalo, melhorando o seu estado imunitário. De fato, no CapÍtulo 4, os 

leucócitos extraídos do rim anterior e cultivados em meio rico em metionina (meio 

Leibowitz L-15 suplementado com 1.5 Mm de L-metionina, M2x) apresentaram, na 

ausência de estímulo, um aumento do conteúdo de poliaminas, apontando para uma 

modulação direta das vias de consumo da metionina. Em resposta a um estímulo 

inflamatório, o estado imunitário previamente melhorado, permitiu o desenvolvimento 

de uma resposta humoral e celular mais forte em resposta à Photobacterium damselae 

subsp. piscicida (Phdp) e resultando numa maior sobrevivência à bactéria (Capítulo 

2). Estes resultados são apoiados pelos trabalhos in vitro (CapÍtulo 4), uma vez que 

a suplementação de metionina (meio Leibowitz L-15 suplementado com 1 e 1.5 mM 

de L-metionina, M1x e M2x, respetivamente) ,em resposta a um agente inflamatório 

(PhdpUV e LPSPhdp), foi capaz de melhorar a viabilidade dos leucócitos, a produção 

de poliaminas e a expressão de genes relacionados com o metabolismo do AA. Além 

disso, a suplementação da metionina reduziu os sinais apoptóticos, em resposta à 

indução da apoptose pela exotoxina AIP56 derivada da Phdp.  

A metionina foi de fato capaz de melhorar a resposta imunitária permitindo que a 

resistência a um desafio bacteriano fosse aumentada em robalo. No entanto, como a 

maioria dos trabalhos realizados estudaram o efeito da suplementação do AA num 

contexto de uma formulação prática, no CapÍtulo 5 mostramos que a necessidade de 

metionina pode ser maior que o requisito estabelecido num cenário de uma dieta mais 

extrema.  Quando os peixes são alimentados com base numa dieta com 0% de farinha 

de peixe, o requisito de metionina parece ser superior tendo em conta a homeostase 

imunitária. A suplementação de metionina a 40 e 70% acima do requisito (M1.25 e 

M1.5, respetivamente) numa dieta com 0% de farinha de peixe induziu alterações na 
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expressão genética relacionada com a proliferação celular e de genes relacionados 

com o metabolismo da metionina após 2 semanas de alimentação. Mais relevante 

mostraram ser os resultados após 12 semanas de alimentação com as mesmas 

dietas, onde foi visível um melhoramento do estado celular e diminuição de 

indicadores genéticos apoptóticos, com valores progressivamente mais próximos dos 

encontrados em peixes alimentados com uma dieta formulado com base em farinha 

de peixe. 

 

O papel do triptófano no sistema imunológico é sustentado pelo papel inibitório dos 

metabolitos produzidos pela via da quinurenina em resposta a inflamação e pelo seu 

papel como precursor do neurotransmissor, a serotonina, modulando por isso a 

produção de cortisol. A suplementação na dieta do triptófano foi testada in vivo 

(CapÍtulo 3) onde foi visível a sua incapacidade de modular o estado imunitário do 

robalo enquanto aumentou os níveis de cortisol. De fato, em resposta à Phdp, a 

resposta inflamatória, tal como a resistência a doença, foi comprometida quando o AA 

foi oferecido 30% acima do requisito (TRP17). Também a dificiência de triptófano na 

dieta (17% menos triptófano que na dieta controlo, NCTRL) mostrou sem incapaz de 

modular o estado imunitário dos peixes, no entanto, os níveis plasmáticos de cortisol  

foram aumentados enquanto que a resposta dos leucócitos foi reduzida em resposta 

à Phdp. Os resultados observados in vivo estão de acordo com os trabalhos in vitro 

(CapÍtulo 4). Os leucócitos isolados do rim anterior e incubados com níveis crescentes 

de triptófano (meio Leibowitz L-15 suplementado com 0,2 e 0,3 mM de L-triptófano, 

T1x e T2x, respetivamente) exibiram uma resposta inflamatória mais inibida (PhdpUV 

e LPSPhdp) e uma menor resiliência à apoptose induzida pela exposição à AIP56.  

 

De forma geral, os resultados da presente Tese apontam para uma capacidade da 

metionina de atuar como um regulador imunitário, contribuindo para a um aumento do 

número de leucócitos na ausência de estímulo. A suplementação de metionina 

permitiu ainda a iniciação de uma resposta inflamatória mais rápida e eficiente com a 

metionina a ser consumida pelas várias vias que estão descritas, e de acordo com a 

necessidade do sistema imunitário de reconhecer, responder ou reparar a inflamação. 

Por outro lado, a suplementação de triptófano na ausência de estímulo imunitário 

parece induzir a produção de cortisol pela via neuroendócrina, podendo resultar numa 
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inibição da resposta celular à inflamação pelos múltiplos sinais anti-inflamatórios 

produzidos. Da mesma forma, efeitos negativos foram observados em peixes 

alimentados com uma dieta deficiente em triptófano, o que aponta para a importância 

dos vários mecanismos de controlo inflamatório na homeostase imunitária.  

Palavras-chave: : imunidade inata, ingredientes funcionais, aminoácidos, cultura de 

primária de células, leucócitos, peixes  
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1.1. Immune system 

1.1.1. Innate immune system and inflammation 

Fish are in close contact with microorganisms, therefore they developed defence 

strategies that enable them to distinguish commensals from pathogenic organisms. 

Moreover, stress factors also induce an immune response, with both neuroendocrine 

and immune systems sharing common pathways and working together to facilitate the 

response and resolution 1,2.  Fish skin and skin mucus as well as mucosal epithelia of 

gills and gut are equipped with cellular and humoral components that confer physical 

and chemical protection to external stressors. Despite that, when the external barriers 

are ruptured, the main components of the cellular and humoral innate immune 

machinery are activated. In fish, the kidney is a central organ in the immune response 

since early development  with the anterior section, head kidney, presenting the active 

immune part of the organ, being responsible for leucocyte production 3, as well as 

presenting endocrine roles, including the release of  corticosteroids, in addition to 

several other hormones 4. Despite being the first phylogenetic group of animals with a 

fully developed adaptive immune response, teleosts mostly rely on the innate immune 

mechanisms 5,6. Together, these effectors are responsible for the recognition of 

infection, initiation and resolution of inflammation, and wound repair, with a complex 

network of both pro- and anti-inflammatory signals and with different cytokines 

orchestrating the response.  

The recognition of infection is performed via transmembrane receptors or by nucleic 

acid sensors in the cytosol 7 of circulating leucocytes (i.e. neutrophils, 

monocytes/macrophages, and lymphocytes). These receptors, known as Pattern 

Recognition Receptors (PRRs) are able to identify conserved pathogen-associated 

molecular patterns (PAMPs) and initiate an inflammatory response by the activation of 

specific signaling pathways in immune-competent cells 8,9.  Of the several PRRs 

families described in fish, the transmembrane Toll-like receptors (TLRs) are the best 

characterized regarding their structures and down-stream activation cascade, and at 

least twenty TLRs types have been identified 10. Despite large similarities to the 

mammalian TLR system, fish present some evolutionary specificities, as the loss of 

TLR4 genes from most fish and the total absence of TLR6 and TLR10, found in 

mammals 8. Nonetheless, upon activation of TLRs and the initiation of intracellular 

signaling, through dependent- or independent-cytoplasmic myeloid differentiation 
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primary response protein 88 (MyD88), the transcription factor NFKb (nuclear factor 

kappa-light-chain-enhancer of activated B cells) is activated and initiated the 

production of pro-inflammatory molecules responsible for the start of the inflammatory 

response 11.   

With the initiation of inflammation in the multiple circulating leucocytes, the production 

and release of several mediators such as eicosanoids (e.g. prostaglandins, 

leukotrienes, resolvins) 12 and cytokines (e.g. IL6, IL1, IL8) 13 by these cells is 

introduced. Eicosanoids are derived from arachidonic acid or other long-chain 

polyunsaturated fatty acids (LC-PUFAs) 14 and cytokines are peptides produced by a 

broad range of cells 13 and both mediators function as autocrine, paracrine or 

endocrine signaling molecules, inhibiting and promoting inflammation 13,14.  

In addition, leucocytes produce, release or induce the production of several 

bactericidal components (e.g. lysozyme, complement factors, anti- proteases and 

proteases, peroxidase, reactive oxygen species, nitric oxide (NO)) 15,16 in response to 

inflammation. The described events, together with the microbes phagocytosis by the 

resident phagocytes, are responsible for a series of morphological and molecular 

changes of the affected tissue leading to the recruitment of additional leucocytes to the 

local; first, the neutrophils, followed by the macrophages (see section 1.1.2.) 9. 

Nonetheless, avoiding self-damage and regulating the stage of inflammation, anti-

inflammatory signals are equally produced 9. The production of anti-inflammatory 

cytokines, protectins and resolvins 17,18 promote the resolution of inflammation and 

tissue repair by stopping the recruitment of additional neutrophils and  promote the 

uptake of neutrophils by macrophages 9. 

Inflammation is, therefore, a coordinated and highly controlled response involving 

numerous mechanisms, with a concomitant energy cost that has necessarily to be 

supplied to avoid the risk of failure of the response to infection and the host damage 

by both pathogens and self-mechanisms.  

 

1.1.2. Neutrophils and monocytes 

Since fish mostly rely on the innate branch of the immune system, the role of 

neutrophils and monocytes is here highlighted. The phagocytes are accountable for 

engulfment, killing and degradation of pathogens 19. Both leucocyte types present 

distinct abilities regarding their localisation, mobilisation and antimicrobial capacity. 

Resident monocytes are found throughout the body and rapidly recognize pathogens, 
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being differentiated in macrophages, whereas neutrophils are stored in lower numbers 

in backup pools on haematopoietic organs (e.g. head kidney) and blood and are rapidly 

recruited as needed while displaying a stronger antimicrobial capacity 20. As formerly 

discussed, the innate response to infection occurs in phases according to the state of 

the inflammation. Recognize, respond and repair! Hence, it was found that 

macrophages adapt their phenotypes according to the response stage 21. In a simplistic 

description (Figure 1), macrophages found in inflammatory settings and in the 

presence of pathogens and tumor cells, are described as M1 type. Whereas M2 

macrophages are found in sterile conditions or in the repair stage of the innate 

response 22. Mills 23 reviewed that macrophages phenotype could be distinguished in 

terms of arginine catabolism. While M1 induces nitric oxide enzyme activity, the 

inducible NO synthase (iNOS), producing large amounts of NO, M2 promotes arginine 

consumption to the biosynthesis of ornithine and urea, required for repair processes 

and cell proliferation.  

Figure 1. Macrophage phenotype determination during an inflammatory response. 

As previously mentioned, cytokines orchestrate the immune response and this is also 

true for the macrophages polarization mechanism described above. M1-activated 

macrophages produce pro-inflammatory cytokines such interleukin (IL-) 1β (IL1β), IL6, 

IL12, and tumor necrosis factor-alpha (TNF-α) while M2 phenotype is linked to the 

production of anti-inflammatory cytokines IL10 and transforming growth factor-beta 

(TGF-β) 24. An import concept is that the production of each cytokine type (pro- or anti-

inflammatory) is not exclusive of each macrophage phenotype, but each phenotype 
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adopts a more pro- or anti-inflammatory strategy while expressing both signals 25, and 

this pattern is true for all processes of the immune system.  

 

1.1.3. Adaptive immune system 

Little focus will be given tho adaptive branch of fish immune system in the present 

Thesis since, despite being recognized in teleosts, it is believed that due to their 

poikilothermic nature, fish present a more limited adaptive machinery 6. In fact, in fish, 

the adaptive response to a first (naïve) infection can take days to develop while hours 

are needed to develop a second (memory) response 26. Lymphocytes B and T are 

responsible for the immune response mediated by antibodies. Similarly to the resident 

neutrophils and monocytes in the innate response (sections 1.1.1 and 1.1.2), 

circulating B-lymphocytes are found in the bloodstream and other fluids and bind to 

specific foreign antigens, blocking them and marking pathogens for destruction by 

phagocytes 27. Moreover, infected cells that present foreign antigens in their structure 

are recognized and directly destroyed by T- cells 28. 

The antigen receptors found on B-cells are called immunoglobulins 29 and three 

isotypes were described in fish (i.e. IgM, IgT, and IgD). IgM is the most ancient and 

functionally conserved immunoglobulin described in teleost. It is predominantly found 

in blood 30 and is believed to have PRR properties 6. T-cells also present receptors of 

antigens in their surface, the T-cell receptors (TCR) that are able to  recognize antigens 

linked to the major histocompatibility complex (MHC) 26. This, together with the 

apparent phagocytic activity of B-cells, as described by Li, et al. 31, indicates the close 

relationship between innate and adaptive machinery.  

 

1.1.4. Programmed cell death 

Cell death works as a survival strategy for the host homeostasis, and is composed by 

mechanisms key in response to inflammation and infection 32. These regulated process 

present a wide range of definitions according to their many morphological and 

functional prespectives (e.g. intrinsic and extrinsic apotosis, necroptosis, pyroptisis, 

lysosome-dependent cell deat, autohpgay-dependent cell-death) 33.  

In inflammatory scenarios, cell dead is defined as pyrosptosis and its initiation 

dependeds on a priming sigal, with TLRs involved in the extracellular signalling or Nod-

like receptors (NLRs) that sense intracellular signals. Afterwards, the down-stream 

NFKb activation leads to the up-regulation of the transcription of inflammasome 
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components, promoting proteolytic cleavage, maturation and release of pro-

inflammaotry cytokines 33. On the other hand, autophagy-dependent cell-death is a 

cellular process mainly focused on the delivery of cytoplasmic organelles to 

degradation or recycling through vacuoles and lysosome paths in a situation of nutrient 

deprivation or stress 34. Therefore, under nutrient starvation, cell autophagy can 

actually serves as protection of surrounding cells from apoptosis by providing nutrients. 

Additionally, in the presence of intracellular pathogens, autophagy is responsible for 

the clearance of infected host-cells via autophagosomes with subsequent degradation 

in autolysosomes 35. Moreover, autophagy works as a cleaning tool to the several 

programmed cell-dead mechanisms 36.  

Moreover, death receptors (e.g. TNF, FAS) mediate the extrinsic pathway of apoptosis 

(Figure 2), leading to recruitment and activation of the apoptotic machinery (caspases 

8 and 10) and to the activation of an executioner caspase, typically, caspase 3 32,37. 

Caspase 3 is then responsible for cleavage of specific substrates leading to DNA 

fragmentation, nuclear fragmentation, and other morphological and biochemical 

changes in cells, causing cell-dead. Finally, apoptosis can also be instigated by an 

intrinsic pathway in stress-mediated mitochondria with caspase 9 as initiator protease, 

also resulting in the activation of caspase 3 37. Despite the numerous described cell-

death pathways the, the “take-home message” is that the activation of pyroptosis, 

autophagy and apoptosis are linked and are equally key in both nutrient homeostasis, 

inflammatory response and pathogens elimination.  

Figure 2. Extrinsic and intrinsic apoptotic pathway. TNFα (Tumor necrosis factor α); 

FASL (apoptosis antigen 1-ligand); TNF-receptor (Tumor necrosis factor receptor); 
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FAS-receptor (apoptosis antigen 1 receptor); Casp8 (Caspase 8); Casp9 (Caspase 9); 

Casp3 (Casapse 3). 

 

1.2. Photobacterium damselae subsp. piscicida  

The Gram-negative bacterium Photobacterium damselae subsp. piscicida (Phdp) 

presents a wide distribution and fish targets. Therefore, it is one of the primary 

causative agents of disease outbreaks in aquaculture 38,39. For instances, this 

pathogen was already isolated in turbot (Scophthalmus maximus), gilthead seabream 

(Sparus aurata), rainbow trout (Oncorhynchus mykiss) white seabream (Diplodus 

sargus), red banded seabream (Pagrus auriga), and European seabass 

(Dicentrarchus labrax), and others 40. Hence, investigation of the geographical 

distribution, environmental parameters, and infection mechanisms of this pathogen are 

increasingly common. Anyhow, the focus on Phdp is not only justified by its economic 

impact in aquaculture, but also by its singular virulence mechanisms. Phdp ability to 

induce apoptosis of host macrophages and neutrophils 41 causing acute infections and 

septicaemia is the base of its success as an extracellular pathogen 42. It was described 

by do Vale, et al. 43 that virulent Phdp releases a plasmid-encoded apoptosis-inducing 

protein of 56 kDa (AIP56), a toxin able to deplete the transcriptional factor with key role 

in inflammation, the NFKB 44 and to eliminate host macrophages and neutrophils by 

inducing their lysis by post-apoptotic secondary necrosis 41,45. Phdp is able to act at 

distance by releasing the exotoxin without direct contact with the host cells and leading 

to the depletion of the host primary cell defence mechanisms, the phagocytes 41.  

 

1.3. Immunonutrition  

The energy cost associated with the immune response has to be sustained by 

endogenous sources of nutrients 46. Proper nutrition is therefore key not only in 

maintaining growth but also in the supply of nutrients for the immune system 47. In fact, 

systemic inflammation may significantly increase the metabolic needs and result in the 

depletion of essential nutrient provisions (e.g. arginine catabolism increases under 

macrophage polarization pathways, see section 1.1.2 48,49). Thus, the supply of specific 

nutrients in the diet, typically in specific situations where requirements may be higher 

(e.g. stress response and infection), is a current strategy 50. The term immunonutriton 

is therefore associated with the dietary supply of specific nutrients that may be needed 

in the immune response in amounts above those normally required by the animals 51. 
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For instance, as reviewed by Grimble 50, n-3 fatty acids present anti-inflammatory roles 

controlling eicosanoid production, while dietary supplementation of nucleotides seems 

to be key in T cell function. Likewise, specific amino acids (AA), as glutamine can 

improve the anti-oxidant glutathione production. Moreover, various antioxidant 

molecules (e.g. vitamins E and C, carotenoids) and proteins (e.g. caeruloplasmin, 

albumin, and metallothionein), when supplemented in the diet, and despite being 

endogenously synthesised, were proven to enhance immune mechanisms. Therefore, 

the dietary surplus of individual nutrients has been accounted for the modulation of 

various aspects of the immune function.  

As a practical example, in the animal production field, the dietary surplus of specific 

AA is a common approach used to control enteric processes, improve growth and 

resistance to pathogenic microorganisms 52, while reducing production costs and 

minimizing wastes 53. Broiler chickens fed a combination of arginine and tryptophan 

supplementation were not only able to respond better to a challenge with infectious 

bursal disease vaccine but also to improve growth rate 54. Also in humans, and as 

reviewed by Jankowski, et al. 55 and Li, et al. 56, specific AA supplementation improved 

health. For instance, glutamine reduced inflammation while arginine reduced 

inflammatory cytokines in the gut and improved immune functions and clinical 

outcomes in cancer, HIV, and major traumas patients. Nevertheless, few works have 

been performed on this subject in fish.  

Additionally, the fish feed industry faces an extra challenge by the increasing demand 

for new and alternative sources of ingredients, with vegetable ingredient sources 

presenting the most viable alternative 57,58. The use of such alternative ingredients 

may, however, also impact fish growth and health 59-61 by incorporating antinutritional 

factors or by being nutritionally unbalanced (i.e. deficient in some essential AA, as 

lysine and methionine) 62. Furthermore, the actual requirement of some nutrients may 

be higher in vegetable-based diets than the levels established by the National 

Reasearch Council (NRC) 63, since both feed intake and protein utilization efficiency 

may be reduced 64. Therefore, key nutrients may be already found below the required 

levels in the diets and its dietary supplementation can represent a strategy for immune 

support.  

 



Mediators of inflammation: unravelling the role of methionine and tryptophan during infection 

ICBAS| | 10 

 

1.3.1. Why amino acids?  

AA uptake in tissues and cells is modulated by their need for protein synthesis or 

degradation. Once introduced in the feed, either as protein or as free form, AA are 

digested and absorbed in the gut passing across enterocytes by carrier molecules 

extensively described in mammals, as the Na+-dependent transmembrane proteins, at 

the apical membranes, and a T-type amino acid transporter 1 (TAT1) also know as 

slute carrier family 16 member 10 (SLC16A10), localized on the basolateral 

membranes. Once absorbed, AA are transported through the blood to all main tissues 

where they are taken by cells to take part in their AA pool for the synthesis and turnover 

of proteins. The regulation of protein turnover can be performed by different hormones 

like insulin, cortisol, and glucagon. Additionally, some AA also present its own cell-in 

and cell-out flow regulation system, according to specific protein concentration 65. In 

cells, the System L is the main transport system for the large branched and aromatic 

neutral AA (NAAs) (i.e. lysine, valine, isoleucine, histidine, threonine, tyrosine, 

phenylalanine, arginine, methionine, and tryptophan) 66. An intriguing aspect of 

essential AA, as methionine and tryptophan, is that despite the controlling mechanisms 

mentioned above, its internal cell regulation is also highly correlated to their amount in 

diet 67. 

The proteinogenic AA are the structural units for the synthesis of proteins key in the 

support of growth and maintenance. Therefore, fish AA requirements are species-

specific and life-cycle phase-specific and are traditionally established by means of 

dose-response studies, as presented in the NRC report 63. However, growth and 

normal metabolism are not the only fate of AA since they are also precursors of 

signaling molecules and of substrates for enzymes, for instance. Therefore, due to the 

multiple roles played by AA, the established requirement levels, which are established 

in terms of optimum growth performance under optimum rearing conditions, may 

overlook the AA needs associated with the immune response 68,69. The importance of 

AA in the support of immune mechanisms is in fact demonstrated by their concentration 

decrease in plasma in inflammatory and infection situations, due to the inherent 

metabolic changes, indicating an intrinsic increase of specific AA requirements 70. In 

adittion, in acute response to infection the imposed peripheral release of AA may not 

be sufficient, even in well-fed individuals 51.  

The assembling of the immune response is characterised by a significant increase in 

cell proliferation and migration, the synthesis of immune-related proteins, the 
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modulation of gene expression, and the initiation of regulatory and tissue repair 

mechanisms, as previously described in this chapter (section 1.1). The gathering and 

functioning of all these mechanisms is highly dependent on the proper supply of 

specific AA and can comprise an important energy cost. Hence, the efficiency of the 

initiation and resolution of the immune processes may be impaired, since they depend 

on an adequate input of specific AA. As signaling molecules for cells and precursors 

for the synthesis of hormones, and by their metabolites (e.g. polyamines, serotonin, 

NO, glutathione), specific AA are required for a successful immune response 68. 

Likewise, following the presupposition that in response to inflammation and infection 

the requirement of specific AA increases 71, their dietary supplementation could allow 

the modulation of particular immune-related pathways, with the final goal of enhancing 

the host immunity. A large number of additives (e.g., prebiotics, probiotics, glucans, or 

nucleotides) are available for inclusion in the diets as functional ingredient 72. Similarly, 

dietary AA supplementation can be a versatile alternative since, within limits, AA are 

innocuous for the animal and to the environment, are available as feed-grade and its 

short-period administration already proved to be efficient 73-75.  

Dietary supplementation with AA showed to successfully enhance mammalian host 

immunity, thus adding a practical perspective to the use of AA as functional ingredients 

in animal production 52,76. Individual or co-supplementation of some AA has been 

demonstrated to be key in the improvement of immune status, in the control of enteric 

processes, and in reducing oxidative stress in mammals 52,53,77. Therefore, AA 

supplementation in fish diets seems to have great potential for health management, as 

the recent results obtained 73-75,78-80 show the specific AA success in immune support. 

Moreover, studies regarding the effects of specific AA deficiency could also give clues 

regarding their importance in the support of the immune response.  

 

1.3.2. Methionine 

Methionine is an example of an indispensable AA with a recognized role in the immune 

system 81. This sulfur-containing amino acid enters the body through dietary protein or 

free-form being used for protein formation, a precursor of other sulfur-containing amino 

acids, as homocysteine and cysteine, and as a methyl (−CH3) group donor for the 

formation of numerous molecules. Thus, methionine participates in a wide range of 

metabolic pathways, in the formation of signaling molecules essential for cellular 
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function, hormones, bioactive amines, enzymes, neurotransmitters, nitric oxide, and 

DNA methylation 68,82,83. 

By the action of methionine adenosyltransferase, an adenosine group is transferred 

from ATP (adenosine triphosphate) to methionine, activating its methyl group, forming 

S-adenosylmethionine (SAM) 84. SAM is the universal methyl donor for numerous 

transmethylation reactions, including the methylation of proteins, nucleic acids, lipids, 

and small molecule substrates such as amino acids 85. Being produced mostly in the 

liver 86, SAM has a pivotal role in the regulation of cellular functions, such as in the 

control of cell proliferation, differentiation, and apoptosis, and has therefore been 

proposed as a signaling molecule 87. Through aminopropylation, transsulfuration, and 

methylation pathways, methionine, and its downstream product SAM, are key for the 

immune system (Figure 3).  

Figure 3. Methionine catabolism pathways and role in the immune system. ATP 

(adenosine triphosphate); SAM (S-adenosylmethionine); SAH (S-

adenosylhomocysteine); dSAM (decarboxylated S-adenosylmethionine); HCY 

(homocysteine); CYSTO (cystathione); CYST (cysteine); GSH (glutathione).  

 

By the action of methyltransferases, a methyl group is removed from SAM, and the 

resultant S-adenosyl homocysteine (SAH) initiates the transsulfuration route (Fig 3). 

SAH can be hydrolyzed to homocysteine, a homolog of the amino acid cysteine, and 

can be remethylated and recycled into methionine or converted into cysteine 88. The 
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homocysteine resulting from the transmethylation pathway of methionine and that is 

not remethylated to methionine, enters the transsulfuration pathway to form other 

sulfur-containing amino acids 88. In the transsulfuration pathway, methionine is the 

precursor of cysteine, one of the three amino acid composing glutathione (GSH), a 

molecule involved in scavenging free radicals, hence protecting cells from oxidative 

stress and being a vital antioxidant required for liver detoxification 89 and control of 

oxidative damage during inflammation 83. In fact, half of the liver cysteine used for GSH 

synthesis is obtained from homocysteine. During oxidative stress, conversion of 

methionine to cysteine is enhanced, prompting GSH synthesis, while under the 

opposite set of conditions homocysteine is preferentially directed to the remethylation 

of methionine 90. 

On the other hand through the aminopropylation pathways, methionine takes part of 

polyamine biosynthesis. Polyamines (i.e. putrescine, spermidine, and spermine) are 

essential for cell growth and proliferation and to ensure stability and fidelity of cell 

replication. Methionine takes part in polyamine biosynthesis through the 

aminopropylation pathway. Decarboxylated S-adenosylmethionine (dSAM), the 

product of the SAM decarboxylation, is the rate-limiting step for the biosynthesis of 

polyamines, as it is the source of the aminopropyl group that is added to putrescine to 

produce spermidine, and to spermidine to yield spermine 84,91.  

By generating SAM, methionine is also a methyl group donor that participates in the 

methylation of DNA, a key factor in the epigenetic regulation of gene expression81. 

DNA methylation is catalysed by DNA methyltransferases that transfer methyl groups 

from SAM to cytosine in a specific cytosine-guanine (CpG) region, often located in 

promoter regions of the DNA, and that might be enough to change gene expression. 

Methylation of CpG islands in the promoter region of a gene represses the expression 

of that gene 92. Because donation of the methyl group transforms SAM into SAH, which 

is a potent inhibitor of methylation 85, the SAM: SAH ratio can be used as an index of 

methylation potential in a cell and has been proposed as a “methylation ratio” 81. 

Nevertheless,  Zhang 93 stated that due to the circular nature of methionine cycle and 

the complexity of the methylation reactions, the mechanisms by which methionine 

affects DNA methylation are yet poorly understood and likely to be highly dependent 

of tissue, animal life stage, and genomic region. 

Methionine also plays a fundamental role in processes responsible for autophagy 34,94. 

Laxman, et al. 34 identified a conserved methyltransferase enzyme that methylates the 

https://www.benbest.com/nutrceut/AntiOxidants.html
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C-terminal leucine residue of a protein phosphatase enzyme PP2A, which is 

responsible for the regulation of growth processes in response to nutrient availability. 

The downstream result from the methylation of PP2A leads to the induction of the 

target of rapamycin complex 1 (TORC1) pathway, which in turn inhibits autophagy 95. 

By boosting the synthesis of the methyl donor, SAM, methionine was shown to be the 

rate-limiting amino acid for autophagy regulation 96. 

 

1.3.3. Tryptophan  

Tryptophan has a lower affinity for the apical carriers than most NAAs and tissues 

require restricted amounts of tryptophan 97. Besides protein turnover, tryptophan can 

have two fates with distinct biotransformatios: the biotransformation that destroys the 

indole ring, initiating the niacin-kynurenine pathway, responsible for the utilization of 

about 90 % of the available tryptophan, and processes that keep the indole ring intact 

but where 3 to 10 % of the tryptophan is consumed in the production of chemical 

messengers as the neurotransmitters serotonin (5-HT), N-acetyl-5-HT (NAS) and 

melatonin (MLT) 65. The kynurenine shunt is active in all main tissues and is either 

catalysed by tryptophan 2,3-dioxygenase (TDO) in the liver and brain, or by 

indoleamine 2,3-dioxygenase (IDO) in the peripheral tissues and immune system cells. 

The catabolism route is strictly controlled by the physiological conditions of the fish 

since each metabolite has a relevant function and the expression of the genes coding 

for TDO and IDO are in fact highly controlled. Pro-inflammatory factors as γ-IFN, TNF-

α, and other cytokines induce IDO expression, while anti-inflammatory agents are 

known to inhibit TDO expression, increasing tryptophan availability to the formation of 

neurotransmitters through the neuroendocrine route.  

Upon cytokine detection during inflammation, IDO expression is upregulated and its 

activity in monocytes and dendritic cells is increased, resulting in a tryptophan-poor 

microenvironment. In fact, during inflammation, a progressive decline of tryptophan is 

observed in the plasma 56 and its depletion is by itself a self-protecting mechanism 

resulting in the reduction of tryptophan available for pathogen utilization 98 (Figure 4). 

Once, in monocytes and dendritic cells, tryptophan catabolism is initiated by the niacin-

kynurenine pathway, with L-kynurenine formation by tryptophan breakdown by IDO. 

Then, by the action of kynureninases, L-kynurenine is catabolized to generate 3-

hidroxyathranilic acid (3-HOAA) and quinolinic acid (QA) 99. These kynurenines are 

natural ligands of Aryl-5 hydrocarbon receptor (AhR), a transcription factor responsible 
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for promoting the differentiation of regulatory T-cells and the reduction of 

immunogenicity of dendritic cells 100. Kynurenines formation also set up a protector 

system, acting locally to the removal of superoxide radicals, thus modulating the cell 

oxidative status 99. Additionally, QA serves as a substrate for NAD+ production 101.  

It is recognized that the immune system has close interaction with the neuroendocrine 

system, all promoting a complex response to maintain homeostasis by keeping the 

balance between pro- and anti-inflammatory signals. Helping fish cope with the 

disturbance, the two systems share tissues, receptors and mediators 102.  Therefore, a 

neuroendocrine-immune perspective should be considered when evaluating 

tryptophan role as it presents roles in both systems. Knowing that the ideal 

inflammatory response is specific and self-limiting 103, tryptophan role during infection 

could be key in the support of anti-inflammatory signaling molecules and in the 

resolution of inflammation. 

Figure 4. Tryptophan catabolism pathways and role in the immune system. IDO (2,3-

indoleamine dioxygenase); L-KYN (L-kynurenine); 3-HKYN (3-hydroxykynurenine); 3-

HOOA (3-hydroxyanthranilic acid); QA (quinolinic acid); NAD+ (nicotinamide 

adenosine dinucleotide). 

 

1.4. European seabass  

The European seabass (Dicentrarchus labrax) is a finfish with significant 

representation in Mediterranean aquaculture. It is a carnivorous fish found in a wide 

range of temperatures (5-28 ºC) and salinities (3 ppm to full-strength seawater) 104. As 
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reviewed by Kousoulaki, et al. 105, seabass aquaculture faces challenges in the 

production efficiency and suffers mortalities associated to feed quality, environmental 

variables and disease outbreaks (e.g. by Vibrio anguillarum,  nodavirus and Phdp). 

FAO reports describe the species as, despite sturdy, endangered by a wide range of 

diseases associated, in most of the cases, with stress rearing conditions. Due to the 

few authorized and effective therapeutic procedures available in aquaculture, it is vital 

the study and development of alternative strategies to better prepare fish to overcome 

stress and immune challenge conditions 106. By the emerging need for studies in this 

topic for seabass, together with the importance of this species for the Mediterranean 

aquaculture, seabass was selected as the model species in the present thesis.  

In fact, works have been carried out in fish in what concerns its immune condition in 

response to alternative ingredients 107-110, diet supplementation with prebiotics 111, or 

stress response 59,112. Additionally, the role of some AA on the immune mechanisms 

of sebass and the effect of its dietary supplementation was also the aim of some works. 

The role of methionine or tryptophan supplementation during short feeding periods was 

recently studied on the immune status, inflammatory mechanisms and neuroendocrine 

responses 75,79,113.  
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1.5. Objectives of the thesis    

The concept of modulating fish health in modern aquaculture while improving rearing 

efficiency and a more environmentally-friendly aquaculture product is in line with the 

Sustainable Development Goals established by the UN to be achieved by 2030. We 

believe that promoting fish robustness using new functional ingredients, as methionine 

and tryptophan, due to their abilities to modulate the immunological status, could 

contribute to the development of an environmentally friendly aquaculture in the context 

of the global economy (in the frame of goal 12- Responsible consumption and 

production and goal 14- Life Below Water). AA can potentially benefit the agri-food 

industry by allowing fish farmers to produce healthy and convenient fish, particularly 

oriented towards high market segments within Europe and America. Healthier fish will 

then probably present higher resilience to infections by opportunistic pathogens and 

therefore inflammatory situations would present a lower energy cost, a scenario that 

may allow fish to have higher levels of functional nutrients for human health (e.g. 

omega-3 fatty acids”) (in the frame of goal 2- Zero Hunger and goal 14- Life Below 

Water). 

For that reason, and recognizing that the immune system comprises a complex 

network of pro-inflammatory and immune tolerance signals the role of both methionine 

or tryptophan during infection and inflammatory insults deserves further attention. In 

fact, methionine and tryptophan already have recognized roles in several immune-

related pathways in mammals. Additionally, from a practical standpoint, the role of 

methionine and tryptophan as functional additives in aquafeeds still needs to be 

explored in order to improve disease resistance and the welfare of aquaculture fish.  

As a result, this Thesis pretends to improve the knowledge on the role of methionine 

and tryptophan on the inflammatory mechanisms and disease resistance in fish. In 

particular, it is intended to verify in European seabass: 

1) to what extent dietary supplementation with methionine and tryptophan can 

modulate the immune status and inflammatory response; 

2) if methionine and tryptophan have a significant impact on disease resistance and 

apoptotic mechanisms; 

3) if specific amino acid supplementation could be needed for immune support in an 

alternative feed formulation; 

4) the mechanisms by which methionine and tryptophan modulate the immune 

response; and, 
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5) whether dietary supplementation with key AA could represent an efficient solution 

to boost the European seabass immune repertoire in aquaculture. 
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Dietary methionine improves the European seabass (Dicentrarchus 

labrax) immune status, inflammatory response and disease 

resistance 

 

Abstract 

Methionine presents a pivotal role in the regulation of many cellular events with crucial 

impact on the immune system such as in processes involved in the control of 

inflammation and polyamines synthesis. Accordingly, the present study aimed to 

assess the modulatory effects of dietary methionine on the European seabass 

(Dicentrarchus labrax) immune status, inflammatory response and disease resistance 

to Photobacterium damselae subsp. piscicida (Phdp). For this purpose, fish were 

randomly distributed in 3 independent groups (3 replicates per group) and each was 

fed the corresponding diet:  a control diet (CTRL) formulated to meet the established 

amino acid requirements for the species; a diet supplemented with methionine at 0.5% 

of feed weight relative to the CTRL diet (11.8 % of methionine concentration above 

CTRL); and one supplemented with methionine at 1% of feed weight to the CTRL diet 

(8.2% of methionine concentration above CTRL). To evaluate the immune status of 

fish fed with each of the diets before being submitted to bacterial infection fish were 

sampled from each group at 2 and 4 weeks after the beginning of feeding. Non-

sampled fish were injected intraperitoneally with Phdp (5 × 103 cfu / fish) at 4 weeks 

after initiation of feeding and the inflammatory response (at 4, 24, and 48 hours post-

infection) and survival (lasting 21 days post-infection) evaluated. Fish haematological 

profile, peripheral cell dynamics, plasma humoral immune parameters, leucocyte 

migration to the inflammatory focus and head kidney gene expression were evaluated. 

Results show that methionine dietary supplementation improves seabass cellular 

immune status without evidence of activation of pro-inflammatory mechanisms. 

Additionally, the observed enhanced immune status provided by methionine 

supplementation translated into an improved immune response to infection, as higher 

cellular differentiation/proliferation and recruitment to the inflammatory focus, improved 

plasma humoral immune parameters and modulation of key immune-related genes 

was observed. Lastly, after a bacterial challenge, higher survival was observed in fish 

fed supplemented diets, ultimately corroborating the positive effect of methionine 

administration for 4 weeks in the cellular immune status. 
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2.1. Introduction  

A dependency of the immune system upon the availability of amino acids (AA) has 

been associated to their role as signalling molecules essential for cellular function as 

reviewed in 1-4, but also as methyl group donors and precursors of physiological 

important molecules such as hormones, bioactive amines, enzymes, neurotransmitters 

and nitric oxide. Several studies have reported that AA deficiency reduces their plasma 

concentration, ultimately compromising the immune system repertoire 5,6. In fact, AA 

requirements may increase as a direct consequence of metabolic changes associated 

with inflammation and infection 7. Methionine is an example of an indispensable AA 

with a recognized role in the immune system and its dietary supplementation proved 

to enhance mammalian host immunity 8. By generating S-adenosylmethionine (SAM), 

methionine is a methyl group donor that participates in the methylation of DNA, 

ultimately influencing gene expression 8. Additionally, methionine takes part on the 

polyamine (i.e. spermidine and spermine) biosynthesis through the aminopropylation 

pathway, where decarboxylated SAM successively adds aminopropane to the forming 

polyamines, required for cell proliferation 9. During the transsulfuration pathway, 

methionine is also precursor of cysteine, one of the three glutathione (GSH) elements, 

a molecule involved in scavenging free radicals, hence protecting cells from oxidative 

stress during inflammation 3. Methionine also plays a pivotal role in processes 

responsible for the control of inflammation and apoptosis such as protein ubiquitination 

and autophagy 10. By inducing SAM-mediated methylation, methionine has been 

shown to inhibit autophagy and promote growth in yeast 11. In fact, methionine and its 

downstream metabolite SAM are responsible for autophagy modulation 12. As a result, 

and knowing that the ideal inflammatory response is rapid, yet specific and self-limiting 

13, methionine presents an important potential as immunomodulator during infection. 

Still, further in-depth studies are needed to understand the immune mechanisms that 

this particular AA is activating before and after infection episodes.  

Methionine dietary immunomodulation also adds a practical perspective to modern 

animal production. For instance, the importance of methionine as a nutraceutical 

supplement to control enteric processes and oxidative stress in mammals has been 

recently reviewed 14. Moreover Bunchasak 15 and Jankowski, et al. 16 reviewed the 

many beneficial effects of dietary methionine (and other sulfur-containig AA) on poultry 

immune mechanisms and its use on poultry industry. 
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However, the role of methionine as an immunomodulatory additive in aquafeeds still 

needs to be explored so to improve sustainability and fish welfare in fish farming. 

Recent studies showed that methionine supplementation increase European seabass 

(Dicentrarchus labrax) cellular immune status as well as immune response to an 

inflammatory insult with UV-inactivated Photobacterium damselae subsp. piscicida 

(Phdp) 17. An increased peripheral leucocytes concentration was also observed in 

juvenile Jian carp (Cyprinus carpio var. Jian) after being fed graded levels of 

methionine hydroxy analogue, a synthetic methionine source, resulting in increased 

survival rate and stronger humoral and cellular response after injection with 

Aeromonas hydrophila 18. Likewise, Tang and co-workers 19 observed an increase in 

plasma lysozyme activity, complement factors and IgM of Jian carp given dietary 

methionine supplementation during 8 weeks. Therefore, dietary methionine also 

seems to be an important nutritional additive for fish health management. The main 

goal of the present study was to gather evidence on the specific role of methionine 

orchestrating the European seabass immune response before and after a Phdp 

infection.  

 

2.2.  Material and methods  

 

2.2.1. Experimental design 

European seabass juveniles were acquired to a certificated hatchery (MARESA, 

Spain) and maintained in quarantine for two weeks at the Instituto de Investigação e 

Inovação em Saúde (i3S; University of Porto, Portugal) fish holding facilities under the 

culture conditions described below. After this period, fish were weighed (Table 4) and 

randomly distributed into 9 tanks (200 l; 3 groups with 3 replicates of 50 fish each) of 

a recirculation seawater system in which O2 saturation (7.38 ± 0.01 mg/l), salinity (35 

ppt) and photoperiod (10h dark: 14h light) were kept unchanged throughout the 

experiment (Figure 1). The temperature was maintained at 20 ± 0.5 °C until the time 

the bacterial infection was carried out (4 weeks after feeding with the test diets), where 

it was increased to 24 ± 0.5 °C until de end of the experiment so as to mimic the 

temperature increase which typically triggers piscine outbreaks. Ammonium and nitrite 

levels were kept below 0.025 and 0.3 mg l-1, respectively.  
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Figure 1. Experimental design. 

 

After 1 week, during which fish were all fed with the commercial diet with which they 

were being fed previously, the experiment was started by feeding of each group with 

the respective feed 3 times a day at an average ration of 2.5% biomass per day (daily 

adjusted ± 0.5% based on the assessment of the non-consumed feed): (i) one group 

was fed a control diet (CTRL); (ii) another group was fed a diet supplemented with 0.5 

% methionine of feed weight to the CTRL diet (MET0.5); and finally, (iii) another group 

was fed a diet supplemented with 1 % methionine of feed weight to the CTRL diet 

(MET1).   

At 2 and 4 weeks after feeding the test diets, 36 fish from each group (12 per replicate) 

were euthanized by an overdose of anaesthetic (2-phenoxyethanol; Merck, ref. 

807291, Germany), weighed, and collected blood and head kidney samples. Also at 

four weeks, fish that were not sampled (78 per group, 26 per replicate) were infected 

intraperitoneally (i.p.) with 100 μl of a Phdp suspension (5 x 104 cfu ml-1). Of these, 60 

fish per group (20 per replicate) were placed back in their tanks, feed replenished 

according to the previous regimen and mortality recorded for 3 weeks and the relative 

percentage survival (RPS) calculated. After euthanasia of the moribund fish, the 

animals were weighed and the presence of Phdp in the head kidney checked by 

growing on TSA-2 plates. The remaining infected fish (6 per group, 3 per replicate) 

were re-allocated in a similar recirculation system (Temperature: 24 ± 0.5 ° C; Salinity: 

35 ppt; Photoperiod: 10h dark: 14h light) according to dietary treatment and 6 fish per 

group were euthanized at 4, 24 and 48 hours post-infection (time-course) and blood, 
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head kidney and peritoneal exudates sampled from each fish, to investigate the 

immunomodulatory effect of the diets during the initial inflammatory response to Phdp. 

 

The experiments were approved by the i3S Animal Welfare Committee and carried out 

in a registered installation (licence number 0421/000/000/2018). Experiments were 

performed by trained scientists in full compliance with national rules and following the 

European Directive 2010/63/EU of the European Parliament and the European Union 

Council on the protection of animals used for scientific purposes. 

2.2.2. Experimental diets 

The 3 diets (Table 1) were formulated and manufactured by Sparos Lda. (Olhão, 

Portugal).  The CTRL diet was formulated to include an indispensable AA profile 

meeting the ideal pattern estimated for European seabass 20. According to results from 

previsous works 17,21 2 other diets were formulated (MET 0.5 and MET 1, respectively) 

to be identical to the CTRL but supplemented with DL-Methionine at 0.5% or 1% of 

feed weight, at the expenses of wheat gluten and wheat meal. After AA analysis the 

percentage of methionine in relation to the total AA amount was of 2.6% for CTRL and 

2.8 and 3.2% for MET 0.5 and MET 1, respectively, presenting these diets 8.2 and 

11.8% more methionine than CTRL. 

Main ingredients were ground (below 250 μm) in a micropulverizer hammer mill (SH1; 

Hosokawa Micron, B.V., Doetinchem, The Netherlands). Powder ingredients and oils 

were then mixed according to the target formulation in a paddle mixer (RM90; Mainca, 

S.L., Granollers, Spain). All diets were manufactured by temperature-controlled 

extrusion (pellet sizes: 1.5 mm) by means of a low-shear extruder (P55; Italplast, S.r.l., 

Parma, Italy). Upon extrusion, all feed batches were dried in a convection oven (OP 

750-UF; LTE Scientifics, Oldham, UK) for 4h at 45°C. Formulation of experimental 

diets is presented in Table 1. Proximate composition analysis was conducted by the 

following methods: dry matter, by drying at 105 ºC for 24 h; ash, by combustion at 550 

ºC for 12 h; crude protein (N × 6.25), by a flash combustion technique followed by gas 

chromatographic separation and thermal conductivity detection (LECO FP428); fat, 

after petroleum ether extraction, by the Soxhlet method; total phosphorus, according 

to the ISO/DIS 6491 method, using the vanado-molybdate reagent; gross energy, in 

an adiabatic bomb calorimeter (IKA). 
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Diets were analysed for total AA content. Diet samples were hydrolysed in 6M HCl at 

116 ºC for 2 h in nitrogen-flushed glass vials. Samples were then pre-column 

derivatised with Waters AccQ Fluor Reagent (6-aminoquinolyl-N-hydroxysuccinimidyl 

carbamate) using the AccQ Tag method (Waters, USA). Analyses were done by ultra-

high performance liquid chromatography (UPLC) in a Waters reversed-phase AA 

analysis system, using norvaline as an internal standard. During acid hydrolysis 

asparagine is converted to aspartate and glutamine to glutamate, so the reported 

values for these AA represent the sum of the respective amine and acid. Since it is 

partially destroyed by acid hydrolysis, tryptophan was not determined. The resultant 

peaks were analysed with EMPOWER software (Waters, USA). The AA profile of the 

experimental diets and the relative percentage of methionine supplementation is 

presented in Table 2.  

Table 1. Ingredient and chemical composition of the experimental diets. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

        

Ingredients 
CTRL MET 0.5 MET 1 

% 

Fishmeal LT70 (South American)1 11.00 11.00 11.00 

Fishmeal 602 17.00 17.00 17.00 

Soy protein concentrate3 12.00 12.00 12.00 

Wheat gluten4 8.00 7.70 7.40 

Corn glúten5 4.00 4.00 4.00 

Soybean meal 486 14.00 14.00 14.00 

Rapeseed meal7 6.00 6.00 6.00 

Wheat meal8 10.00 9.80 9.60 

Fish oil9 8.50 8.50 8.50 

Rapeseed oil10 5.00 5.00 5.00 

Vitamin and mineral premix11 1.00 1.00 1.00 

Brewer's yeast12 3.00 3.00 3.00 

Soy lecithin13 0.50 0.50 0.50 

DL-Methionine14 - 0.50 1.00 

Total 100 100 100 

        

Pellet size, mm 1.50 1.50 1.50 

     

Proximate analyses (% dry weight)       

Dry matter (g/100g) 5.20 5.54 5.09 

Protein (g/100g) 45.83 45.62 46.25 

Fat (g/100g) 18.80 19.00 18.10 

Ash (g/100g) 7.74 7.58 7.81 

Energy  (kJ/g) 22.48 22.70 22.55 
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1LT70 Steam Dried, 70.7% crude protein (CP), 8.1% crude fat (CF), Pesquera Diamante, Peru; 

2 COFACO 60: 62.3% CP, 8.4% CF, COFACO, Portugal;  

3 Soycomil P: 63% CP, 0.8% CF, ADM, The Netherlands; 

4 VITAL: 83.7% CP, 1.6% CF, ROQUETTE Frères, France; 

5 Corn gluten meal: 61% CP, 6% CF, COPAM, Portugal; 

6 Dehulled solvent extracted soybean meal: 47% CP, 2.6% CF, CARGILL, Spain; 

7 Defatted rapeseed meal: 34% CP, 2% CF, Premix Lda, Portugal; 

8 Wheat meal: 10.2% CP; 1.2% CF, Casa Lanchinha, Portugal;  

9 SAVINOR UTS, Portugal; 

10 Henry Lamotte Oils GmbH, Germany;  

11 20 PREMIX Lda, Portugal: Vitamins (IU or mg/kg diet): DL-alpha tocopherol acetate, 100 mg; sodium menadione 

bisulphate, 25mg; retinyl acetate, 20000 IU; DL-cholecalciferol, 2000 IU; thiamin, 30mg; riboflavin, 30mg; 

pyridoxine, 20mg; cyanocobalamin, 0.1mg; nicotinic acid, 200mg; folic acid, 15mg; ascorbic acid, 500mg; inositol, 

500mg; biotin, 3mg; calcium panthotenate, 100mg; choline chloride, 1000mg, betaine, 500mg. Minerals (g or mg/kg 

diet): copper sulphate, 9mg; ferric sulphate, 6mg; potassium iodide, 0.5mg; manganese oxide, 9.6mg; sodium 

selenite, 0.01mg; zinc sulphate,7.5mg; sodium chloride, 400mg; excipient wheat middlings.  

12 PREMIX Lda, Portugal 

13 Lecico P700IPM, LECICO GmbH, Germany; 

14 DL-Methionine for Aquaculture: 99% Methionine, Evonik Nutrition & Care GmbH, Germany 

 
 

Table 2. Amino acid composition of experimental diets.  
 

Amino acids 
 

CTRL  MET 0.5  MET 1 
mg AA / g DW diet 

Methionine 10.8  11.8  13.2 
Arginine 39.5  39.6  39.3 
Histidine 11.9  11.9  11.7 
Lysine 27.9  27.8  28.4 
Threonine 17.4  16.8  17.5 
Isoleucine 15.9  16.1  15.8 
Leucine 32.3  32.5  32.3 
Valine 20.1  21.0  20.3 
Phenylalanine 22.4  22.7  22.4 
Cysteine 3.1  3.1  3.0 
Tyrosine 16.0  16.0  15.9 
Aspartic acid + Asparagine 32.2  32.6  32.5 
Glutamic acid + Glutamine 70.6  71.0  70.3 
Alanine 22.0  21.3  22.0 
Glycine 23.0  22.4  23.4 
Proline 26.7  27.4  26.4 
Serine 17.8  17.3  16.9 
Taurine 1.2  1.2  1.2 

Tryptophan was not analysed. 
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2.2.3. Collection of blood, head kidney and peritoneal exudates 

 

2.2.3.1. Blood collection 

Blood was collected from the caudal vein using heparinized syringes one part being 

used for hematological analysis and the remainder centrifuged at 10000 x g 10 min at 

4 °C and the plasma collected, frozen on dry ice and stored at -80 °C for evaluating 

innate humoral immune response parameters. Of the fish sampled at 2 (36 fish per 

group; 12 per replicate) and at 4 (36 fish per group; 12 per replicate) weeks, 9 fish from 

each group (3 per replicate) were used per time point for the hematological analysis. 

For the assessment of innate humoral immune response, plasma from all sampled fish 

were used, although the plasma was pooled from every 3 individuals (12 pools per 

treatment). 

Of the fish sampled at 4, 24 and 48 hours after bacterial infection (6 fish per group; 3 

per replicate) the hematological analysis and the evaluation of the innate humoral 

immune response parameters were performed for each individual. 

 

2.2.3.2. Head kidney collection 

Head kidneys were also harvested from the 9 fish sampled at 2 and 4 weeks and used 

for blood collection and hematological analysis. Likewise, the head kidneys of all fish 

sampled at 4, 24 and 48 hours after infection were collected. 

After harvesting, the kidneys were immediately frozen on dry ice and stored at -80 ° C 

until processed for gene expression analysis. 

 

2.2.3.3. Peritoneal exudates collection 

Peritoneal cells were only collected from fish sampled at 4, 24 and 48 hours post-

infection (time-course), according to the procedure described by Afonso et. al [23]. 

Briefly, following fish anesthesia and bleeding by the caudal vessel, 5 ml of cold Hank's 

balanced salt solution (HBSS) supplemented with 30 units heparin ml-1 was injected 

into the peritoneal cavity. The peritoneal area was then slightly massaged in order to 

disperse peritoneal cells in the injected HBSS. The i.p. injected HBSS containing 

suspended cells were collected and total peritoneal leucocytes counts were performed 

with a hemocytometer. 
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2.2.4. Analysis of haematological parameters 

The haematological profile was conducted according to Machado, et al. 17 and 

comprised the total white (WBC) and red (RBC) blood cells counts, as well as 

haematocrit (Ht) and haemoglobin (Hb; SPINREACT kit, ref. 1001230, Spain) 

assessments. Afterwards, the mean corpuscular volume (MCV), mean corpuscular 

haemoglobin (MCH) and mean corpuscular haemoglobin concentration (MCHC) were 

also calculated 17. Ht was not assessed in fish sampled at 4, 24 and 48 hours post-

infection.  

Immediately after blood collection, blood smears were performed from homogenized 

blood and air dried. After fixation with formol-ethanol (10% of 37% formaldehyde in 

absolute ethanol) detection of peroxidase was carried out as described by Afonso, et 

al. 22 in order to facilitate identification of neutrophils. Blood smears were then stained 

with Wright's stain (Haemacolor; Merck) Slides were examined (1000×), and at least 

200 leucocytes were counted and classified as thrombocytes, lymphocytes, monocytes 

and neutrophils. Absolute value (×104 ml-1) of each cell type was calculated according 

to the total blood WBC count. 

 

2.2.5. Analysis of innate immune response parameters 

 

2.2.5.1. Lysozyme activity 

Lysozyme activity was measured using a turbidimetric assay as described by Costas, 

et al. 23. A solution of Micrococcus lysodeikticus (0.5 mg ml-1, 0.05 M sodium phosphate 

buffer, pH 6.2) was prepared. In triplicates, 15 µl of plasma was added to a microplate 

and 250 µl of the above suspension were pipetted to give a final volume of 265 µl. The 

reaction was carried out at 25 ˚C and the absorbance (450 nm) was measured after 

0.5 and 4.5 min in a Synergy HT microplate reader. Serial diluted, lyophilized hen egg 

white lysozyme (Sigma) in sodium phosphate buffer (0.05 M, pH 6.2), was used to 

develop a standard curve. The amount of lysozyme in the sample was calculated using 

the formula of the standard curve.  

 

2.2.5.2. Peroxidase activity 

Total peroxidase activity in plasma was measured following the procedure described 

by Quade and Roth 24. In triplicates, 15 µl of plasma was diluted with 135 µl of HBSS 

without Ca+2 and Mg+2 in flat-bottomed 96-well plates. Then, 50 µl of 20 mM 3,3’,5,5’-
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tetramethylbenzidine hydrochloride (TMB; Sigma) and 50 µl of 5 mM H2O2 were added. 

After 2 min, the color-change reaction was stopped by adding 50 µl of 2 M sulphuric 

acid and the optical density was read at 450 nm in a Synergy HT microplate reader. 

Wells without plasma were used as blanks. The peroxidase activity (units ml-1 plasma) 

was determined by defining one unit of peroxidase as that which produces an 

absorbance change of 1 OD.  

 

2.2.5.3. Bactericidal activity 

The bactericidal activity assay was performed using Phdp strain PP3. Bacteria were 

cultured in tryptic soy broth (TSB) (Difco Laboratories) supplemented with NaCl to a 

final concentration of 2 % (w/v) (TSB-2) and exponentially growing bacteria were 

resuspended in sterile HBSS and adjusted to 1 × 106 cfu ml-1. Plating serial dilutions 

of the suspensions onto TSA-2 plates and counting the number of cfu following 

incubation at 22 ˚C confirmed bacterial concentration of the inoculum. Plasma 

bactericidal activity was then determined following the method described by Graham 

and Secombes 25 with modifications 17.  

Briefly, 20 µl of plasma were added to duplicate wells of a U-shaped 96-well plate. 

HBSS was added to some wells instead of plasma and served as positive control. To 

each well, 20 µl of Phdp (1×106 cfu ml-1) were added and the plate was incubated for 

2.5 h at 25 ˚C. 25 µl of 3-(4,5 dimethyl-2-yl)-2,5-diphenyl tetrazolium bromide (MTT, 1 

mg ml-1; Sigma) were then added to each well and incubated for 10 min at 25 ˚C to 

allow the formation of formazan. Plates were then centrifuged at 2000 × g for 10 min 

and the precipitate was dissolved in 200 µl of dimethyl sulfoxide (Sigma). The 

absorbance of the dissolved formazan resulting from the reduction of MTT in direct 

proportion to the number of viable bacteria present, was measured at 560 nm. Viable 

bacteria was expressed as percentage, calculated from the difference between the 

dissolved formazan in samples and the one formed in the positive controls (100%). 

The bactericidal activity was calculated as the percentage of non-viable bacteria. 

 

2.2.5.4. Alternative complement pathway activity 

Alternative complement pathway activity (ACH50) was evaluated as described by 

Sunyer and Tort 26. Three buffers were previously prepared: GVB (Isotonic veronal 

buffered saline), pH 7.3, containing 0.1% gelatin; EDTA-GVB, as previous one but 

containing 20 mM EDTA; and Mg-EGTA-GVB, which is GVB with 10 mM Mg2+  and 
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10 mM EGTA. Rabbit red blood cells (RaRBC; Probiologica Lda., Portugal) were 

washed four times in GVB and resuspended in the same buffer to a concentration of 

2.5 × 108 cells ml-1. Then, 10 μl of RaRBC suspension were added to 40 μl of serially 

diluted plasma in Mg-EGTA-GVB buffer in triplicates. Following an incubation time of 

100 min at room temperature with continuous shaking, the reaction was stopped by 

adding 150 μl of cold EDTA-GVB. Samples were then centrifuged for 2.5 min at 120 × 

g and the extent of haemolysis was estimated by measuring the optical density of the 

supernatant at 414 nm. The ACH50 units were defined as the concentration of plasma 

inducing 50 % haemolysis of RaRBC. 

 

2.2.6. Gene expression analysis  

Total RNA isolation was conducted with NZY Total RNA Isolation kit (NZYTech, 

Lisbon, Portugal) following manufacturer's specifications. First-strand cDNA was 

synthesized with NZY First-Strand cDNA Synthesis Kit (NZYTech, Lisbon, Portugal). 

Quantitative PCR assays were performed with an Eppendorf Mastercycle ep realplex, 

using 1 µl of diluted cDNA (1:5 dilution) mixed with 10 µl of NZYSpeedy qPCR Master 

Mix and 0.4 µl (10 µM) of each specific primer in a final volume of 20 µl. cDNA 

amplification was carried out with specific primers (Appendix I, Table S1) for genes 

that have been selected for their involvement in immune responses and methionine 

metabolism (Table 3). Primers were designed with NCBI Primer Blast Tool according 

to known qPCR restrictions (amplicon size, Tm difference between primers, GC 

content and self-dimer or cross-dimer formation). Sequences encoding European 

seabass tlr2, stat 3, mtor, c3zeta, ccr3, mcsf1r1 and cd8β were identified after carrying 

out a search in the databases v1.0c seabass genome 27 and designed as previously 

described. S was used to analyse the efficiency of the primer pairs by calculating the 

slope of the regression line of the cycle thresholds (Ct) versus the relative 

concentration of cDNA.  

Accession number, efficiency values, annealing temperature, product length and 

primers sequences are presented in Table S1. Melting curve analysis was also 

performed to verify that no primer dimers were amplified. The standard cycling 

conditions were 94°C initial denaturation for 2 min, followed by 40 cycles of 94°C 

denaturation for 30 s, primer annealing temperature (Appendix I, Table S1) for 30 s 

and 72°C extension for 30 s. All reactions were carried out as technical duplicates. The 

https://www.nzytech.com/products-services/rna-purification-dnarna-purification/mb13402/
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expression of the target genes was normalized using the expression of European 

seabass ribosome 40s subunit (40s).  
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Table 3. Immune-related genes analysed by real-time PCR. 

Gene Acronym  Gene Acronym 

40s Ribossomal protein (House-Keeping) 40s  Cluster of differentiation 8 beta cd8β 

Interleukin 1 β il1β  Toll-like receptor 9 tlr9 

Interleukin 8 il8  Toll-like receptor 2 tlr2 

Interleukin 6 il6  Macrophage colony-stimulating factor 1 receptor 1 mcsf1r1 

Transforming growth factor-beta tgfβ  Matrix-metalloproteinase 9 mmp9 

Tumor necrosis factor-alpha tnfα  Complement factor 3 c3 

Cyclo-oxygenase 2 cox 2  Mechanistic target of rapamycin mtor 

Interleukin 10 il10  Caspase 3 casp 3 

C-C chemokine receptor type 3 ccr3  Caspase 1 casp 1 

Chemokine CXC receptor 4 cxcr4  Signal transducers and activators of transcription stat 3 

Superoxide dismutase sod  Melanocortin 2 receptor mc2r 

Gutathione peroxidase gpx  Heat shock protein 70 hsp70 

Hepcidin hep  Heat shock protein 90 hsp90 

Nitric oxide-inducible gene protein noxin  Spermine/spermidine N (1)-acetyltransferase sat 1 

Major histocompatibility complex II antigen beta chain mhc II  Adenosylmethionine decarboxylase 1 amd 1 

Cluster of differentiation 3 zeta chain c3zeta    
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2.2.7. Analysis of the peritoneal leucocyte populations  

Peritoneal cells were collected in fish from the time-course trial, according to the 

procedure described in the 2.3.3 section. The i.p. injected HBSS containing suspended 

cells was collected and total peritoneal leucocytes counts were performed with a 

haemocytometer. Cytospin preparations were then made with a THARMAC Cellspin 

apparatus and stained as indicated above for blood smears. Lymphocytes, 

macrophages and neutrophils in the peritoneal exudates were differentially counted, 

and the percentage of each cell type was established after counting a minimum of 200 

cells per slide. Concentration (×104 ml-1) of each leucocyte type was also calculated. 

 

2.2.8. Bacterial challenge  

For the bacterial challenge, Phdp, strain PP3, isolated from yellowtail (Seriola 

quinqueradiata; Japan) by Dr Andrew C. Barnes (Marine Laboratory, Aberdeen, UK), 

was used. Bacteria were routinely cultured at 22 ˚C in tryptic soy broth (TSB) or tryptic 

soy agar (TSA) (both from Difco Laboratories) supplemented with NaCl to a final 

concentration of 2 % (w/v) (TSB-2 and TSA-2, respectively) and stored at - 80 °C in 

TSB-2 supplemented with 15 % (v/v) glycerol. To prepare the inoculum for injection 

into the fish peritoneal cavities, 100 µL of stocked bacteria were cultured overnight at 

22 °C on TSA-2. Exponentially growing bacteria were collected and re-suspended in 

sterile TSB-2 and adjusted to a final concentration of 5 x 104 colony forming units (cfu) 

ml-1, as confirmed by plating the resulting cultures on TSA-2 plates and counting of cfu, 

and each fish inoculated intraperitoneally with 100 µl (5 x 103 cfu per fish) of the 

bacterial suspension.  

 

2.2.9 Data analysis  

All results are expressed as mean ± standard deviation (mean ± SD). Data was 

analysed for normality and homogeneity of variance and, when necessary, 

transformed before being treated statistically. All data expressed as percentage were 

arcsine transformed 28. Data was analysed by two-way ANOVA, with time and diet as 

factors and followed by Tukey post-hoc test to identify differences in the experimental 

treatments. All statistical analyses were performed using the computer package 

STATISTICA 12 for WINDOWS. The level of significance used was P≤ 0.05 for all 

statistical tests. Sampling point 4 weeks was used as time 0 h during time-course data 

analysis, as they represent unstimulated animal prior to infection. The Chi-square test 



Mediators of inflammation: unravelling the role of methionine and tryptophan during infection 

ICBAS| 47 

was performed to identify differences on the cumulative mortality among dietary 

treatment. 

 

2.3. Results 

 

2.3.1 Fish growth performance  

Thirty six fish per group (12/replicate) were sampled and weighted at 2 and 4 weeks 

after feeding with the experimental diets in order to evaluate the effect of the diets on 

the growth performance. Within each group, no differences were found between 

replicate at any sampling point and between experimental diets in any of the growth 

parameters evaluated. 

 

Table 4. Data on the initial weight and growth performance of European seabass 

sampled at 2 and 4 weeks after being fed three different diets.  

Parameters 

 Dietary treatments 

 CTRL  MET 0.5  MET 1 

 2 weeks 4 weeks  2 weeks 4 weeks  2 weeks 4 weeks 

Initial weight g  8.75 ± 1.02  8.37 ± 0.46  8.35 ± 0.48 

Final weight g  9.74 ± 0.58* 11.43 ± 0.33  9.48 ± 0.05* 11.37 ± 0.85  9.74 ± 0.29* 11.57 ± 0.42 

Weight gain1 %  14.74 ± 11.32* 34.74 ± 11.68  15.67 ± 12.77* 38.42 ± 12.75  13.16 ± 5.92* 42.30 ± 10.52 

RGR2 % day-1  0.95 ± 0.73 1.06 ± 0.32  0.90 ± 0.38 1.09 ± 0.43  1.11 ± 0.26 1.17 ± 0.11 

Values are presented as means ± SD (n=36). P-values from two-way ANOVA (p ≤0.05). If interaction was 

significant, Tukey post hoc test was used to identify differences in the experimental treatments.  
1 Weight gain = (final weight × 100) / initial weight 
2 Relative Growth Rate = (e ((ln (final weight)-ln (initial weight))/days-1) -1) × 100 

 

2.3.2 Immune status 

 

2.3.2.1. Haematology and peripheral leucocyte responses 

The blood of 9 fish from each group (3 per replicate), sampled at 2 and 4 weeks, was 

used for evaluation of hematological parameters. The haematological profile showed 

few changes throughout the 2-4 week period, with no alteration in the haematocrit. An 

increase of red blood cells (RBC) numbers from 2 to 4 weeks was observed within 

each dietary treatment, although the hemoglobin (Hb) levels have remained 

unaffected.  With the exception of the mean corpuscular haemoglobin concentration 

(MCHC), which remain unchanged between 2 and 4 weeks, all other parameters 
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analysed (mean corpuscular volume, MCV; mean corpuscular haemoglobin, MCH; 

white blood cells, WBC) decreased from 2 to 4 weeks in each diet.  

Among the different diets, and despite decreasing from 2 to 4 weeks, the WBC number 

was increased in the diet supplemented with 1% methionine when compared to the 

values observed at equivalent times for the CTRL diet (Table 5), being this increase 

due to a greater number of neutrophils (Table 6). In fact, with respect to the 

concentration of each type of leukocyte analysed in the blood, the only difference 

detected between the diets was a higher number of neutrophils in the blood of the fish 

fed with the MET 1 diet compared to those fed with the diet CTRL and MET 0.5, but 

no differences were observed between 2 and 4 weeks within each group. However, for 

thrombocytes, lymphocytes and monocytes, although they did not vary among the fish 

fed the different diets, there was a decrease in their number from 2 to 4 weeks within 

each treatment, correlating with the decrease in WBC from 2 to 4 weeks in each diet.  

Thus, while the decrease in the number of WBC from 2 to 4 weeks observed in the fish 

fed with each of the diets was due to the decrease in the number of thrombocytes, 

monocytes and lymphocytes, the highest number of WBC observed in fish fed with the 

diet supplemented with 1% methionine was exclusively due to a higher number of 

neutrophils, suggesting the stimulation of an inflammatory response by methionine 

supplementation. 

2.3.2.2. Humoral innate immune response 

For the evaluation of the innate humoral response, 36 fish were collected from each 

experimental group (12 per replicate) and, for reasons of quantity limitation, the plasma 

from each 3 fish was pooled. Humoral innate immune parameters assessed in plasma 

are presented in Table 7.  

Two weeks after the beginning of feeding of the experimental diets, plasma of fish fed 

diets supplemented with methionine (MET 0.5 and MET 1) presented lower lysozyme 

concentration than that found in the plasma of fish fed with the control diet. 

Furthermore, a decrease from 2 to 4 weeks was observed in the lysozyme 

concentration for all diets, although only statistically significant for fish fed CTRL. Such 

decrease of lysozyme concentration could explain the reduction of the total bactericidal 

activity with time for all diets. Plasma bactericidal activity was found to be higher in fish 

fed MET 1 relative to those fed MET 0.5 
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Regarding the alternative complement pathway, there were no differences in activity 

between the different treatments, although its activity increased from 2 to 4 weeks in 

fish fed any of the diets. 
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Table 5. Haematocrit, haemoglobin, mean corpuscular volume (MCV), mean corpuscular haemoglobin (MCH), mean corpuscular 

haemoglobin concentration (MCHC), red blood cells (RBC) and white blood cells (WBC) in European seabass fed dietary treatments 

during 2 and 4 weeks. 

Parameters 

  Dietary treatments 

 
CTRL  MET 0.5  MET 1 

  2 weeks 4 weeks  2 weeks 4 weeks  2 weeks 4 weeks 

Haematocrit (%)  
21.50 ± 2.60  22.63 ± 4.55  20.63 ± 3.12 22.50 ± 4.56  22.56 ± 2.17 20.43 ± 4.81 

Haemoglobin (g dl)  
1.09 ± 0.20 1.40 ± 0.68  1.11 ± 0.18 1.23 ± 0.40  1.16 ± 0.16 1.18 ± 0.49 

MCV (μm3)  
190.57 ± 67.55 122.44 ± 7.64  159.77 ± 16.44 126.48 ± 49.00  156.15 ± 19.13 106.09 ± 8.71 

MCH (pg cell-1)  
9.37 ± 2.34 8.64 ± 2.47  8.50 ± 1.36 6.72 ± 2.73  8.02 ± 0.98 6.21 ± 2.53 

MCHC (g 100 ml-1)  
5.33 ± 0.85 5.56 ± 1.94  5.49 ± 0.48 5.66 ± 1.74  5.15 ± 0.40 6.59 ± 2.44 

RBC (×106 µl-1)  
1.21 ± 0.29 1.83 ± 0.34   1.32 ± 0.19 1.92 ± 0.42  

1.46 ± 0.14 1.95 ± 0.39 

WBC (×104 µl-1)   7.83 ± 1.71 4.67 ± 0.80  9.09 ± 3.28 5.73 ± 0.65  9.66 ± 1.59 6.40 ± 1.45 

Two-way ANOVA 

Parameters      
Diet 

  Time Diet Time × Diet   CTRL MET 0.5 MET 1 

Haematocrit  ns ns ns  - - - 

Haemoglobin  ns ns ns  - - - 

MCV  <0.001 ns ns  - - - 

MCH  0.032 ns ns  - - - 

MCHC  ns ns ns  - - - 

RBC  <0.001 ns ns  - - - 

WBC  <0.001 0.032 ns  B AB A 

 
Values are presented as means ± SD (n=9). P-values from two-way ANOVA (p ≤ 0.05). If interaction was significant, Tukey post hoc test was used to identify differences in the 

experimental treatments. Different capital letters indicate differences among diets regardless time 
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Table 6. Absolute values of peripheral blood leucocytes (thrombocytes, lymphocytes, monocytes and neutrophils) of European 

seabass fed dietary treatments during 2 and 4 weeks. 

Parameters 

  Dietary treatments 

 
CTRL  MET 0.5  MET 1 

  2 weeks 4 weeks  2 weeks 4 weeks  2 weeks 4 weeks 

Thrombocytes 

(×104 µl-1) 

 4.16 ± 1.05 2.93 ± 0.50  4.99 ± 2.19 2.71 ± 0.88  4.68 ± 1.03 2.96 ± 0.81 

Lymphocytes  3.63 ± 0.89 1.58 ± 0.40  4.88 ± 2.20 2.07 ± 0.52  4.40 ± 1.21 2.52 ± 0.91 

Monocytes  0.23 ± 0.08 0.12 ± 0.05  0.23 ± 0.14 0.15 ± 0.09  0.25 ± 0.10 0.20 ± 0.13 

Neutrophils   0.06 ± 0.07 0.03 ± 0.02   0.02 ± 0.02 0.08 ± 0.11   0.12 ± 0.04 0.17 ± 0.12 

Two-way ANOVA 

Parameters      
Diet 

  Time Diet Time × Diet   CTRL MET 0.5 MET 1 

Thrombocytes  <0.001 ns ns  - - - 

Lymphocytes  <0.001 ns ns  - - - 

Monocytes  0.018 ns ns  - - - 

Neutrophils   ns 0.004 ns   B B A 

 

Values are presented as means ± SD (n=9). P-values from two-way ANOVA (p ≤ 0.05) (n=9). If interaction was significant, Tukey post hoc test was used to identify differences 

in the experimental treatments. Different capital letters indicate differences among diets regardless time.  
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Table 7. Plasma lysozyme, peroxidase, ACH50 and bactericidal activities of European seabass fed dietary treatments during 2 and 

4 weeks. 

  
Values are presented as means ± SD (n=12). P-values from two-way ANOVA (p ≤ 0.05). If interaction was significant, Tukey post hoc test was used to identify differences in the 

experimental treatments. Different lowercase letters stand for significant differences among dietary treatments for the same time, while asterisk stands for significant differences 

between times for the same diet. Different capital letters indicate differences among diets regardless time.  

 

 
 

 

 

Parameters 

  Dietary treatments 

 
CTRL  MET 0.5  MET 1 

  2 weeks 4 weeks  2 weeks 4 weeks  2 weeks 4 weeks 

Lysozyme (µg mg ml-1)  3.51 ± 0.92a* 1.08 ± 0.91  1.62 ± 0.95b 0.89 ± 0.61  1.39 ± 0.84b 0.97 ± 0.41 

Peroxidase (units ml-1)  124.45 ± 32.04 89.80 ± 17.36  126.56 ± 201.13 132.42 ± 38.96  129.04 ± 48.06 118.52 ± 40.32 

Bactericidal activity (%)  30.39 ± 7.16 25.82 ± 10.81  30.13 ± 6.57 22.04 ± 11.65  41.15 ± 7.52 25.86 ± 4.23 

ACH50 (units ml-1)  74.71 ± 24.46 197.32 ± 60.91  78.19 ± 21.27 120.47 ± 42.80  96.85 ± 28.88 119.00 ± 37.06 

Two-way ANOVA 

Parameters 

     Diet 

 Time Diet Time × Diet  CTRL MET 0.5 MET 1 

Lysozyme  <0.001 <0.001 <0.001  A A B 

Peroxidase  ns ns ns  - - - 

Bactericidal activity  <0.001 0.002 ns  AB B A 

ACH50  0.007 ns ns  - - - 
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2.3.2.3. Head kidney gene expression 

To evaluate the expression of genes related to immune response and methionine 

metabolism role in immune response (Table 3), cDNA was isolated from head kidneys 

collected from 9 fish from each group (3 per replicate). 

High variability in the expression of many of the analysed genes was observed, with 

statistically significant differences in the expression of the genes coding for IL-1b, 

Noxin, CD8β, Caspase-3, Melanocortin 2 receptor and Spermine/spermidine N (1)-

acetyltransferase. 

The normalized sat1 expression level showed a decrease between both sampling 

times (Appendix I, Table S2). Moreover, il1β (Figure 2-A), noxin (Figure 2-B), casp3 

(Figure 2-C) and sat1 (Figure 2-D) mRNA expression level was lower in fish fed MET 

1 than in fish fed CTRL, while fish fed MET 0.5 and MET 1 presented lower cd8β 

(Figure 2-E) expression levels than fish fed  CTRL dietary treatment. Fish fed MET 0.5 

and Met 1 presented decreased mc2r (Figure 2-F) transcripts compared to fish fed 

CTRL after 2 weeks of feeding. The data regarding gene expression during the feeding 

trial is presented in Appendix I Table S2 as supplementary data. 

 

 

Figure 2. Quantitative expression (A) interleukin 1 β, (B) nitric oxide-inducible gene 

protein, (C) caspase 3, (D) spermine/spermidine N (1)-acetyltransferase, (E) cluster of 
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differentiation 8 beta and (F) melanocortin 2 receptor genes in the head kidney of 

European seabass fed dietary treatments during 2 and 4 weeks. Values are presented 

as means ± SD (n = 9). P-values from two-way ANOVA (p ≤ 0.05). If interaction was 

significant, Tukey post hoc test was used to identify differences in the experimental 

treatments. Different lowercase letters stand for significant differences among dietary 

treatments for the same time. Different capital letters indicate differences among diets 

regardless time.  

 

2.3.3 Bacterial challenge  

To evaluate a possible protective effect of a diet supplemented with methionine during 

a bacterial infection, 60 fish from each group (20/replicate) were inoculated with Phdp 

and their mortality followed for 3 weeks (Figure 3).  Fish fed any of the diets 

supplemented with methionine, MET0.5 and MET1, showed lower mortality than fish 

fed the CTRL diet, with a relative percentage survival (RPS) to fish fed the CTRL diet 

of 32% and 43%, respectively.  

Although no statistically significant differences were detected between the RPS 

observed between the experimental groups, this is most probably due to the fact that 

the number of fish per group calculated (power analysis) assuming that the 

supplemented diets would promote an RPS to to fish fed the CTRL diet higher than 

60%.  

Figure 3. Cumulative mortality (%) of European seabass fed CTRL (■), MET 0.5 (▲) 

and MET 1 (●) dietary treatments for 4 weeks and subsequently infected with Phdp (n 

= 60).  

 

2.3.4 Infection response 

To examine the influence that methionine supplementation may have on the initial 

inflammatory response following Phdp infection, samples of blood, head kidney, and 

peritoneal exudates were collected at 4, 24 and 48 hours post-infection from fish of 



Mediators of inflammation: unravelling the role of methionine and tryptophan during infection 

ICBAS| 55 

 
 

each experimental group (6 fish from each experimental diet by time-point). Sampling 

point 4 weeks was used as time 0h during time-course data analysis, as they represent 

unstimulated animal prior to infection. Thus, the collected samples were used to 

analyze whether the diets supplemented with methionine, compared to the control diet, 

caused hematological alterations, influenced the innate immune response and the 

expression of genes in the head kidney as well as induced changes in the 

intraperitoneal leukocyte populations. 

 

2.3.4.1 Haematology and peripheral leucocyte responses  

The concentration of RBC in the fish blood was higher at 4 hours after infection with 

Phdp regardless of the dietary treatment, with no effect of methionine supplementation 

observed, since no differences were observed between the experimental groups 

(Table 8). Regarding the haemoglobin concentration and the MCH index, no changes 

were observed over time within each experimental group nor between fish fed the 

different diets. Similarly to the RBCs, an increase in the number of WBCs in fish blood 

was also observed 48 hours after infection when compared to the number of WBCs at 

earlier times. However, in a manner different from that observed for the concentration 

of RBC, it appears that methionine supplementation had an influence on the number 

of WBC in the blood of the fish fed with the supplemented diets, since their number is 

increased compared to the number of WBC in the blood of fish fed the control diet. As 

already noted before infection, this increase in the number of WBC in the blood of fish 

fed diets supplemented with methionine seems to be due to the increase in circulating 

neutrophils since the number of these cells not only increases over time within any 

experimental group, as it is increased relative to that observed in the blood of the fish 

that were fed the control diet, while no differences between treatments were detected 

relative to the number of other leucocytes. However, within each treatment, and as 

observed for neutrophils, the number of thrombocytes, lymphocytes and monocytes 

were increased in fish blood after 48 h after infection compared to the time immediately 

before infection (0 h), but: (i) in the case of thrombocytes, the increase was observed 

at 4 h after infection, remaining high and without variation until 48 hours: (ii) in the case 

of lymphocytes, there was a decrease in the initial times post infection (4 and 24 h) 

increasing their number at 48 h; and (iii) in the case of monocytes, their number 

remained constant until 24 h, increasing at 48 h. 
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Table 8. Haemoglobin, mean corpuscular haemoglobin (MCH), red blood cells (RBC) and white blood cells (WBC) in European 

seabass fed dietary treatments at 4 weeks (0 h), 4, 24 and 48 h after infection.  

Parameters 

 Dietary treatments 

 CTRL  MET 0.5  MET 1 

 0 h 4 h 24 h 48 h  0 h 4 h 24 h 48 h  0 h 4 h 24 h 48 h 

Haemoglobin (g dl)  1.40 ± 0.68 1.18 ± 0.26 0.94 ± 0.20 1.46 ± 0.30  1.23 ± 0.40 1.01 ± 0.22 0.93 ± 0.21 1.16 ±0.23  1.18 ± 0.49 1.40 ± 0.47 1.23 ± 0.34 1.27 ± 0.14 

MCH (pg cell-1)  8.64 ± 2.47 6.81 ± 1.35 4.91 ± 0.96 6.43 ± 0.84  6.51 ± 1.82 6.44 ± 1.52 4.78 ± 0.63 5.02 ± 1.06  6.21 ± 2.53 7.92 ± 3.31 6.37 ± 2.47 6.04 ± 1.45 

RBC (×106 µl-1)  1.83 ± 0.34 1.76 ± 0.32 1.93 ± 0.38 2.26 ± 0.30  1.92 ± 0.42 1.57 ± 0.15 1.95 ± 0.33 2.35 ± 0.37  1.95 ± 0.39 1.83 ± 0.16 2.00 ± 0.32 2.16 ± 0.26 

WBC (×104 µl-1)  4.67 ± 0.80 6.52 ± 1.11 5.60 ± 1.16 8.53 ± 1.92  5.73 ± 0.65 6.28 ± 0.79 6.40 ± 1.06 10.17 ± 1.28  6.40 ± 1.45 6.52 ± 1.12 6.48 ± 0.64 8.95 ± 1.06 

 

  

 

 
 
 
 
 
 

 
Values are presented as means ± SD (n=6). P-values from two-way ANOVA (p ≤ 0.05). If interaction was significant, Tukey post hoc test was used to identify differences in the 

experimental treatments. Different capital letters indicate differences among times regardless diets and among diets regardless time.  

 

 

 

 

 

 

 

Two-way ANOVA 

      Time 
 

Diet 

Parameters   Time Diet Time × Diet   0 h 4 h 24 h 48 h   CTRL MET 0.5 MET 1 

Haemoglobin  ns ns ns 
 

- - - -  - - - 

MCH  ns ns ns  - - - -  - - - 

RBC  <0.001 ns ns  B B AB A  - - - 

WBC   < 0.001 0.035 ns   B B B A   B A A 
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Table 9. Absolute values of peripheral blood leucocytes (i.e. thrombocytes, lymphocytes, monocytes and neutrophils) of European 

seabass fed dietary treatments at 4 weeks (0 h), 4, 24 and 48 h after infection. 

Parameters 

 Dietary treatments 

 CTRL  MET 0.5  MET 1 

 0 h 4 h 24 h 48 h  0 h 4 h 24 h 48 h  0 h 4 h 24 h 48 h 

Thrombocytes 

(×104 µl-1) 

 2.93 ± 0.50 4.49 ± 0.69 3.69 ± 0.91 3.89 ± 0.40  2.71 ± 0.88 4.53 ± 0.88 4.15 ± 0.56 4.56 ± 0.45  2.96 ± 0.81 3.96 ± 0.80 3.79 ± 0.41 4.27 ± 0.48 

Lymphocytes  1.58 ± 0.40 1.49 ± 0.32 1.23 ± 0.43 3.30 ± 1.39  2.07 ± 0.52 1.09 ± 0.24 1.24 ± 0.36 4.16 ± 0.58  2.52 ± 0.91 1.78 ± 0.56 1.56 ± 0.25 3.42 ± 0.70 

Monocytes  0.12 ± 0.05 0.06 ± 0.03 0.15 ± 0.06 0.54 ± 0.27  0.15 ± 0.09 0.10 ± 0.04 0.19 ± 0.11 0.40 ± 0.15  0.20 ± 0.13 0.25 ± 0.09 0.18 ± 0.06 0.48 ± 0.13 

Neutrophils  0.03 ± 0.02 0.47 ± 0.33 0.62 ± 0.15 0.89 ± 0.42  0.08 ± 0.11 0.74 ± 0.21 0.90 ± 0.22 1.10 ± 0.91  0.17 ± 0.12 0.67 ± 0.10 0.96 ± 0.32 0.91 ± 0.38 

 

 
 
 

 
 
 
 
 
 
 

 
Values are presented as means ± SD (n=6). P-values from two-way ANOVA (p ≤ 0.05). If interaction was significant, Tukey post hoc test was used to identify differences in the 

experimental treatments. Different capital letters indicate differences among times regardless diets and among diets regardless time. 

 
 
 
 

 

 

 

 

Two-way ANOVA 

      
Time 

 
Diet 

Parameters   Time Diet Time × Diet   0 h 4 h 24 h 48 h   CTRL MET 0.5 MET 1 

Thrombocytes  < 0.001 ns ns  B A A A  - - - 

Lymphocytes  < 0.001 ns ns  B C C A  - - - 

Monocytes  < 0.001 ns ns  B B B A  - - - 

Neutrophils   < 0.001 0.045 ns   C B AB A   B A A 
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Table 10. Absolute values of peritoneal leucocytes, lymphocytes, macrophages and neutrophils of European seabass fed dietary 

treatments at 4, 24 and 48 h after infection. 

Parameters 

 Dietary treatments 

 CTRL  MET 0.5  MET 1 

 4 h 24 h 48 h  4 h 24 h 48 h  4 h 24 h 48 h 

Leucocytes 

(×104 µl-1) 

 8.70 ± 3.59 5.75 ± 1.82 10.90 ± 2.57b  6.68 ± 2.03 14.40 ± 6.28 10.88 ± 1.51b  12.62 ± 5.99* 10.57 ± 4.03* 22.00 ± 4.57a£ 

Lymphocytes  2.37 ± 1.04 1.73 ± 0.88 1.45 ± 0.42  1.80 ± 1.20 1.63 ± 0.58 2.55 ± 1.07  2.28 ± 1.31* 4.85 ± 1.75£ 5.07 ± 2.15£ 

Macrophages  6.58 ± 2.08 5.51 ± 2.80 5.25 ± 1.61  4.26 ± 3.43 3.00 ± 0.86 4.06 ± 1.76  4.12 ± 1.07 8.83 ± 1.52 8.16 ± 2.71 

Neutrophils  1.77 ± 0.73 0.88 ± 0.37b 2.02 ± 0.53b  1.53 ± 0.44 3.37 ± 1.37a 1.69 ± 0.19b  3.52 ± 1.75 3.10 ± 1.39a 4.35 ± 1.64a 

 
 
 
 
 
 
 
 
 
 
 
 
 

Values are presented as means ± SD (n=6). P-values from two-way ANOVA (p ≤ 0.05). If interaction was significant, Tukey post hoc test was used to identify differences in the 

experimental treatments. Different lowercase letters stand for significant differences among dietary treatments for the same time while different symbols stands for significant 

differences between times for the same diet. Different capital letters indicate differences among times regardless diets and among diets regardless time.  

 

 

 

 

 

Two-way ANOVA 

Parameters 

     Time  Diet 

 Time Diet Time × Diet  4 h 24 h 48 h  CTRL MET 0.5 MET 1 

Leucocytes  <0.001 <0.001 0.003  B B A  B B A 

Lymphocytes  0.028 ns 0.034  B A AB  - - - 

Macrophages  <0.001 0.005 ns  C B A  B B A 

Neutrophils  ns <0.001 0.025  - - -  B B A 
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Table 11. Plasma lysozyme, peroxidase, ACH50 and bactericidal activities of European seabass fed dietary treatments at 4 weeks 

(0 h), 4, 24 and 48 h after infection. 

 

 

 

 

 

 

 

Values are presented as means ± SD (n=6). P-values from two-way ANOVA (p ≤0.05). If interaction was significant, Tukey post hoc test was used to identify differences in the 

experimental treatments. Different lowercase letters stand for significant differences among dietary treatments for the same time different symbols stands for significant differences 

between times for the same diet. Different capital letters indicate differences among times regardless diets and among diets regardless time.  

 
 
 
 
 

Parameters 

 Dietary treatments 

 CTRL  MET 0.5  MET 1 

 0 h 4 h 24 h 48 h  0 h 4 h 24 h 48 h  0 h 4 h 24 h 48 h 

Lysozyme (µg mg ml-1)  1.08 ± 0.91* 0.27 ± 0.09* 2.22 ± 1.66b£* 2.88 ± 2.65b£  0.89 ± 0.61* 2.22 ± 2.77£* 5.13 ± 3.05a£ 3.12 ± 1.99ab£*  0.97 ± 0.41* 1.95 ± 0.96* 5.76 ± 2.49a£ 4.45 ± 2.39a£* 

Peroxidase (units ml-1)  89.80 ± 17.36 88.49 ± 14.25 123.17 ± 37.15 84.50 ± 33.55  132.42 ± 38.96 87.00 ± 17.28 121.85 ± 32.68 122.80 ± 57.29  118.52 ± 40.32 93.21 ± 17.49 113.71 ± 25.79 118.12 ± 49.96 

Bactericidal 
activity 

(%)  25.82 ± 10.81 33.44 ± 6.47 39.89 ± 6.23 40.62 ± 5.44  22.04 ± 11.65 34.43 ± 6.77 36.63 ± 7.22 43.05 ± 8.88  25.86 ± 4.23 39.71 ± 5.27 36.61 ± 5.84 46.11 ± 6.18 

ACH50 (units ml-1)  197.32 ± 60.91 216.43 ± 150.22 85.76 ± 22.59b 74.44 ± 24.31  120.47 ± 42.80* 148.57 ± 152.43* 540.12 ± 206.53a£ 162.93 ± 122.60*  119.00 ± 37.06 141.22 ± 85.69 78.00 ± 11.69b 47.14  9.05 

Two-way ANOVA 

Parameters      Time 
 

Diet 

  Time Diet Time × Diet   0 h 4 h 24 h 48 h   CTRL MET 0.5 MET 1 

Lysozyme  < 0.001 ns 0.008  B B A A  - - - 

Peroxidase  0.0135 0.039 ns  A B A A  B A AB 

Bactericidal activity   <0.001 ns ns  C B ABC A 
 

- - - 

ACH50   ns 0.005 < 0.001  - - - -   AB A B 
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2.3.4.2 Analysis of the peritoneal leucocyte responses 

Total and differential peritoneal leucocytes counts were only performed in infected fish 

with the aim to assess cell migration dynamics to the inflammation site following 

bacterial injection, and are presented in Table 10. Fish fed MET 1 displayed a higher 

leucocyte population in the peritoneal cavity at 48 h than fish fed CTRL and MET 0.5, 

matching with the larger number of lymphocytes, macrophages and neutrophils at the 

same time compared to those fed with the other diets, although, due to the high 

variability observed in the macrophage count, no statistically significant difference was 

detected in the number of this type of cells. In fact, in general, an increase of all 

leukocyte populations over time was observed in the peritoneal cavity of fish fed the 

diet with higher methionine supplementation, which supports the occurrence of a 

stronger local inflammatory response after the intraperitoneal infection with Phdp in 

fish fed with this diet. 

 

2.3.4.3 Plasma humoral responses 

Fish fed MET 1 showed higher lysozyme activity at 24 h and 48h whereas fish fed MET 

0.5 presented an increased activity at 48 h after infection compared to fish fed CTRL. 

Moreover, fish fed the CTRL dietary treatment showed higher lysozyme concentration 

at 48 h than at 0 h and 4h after infection, while fish fed MET 0.5 and MET 1 presented 

higher values at 24 h than at 4 h or 0 and 4h, respectively (Table 11). Peroxidase 

activity decreased at 4 h compared to the other sampling points regardless dietary 

treatment whereas fish fed MET 0.5 showed an increased peroxidase activity 

compared to fish fed CTRL and MET 1 diets regardless time (Table 11). Bactericidal 

activity was found to increase after injection and a peak was found at 48h. Lastly, MET 

0.5 displayed higher ACH50 levels at 24h in comparison to the other dietary 

treatments.  

 

2.3.4.4 Head kidney gene expression 

To evaluate the expression of genes related to immune response and methionine 

metabolism role in the inflammatory response (Table 3), cDNA was isolated from head 

kidneys collected from 6 fish from each group (3 per replicate). 

In response to infection with Phdp, mmp9 and cox2 expression levels increased from 

0 h to 4 h. Improved expression, relative to 0 h was also observed at 24 h for il8, casp1, 

hep and hsp70, and for il10, m2cr and noxin at 48 h. Il1β and mtor presented improved 
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expression at 4 and 24 h compared to 0 h, whereas both c3 and stat3 were up-

regulated at 24 and 48 h relative to 0 h. At 0 and 4 h, tlr9 and hsp90 expression levels 

were lower than at 24 h, while mhcII presented decreased values at 0 and 4h relative 

to 24 and 48 h (Appendix I, Table S3). Both tlr2 and il6 expression levels were found 

higher at 24 h relative to 0 and 48 h and 0, 4 and 48h, respectively. Finally, noxin, cox2 

and cxcr4 increased at 24h compared to all other sampling times (Appendix I,Table 

S3).  

A dietary effect was observed for casp3, as mRNA levels decreased in fish fed MET 1 

compared to fish fed CTRL (Figure 4-A). Moreover, mtor was found to be higher in fish 

fed CTRL in relation to fish fed MET 1 (Figure 4-B). Fish fed MET 1 showed higher tgfβ 

expression levels than fish fed CTRL and MET 0.5 dietary treatments at 48h, while an 

increase in time was observed for the same dietary treatment with higher levels at 48 

h than at 0 and 4 h after infection (Figure 4-C). Sat1 expression level was higher in fish 

fed MET 1 than those fed MET 0.5 (Figure 4-D), while amd1 transcripts increased in 

fish fed MET 1 relatively to fish fed CTRL at 4h. Also, fish fed MET 1 presented an 

improved amd1 expression level at 4h in comparison to all remaining times, whereas 

fish fed MET 0.5 increased amd1 transcripts at 4h relatively to 0 h (Figure 4-E). 

Specifically for fish fed MET 1, tnfα mRNA expression was higher at 24h than at 0 and 

4h (Figure 4-F), while ccr3 expression level augmented  in fish fed MET 1 relative to 

fish fed CTRL at 24h and also compared to the remaining times (Figure 4-G). All data 

regarding gene expression are presented in Appendix I Table S3 as supplementary 

data. 
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Figure 4. Quantitative expression of: (A) caspase 3, (B) mechanistic target of 

rampamycin, (C) transforming growth factor-beta, (D) spermine/spermidine N (1)-

acetyltransferase, (E) adenosylmethionine decarboxylase 1, (F) tumor necrosis factor-

alpha and (G) c-c chemokine receptor type 3 genes in the head kidney of European 

seabass fed dietary treatments at 4 weeks (0 h), 4, 24 and 48h after peritoneal infection 

with Phdp. Values are presented as means ± SD (n = 6). P-values from two-way 

ANOVA (p ≤ 0.05). If interaction was significant, Tukey post hoc test was used to 

identify differences in the experimental treatments. Different lowercase letters stand 

for significant differences among dietary treatments for the same time while different 

symbols stand for significant differences between times for the same diet. Different 

capital letters indicate differences among times regardless diets and among diets 

regardless time. 
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2.4. Discussion 

The modulatory effect of dietary methionine supplementation on the European 

seabass immune status was here evaluated at two different levels and for two different 

feeding periods. A leukopenia together with a thrombocytopenia, lymphopenia and 

monocytopenia was observed between the two sampling times. This cell decline was 

accompanied by a decrease of plasma total bactericidal activity and a reduction of 

spermine/spermidine N (1) - acetyltransferase (SAT1) mRNA expression, a rate-

limiting enzyme involved in the regulation of the intracellular concentration of 

polyamines. Previous works demonstrated that methionine was able to improve the 

European seabass immune response in the absence of a stimulus after a 15 days 

feeding period by presenting higher peripheral leucocytes and neutrophils 

concentration, improved plasma complement levels 17 and  higher head kidney c3 

mRNA expression 21. In accordance, the present study showed that methionine 

supplementation at the highest level led to a significant increment of total circulating 

leucocytes and neutrophils numbers, regardless of feeding time. Through the 

aminopropylation route, decarboxylated SAM, derived from methionine, is used as an 

aminopropyl donor to polyamine production 9. This role of methionine in polyamine 

synthesis may explain the enhanced leucocyte response, with a particular emphasis 

in neutrophils proliferation, observed in the absence of stimuli and without evidences 

of cell activation (e.g. neutrophils degranulation). In fact, fish fed either MET 0.5 or 

MET 1 dietary treatment presented a decrease in the concentration of plasmatic 

lysozyme after two weeks of feeding. This hypothesis is further supported by the down-

regulation of genes encoding several pro-inflammatory indicators, such as the pro-

inflammatory cytokine il1β, the induced gene protein of nitric oxide noxin, casp3 with 

central role in cell apoptosis, as well as the transmembrane glycoprotein cd8β that 

serves as a co-receptor for the T-cell receptors. Additionally, the expression of sat1, 

known to be highly regulated by polyamines, was reduced by methionine 

supplementation which can be understood as a  strategy to avoid non-specific 

deleterious effects in host tissues, as a negative feedback mechanism 29. Dietary 

methionine input is also recognized as a key factor that can increase methylation of 

specific genes, theoretically repressing them. DNA methylation is catalysed by DNA 

methyltransferases that transfer methyl groups from SAM to cytosine in a specific 

cytosine-guanine (CpG) and that might be enough to change gene expression. 
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Because DNA methyltranferases reaction is dependent on the supply of SAM and the 

removal of S-adenosylhomocysteine (SAH), the SAM:SAH ratio has been proposed as 

a “methylation ratio” 8. Moreover,  Zhang 30 reviewed that due to the circular nature of 

methionine cycle and the complexity of the methylation reactions, the mechanisms by 

which methionine affects DNA methylation are poorly understood and likely to be highly 

dependent of tissue, animal life stage and gene region. 

Methionine also plays important roles in the control of inflammatory processes, being 

involved in the reduction of reactive oxygen species (ROS) and protecting cells from 

oxidative stress through GSH metabolism 3. In the present study, the enhanced 

leucocyte proliferation together with lower gene expression of pro-inflammatory 

indicators observed at the highest methionine supplementation level tested appear to 

indicate that increasing methionine dietary content may improve European seabass 

immune status without triggering an inflammatory response. In poultry, methionine 

showed clear evidences of immune-stimulatory capacities, improving both humoral 

and cell immune responses 16,31 while supplementation of dietary methionine 

enhanced platelet and leucocyte counts of male cotton rats (Sigmodon hispidus) 32. 

Besides our previous work, in which methionine-supplemented diets increased 

peripheral leucocytes abundance in the absence of immune stimulation 17, few more 

studies have focused on methionine as a health-promoting additive in aquafeeds. An 

increase of leucocytes concentration was observed in juvenile Jian carp fed graded 

levels of methionine hydroxyl analogue, a synthetic methionine source, which resulted 

in increased survival rate after injection with Aeromonas hydrophila 18. 

The enhanced immune status observed in the present study translated in a clear trend 

for increased disease resistance against Phdp despite the non-significant statistical 

result. The immune response was indeed boosted upon infection, as observed by the 

increased number of all peripheral leucocyte types and improved macrophages 

recruitment to the inflammatory focus, regardless of dietary treatment. These 

leucocytes migration dynamics were supported by an up-regulation of numerous pro-

inflammatory genes such as interleukins and chemokines, cell markers and receptors, 

transcription factors and cell stress proteins. More importantly, the enhanced immune 

defences observed at the end of the feeding trial in fish fed methionine-supplemented 

diets were triggered by infection, as similar results were observed by Machado, et al. 

17  for European seabass stimulated with inactivated Phdp after a 15 days feeding 

period, and for Jian carp 18 and juvenile yellow catfish (Pelteobagrus fulvidraco) 33 
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injected with Aeromonas hydrophila and fed for 60 days and 11 weeks, respectively. 

Similar outcomes have been reported for poultry and mammals where methionine 

supplementation improved chicken cellular and humoral immune mechanisms in 

response to Newcastle disease virus 15 and partially alleviated the depression in 

performance caused by aflatoxin B1 in pigs 34.  

In the present study, the effect of dietary methionine supplementation seems to work 

in a dose-response manner in terms of cell recruitment. Indeed, fish fed MET 0.5 

showed higher mobilization of neutrophils to the peritoneal cavity than fish fed CTRL 

dietary treatment at 24 h, while fish fed MET 1 presented an increased concentration 

of leucocytes and neutrophils at the inflammatory focus compared to the other dietary 

groups at 24 and 48 h. This improved cell migration dynamics is further supported by 

an increased number of total peritoneal leucocytes, lymphocytes and macrophages 

over time, which was not observed in fish fed CTRL or MET 0.5 dietary treatments.  

Moreover, plasma peroxidase, lysozyme and ACH50 activities were enhanced in 

general by dietary methionine surplus, probably as a result of an improved activation 

of phagocytic cells and better development of an inflammatory response 35, a fact also 

observed in previous works 17,18. This improved cell-mediated response was also 

accompanied by sat1 up-regulation, as well as higher expression of the chemokine 

receptor ccr3 and the multifunctional cytokine tgfβ. ccr3 is a receptor for multiple 

inflammatory/inducible CC chemokines modulating monocytes migration and other cell 

types such as NK cells and dendritic cells 36. Differently, tgfβ is produced by leucocytes 

and is responsible for inducing transcription of different target genes related to cell 

differentiation, chemotaxis, proliferation, and activation of many immune cells 37 . Still, 

a significant reduced expression of casp3,  essential for processes associated with the 

formation of apoptotic bodies, supports the role of methionine on the control of 

inflammation and apoptotic mechanisms 38. mtor, regulated by nutrients (e.g. 

methionine 39), energy levels, and growth factors 40,41, encodes a kinase that regulates 

key cellular functions linked to the promotion of cell growth and metabolism. mtor 

mRNA levels were reduced by methionine supplementation which can be understood 

as a strategy to control the boosted inflammatory response described above. 

The broad range of pathways in which methionine participates may have contributed 

to the results here described, underpinning the proposed beneficial effect of dietary 

methionine supplementation on seabass immune status after a 4 weeks feeding 

https://en.wikipedia.org/wiki/NK_cells
https://en.wikipedia.org/wiki/Dendritic_cells
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period, while improving fish response mechanisms to an infection insult. Several 

studies have already demonstrated the ability of dietary supplementation of specific 

AA in mammals (including humans) and birds to improve immune status, stress 

response, reducing mortality and its practical use in industry 6,15. On the other hand, 

few works have been focused on AA dietary supplementation and fish immune 

mechanism 17-19,21. Further studies on polyamine and cytokine protein quantification 

should be considered to support these hypotheses and more confidently characterize 

methionine role during the inflammatory response. Nonetheless, mortality results 

ultimately corroborate the positive effect of methionine supplementation.  

In conclusion, results from the present study clearly indicate that methionine dietary 

supplementation could be an important nutritional startegy for fish health management 

as it improved European seabass cellular immune status without triggering pro-

inflammatory indicators. Furthermore, it was shown that this enhanced immune status 

translates into an improved inflammatory response against Phdp, as higher cellular 

differentiation/proliferation and recruitment to the inflammatory focus was observed, as 

well as improved plasma humoral immune parameters together with a modulation of 

key immune-related genes. Lastly, this work strongly suggests that dietary methionine 

supplementation for 4 weeks improves disease resistance against Phdp in a dose-

dependent manner.  
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Dietary tryptophan deficiency and its supplementation 

compromises inflammatory mechanisms and disease resistance in 

a teleost fish 

 

 

Abstract 

Tryptophan participates on several physiological mechanisms of the neuroendocrine-

immune network and plays a critical role in macrophages and lymphocytes function. 

This study intended to evaluate the modulatory effects of dietary tryptophan on the 

European seabass (Dicentrarchus labrax) immune status, inflammatory response and 

disease resistance to Photobacterium damselae piscicida. A tryptophan deficient diet 

(NTRP); a control diet (CTRL); and two other diets supplemented with tryptophan at 

0.13% (TRP13) and 0.17% (TRP17) of feed weight were formulated. Fish were 

sampled at 2 and 4 weeks of feeding and the remaining were i.p. injected with Phdp (3 

× 106 cfu/fish) at 4 weeks and the inflammatory response (at 4, 24, 48 and 72 hours 

post-infection) as well as survival were evaluated.  

Results suggest that fish immune status was not altered in a tryptophan deficient 

scenario whereas in response to an inflammatory insult, plasma cortisol levels 

increased and the immune cell response was compromised, which translated in a 

lower disease resistance. When dietary tryptophan was offered 30% above its 

requirement level, plasma cortisol increased and, in response to bacterial infection, a 

decrease in lymphocytes, monocytes/macrophages and several immune-related 

genes was observed, also compromising at some degree fish disease resistance. 
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3.1. Introduction  

Teleost requirements for amino acids (AA) are generally settled by means of optimal 

growth. However, the assembling of several physiological challenges may require 

extra AA for metabolic processes, thus demand of certain nutrients may increase. In 

fact, AA requirements may increase as a result of metabolic deviations associated with 

stress response and infection 1. Nutrients are known to influence several aspects of 

the immune system 2, and it is likely that immune mechanisms may be modulated 

through nutritional strategies 3. As in mammals, tryptophan is an essential AA with 

important roles for protein synthesis and as precursor of several compounds with a 

wide range of effects in the modulation of stress response, antioxidant system, 

behavioural response and immune system 4,5. Most tryptophan catabolism occurs 

through the kynurenine pathway in the liver and is mediated by tryptophan 2, 3-

dioxygenase (TDO). However, the production of niacin, for the synthesis of NAD+, from 

tryptophan catabolism appears to be limited in fish 6. Thus, the kynurenine – niacin 

pathway in the liver seems to be mainly directed to the control of tryptophan levels 4,6. 

The same pathway of tryptophan catabolism is present in macrophages and is 

mediated by indoleamine 2,3-dioxygenase (IDO), which catalyses the first and rate 

limiting step of the tryptophan catabolism along the kynurenine pathway. IDO relies on 

the availability of tryptophan 7 and its induction by inflammatory stimuli as interferon-γ 

and cytokines 8. In IDO+ cells, tryptophan contributes to metabolic immune regulation 

in three different ways: 1) mediating anti-microbial effects by tryptophan depletion from 

the extracellular environment, reducing its availability to microorganisms 9; 2) its 

metabolites as 3-hydroxykynurenine, 3-hydroxyanthranilic acid and quinolinic acid are 

able to regulate T-cell function; and 3) the same metabolites set up a protector system 

acting locally to the removal of superoxide radicals modulating oxidative status 10, thus 

creating conditions that favour immune suppression and tolerance.  

The interaction of neuroendocrine and immune machineries is a recognized 

phenomenon that allow animals to better cope with the disturbance of homeostasis as 

both share physiological pathways. Both immune and endocrine cells share common 

receptors while different hormones and cytokines are involved in the same 

mechanisms 11,12.  Glucocorticoids are a clear example of this interaction, as they 

modulate the secretion of cytokines and has become evident that most immune cell 

types can be affected by them 13. In particular, cortisol can have a clear effect on 

multiple characteristics of the immune defence mechanism in fish, as reviewed by 
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Hoseini, et al. 4. For instance, cortisol was able to inhibit the expression of pro-

inflammatory cytokines and nitric oxide upon lipopolysaccharides induction 14,15 or 

induction of apoptosis and inhibition of immune cells proliferation 16 in fish. Therefore, 

an endocrine-immune perspective should be considered when evaluating tryptophan 

immune-nutrition, as it presents roles in both systems. Serotonin (5-HT) is produced 

from tryptophan in the central nervous system and in the gastrointestinal tract and its 

synthesis controls the adrenocorticotropic hormone release, regulating cortisol 

production 17,18. Together with 5-HT, the tryptophan metabolites melatonin and N-

acetylserotonin, appear to enhance host immunity by reducing the production of 

superoxide, scavenging free radicals and attenuation the production of pro-

inflammatory cytokines 19. 

The ideal inflammatory response is rapid, specific and self-limiting 20. In this context, 

and knowing that tryptophan’s role during infection is mainly related to regulatory 

processes leading to anti-inflammatory signalling molecules, this AA presents itself as 

a tentative immunomodulator during the development of inflammation and its 

resolution. However, the potential benefit of tryptophan supplementation for animal 

health management is not fully demonstrated, and its immunomodulatory role in fish 

must be further investigated. Tryptophan immune-nutrition also adds a practical point 

to modern animal production as a strategy to counteract the deleterious effect of an 

aggravated and uncontrolled immune response. Therefore, the present study aimed to 

evaluate the effects of dietary tryptophan deficiency and supplementation on the 

European seabass immune status, inflammatory response and disease resistance. 

 

3.2. Material and methods  

 

3.2.1. Experimental design 

European seabass juveniles were acquired to a certificated hatchery (MARESA, 

Spain) and kept in quarantine for two weeks at the Instituto de Investigação e Inovação 

em Saúde (i3S; University of Porto, Portugal) fish holding facilities under the culture 

conditions similar to  Machado, et al. 21 and described below. After this period, fish 

were weighed (Table 4) and randomly distributed into 12 tanks (200 L; 4 groups with 3 

replicates of 50 fish each) of a recirculation seawater system in which O2 saturation 

(7.56 ± 0.24mg/L), salinity (35 ppt) and photoperiod (10h dark: 14h light) were kept 

unchanged throughout the experiment (Figure 1). Temperature was maintained at 20 
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± 0.5 °C during the 4 weeks of feeding with the test diets and then increased to 24 ± 

0.5 °C during the challenge period to mimic the temperature increase typical of piscine 

outbreaks. Ammonium and nitrite levels were kept below 0.025 and 0.3 mg L-1, 

respectively.  The experiment was started by feeding of each group with the respective 

feed, 3 times a day at an average ration of 2.5% biomass per day. At 2 and 4 weeks 

of feeding, 36 fish from each group (12 per replicate) were euthanized by an overdose 

of anaesthetic (2-phenoxyethanol; Merck, ref. 807291, Germany), weighed, and 

collected blood and head kidney samples. Also at four weeks, fish that were not 

sampled (78 per group, 26 per replicate) were infected intraperitoneally (i.p.) with 100 

μl of a Phdp suspension (3x 107 cfu ml-1). Of these, 60 fish per group (20 per replicate) 

were placed back in their tanks, fed according to the previous regime and mortality 

recorded for 3 weeks. After euthanasia of the moribund fish, the presence of Phdp in 

the head kidney was checked by growing on tryptic soy agar supplemented with NaCl 

to a final concentration of 2 % (w/v) (TSB-2) plates. The remaining infected fish (6 per 

group, 3 per replicate) were re-allocated in a similar recirculation system according to 

dietary treatment and 6 fish per group were euthanized at 4, 24, 48 and 72 hours post-

infection (time-course) and blood, head kidney and peritoneal exudates sampled from 

each fish. 

The experiments were approved by the i3S Animal Welfare Committee and carried out 

in a registered installation (licence number 0421/000/000/2018) and performed by 

trained scientists in full compliance with national rules and following the European 

Directive 2010/63/EU of the European Parliament and the European Union Council on 

the protection of animals used for scientific purposes. 
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Figure 1. Experimental design. 

 

3.2.2. Experimental diets 

Four plant protein-based diets (Table 1) with inclusion of fish soluble protein 

concentrate (5%) for better palatability, were formulated and manufactured by Sparos 

Lda. (Olhão, Portugal). The NCTRL was formulated to include an indispensable AA 

concentration meeting the ideal pattern estimated for European seabass22 but deficient 

in tryptophan. The three other diets were identical to the NCTRL diet but supplemented 

with graded levels of L-tryptophan at 0.08, 0.13 and 0.17 % of feed. After AA analysis 

NCTRL presented 17.14 % less tryptophan in than CTRL, while tryptophan 

supplementation led to 2.28 and 25.71 % above CTRL (TRP13 and TRP17, 

respectively). The supplementation levels were chosen according to previous works 

23,24 in order to test the effects of tryptophan deficiency, a slightly and more practical 

supplementation and a higher supplementation level. 

All diets were manufactured and AA content analysed as described by Machado, et al. 

21. Formulation, proximate analysis and AA profile of the experimental diets is 

presented in Table 1 and 2, respectively.  Tryptophan was determined by HPLC, after 

alkaline hydrolysis (Silliker Portugal, S.A.).  
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Table 1. Ingredients and chemical composition of the experimental diets 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1CPSP 90: 82.6% crude protein (CP), 9.6% crude fat (CF), Sopropêche, France; 
2Fish gelatin: 88% CP, 0.1% CF, LAPI Gelatine SPA, Italy; 
3Soycomil P: 63% CP, 0.8% CF, ADM, The Netherlands; 
4NUTRALYS F85F: 78% CP, 1% CF, ROQUETTE Frères, France; 
5VITAL: 83.7% CP, 1.6% CF, ROQUETTE Frères, France; 
6Corn gluten meal: 61% CP, 6% CF, COPAM, Portugal; 
7Wheat meal: 10.2% CP; 1.2% CF, Casa Lanchinha, Portugal; 
8SAVINOR UTS, Portugal; 
9PREMIX Lda, Portugal: Vitamins (IU or mg/kg diet): DL-alpha tocopherol acetate, 100 mg; sodium menadione 

bisulphate, 25mg; retinyl acetate, 20000 IU; DL-cholecalciferol, 2000 IU; thiamin, 30mg; riboflavin, 30mg; 

pyridoxine, 20mg; cyanocobalamin, 0.1mg; nicotinic acid, 200mg; folic acid, 15mg; ascorbic acid, 500mg; inositol, 

500mg; biotin, 3mg; calcium panthotenate, 100mg; choline chloride, 1000mg, betaine, 500mg. Minerals (g or mg/kg 

diet): copper sulphate, 9mg; ferric sulphate, 6mg; potassium iodide, 0.5mg; manganese oxide, 9.6mg; sodium 

selenite, 0.01mg; zinc sulphate, 7.5mg; sodium chloride, 400mg; excipient wheat middlings; 
10Lecico P700IPM, LECICO GmbH, Germany; 
11Paramega PX, Kemin Europe NV, Belgium; 
12PREMIX Lda., Portugal; 
13MCP: 22% phosphorus, 16% calcium, Fosfitalia, Italy; 
14Lysine HCl 99%, Ajinomoto Eurolysine SAS, France. 
15L-Tryptophan 98%, Ajinomoto Eurolysine SAS, France; 
16DL-Methionine for Aquaculture: 99% Methionine, Evonik Nutrition & Care GmbH, Germany. 

 

 

Ingredients 
NTRP CTRL TRP 13 TRP 17 

% 

Fish soluble protein concentrate 901 5.00 5.00 5.00 5.00 

Fish gelatin2 2.00 2.00 2.00 2.00 

Soy protein concentrate3 25.00 25.00 25.00 25.00 

Pea protein concentrate4 6.00 6.00 6.00 6.00 

Wheat gluten5 10.00 10.00 10.00 10.00 

Corn gluten6 15.00 15.00 15.00 15.00 

Wheat meal7 15.00 15.00 15.00 15.00 

Fish oil8 15.90 15.90 15.90 15.90 

Vitamin and mineral premix9 1.00 1.00 1.00 1.00 

Soy lecithin10 1.00 1.00 1.00 1.00 

Antioxidant11 0.20 0.20 0.20 0.20 

Sodium propionate12 0.10 0.10 0.10 0.10 

Monocalcium phosphate13 3.00 3.00 3.00 3.00 

L-Lysine14 0.60 0.60 0.60 0.60 

L-Tryptophan15 0.00 0.08 0.13 0.17 

DL-Methionine16 0.20 0.20 0.20 0.20 

Total 100.00 100.08 100.13 100.17 

Pellet size, mm 1.50 1.50 1.50 1.50 

     

Proximative analyses (% dry weight) 
  

Dry mater (%) 95.65 94.08 94.49 93.96 

Ash (%) 5.84 5.47 5.50 5.55 

Protein (%) 51.02 46.67 47.65 47.85 

Fat (%) 19.58 19.03 18.38 18.39 

Energy (kJ/g) 22.71 22.09 22.32 22.16 

P (%) 0.94 0.66 0.66 0.90 
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Table 2. Amino acid composition (g AA / 100 g DW) of experimental diets. 

 

3.2.3. Sample collection 

 

3.2.3.1. Blood collection 

Blood was collected from the caudal vessels with heparinized syringes one part being 

used for hematological analysis and the remain centrifuged at 10000 x g 10 min at 4 

°C and the plasma collected, frozen on dry ice and stored at -80 °C. 

Of the fish sampled at 2 and 4 weeks (36 fish per group; 12 per replicate), 9 fish from 

each group (3 per replicate) were used per time point for the hematological analysis. 

For the assessment of innate humoral immune response, plasma from all sampled fish 

were used and pooled every 3 individuals (12 pools per treatment). 

Of the fish sampled at 4, 24, 48 and 72 hours after bacterial infection (6 fish per group; 

3 per replicate) the hematological analysis and the evaluation of the innate humoral 

immune response parameters were performed for each individual. 

 

Amino acids NTRP CTRL TRP 13 TRP 17 

Arginine 3.00 2.52 2.61 2.70 
Histidine 1.09 0.86 0.92 0.98 
Lysine 2.69 2.31 2.35 2.37 
Threonine 2.05 1.9 1.75 1.57 
Methionine 0.82 0.75 0.77 0.80 
Cysteine 0.68 0.70 0.65 0.67 
Methionine + Cysteine 1.50 1.44 1.42 1.47 
Phenylalanine 2.59 2.2 2.32 2.24 
Phenylalanine + 
Tyrosine 4.13 3.57 3.74 3.64 
Taurine 0.02 0.02 0.03 0.02 
Aspartic acid + 
Asparagine 4.44 3.96 3.86 3.96 
Glutamic acid + 
Glutamine 11.7 10.2 10.3 10.3 
Alanine 2.77 2.45 2.45 2.47 
Glycine 2.67 2.27 2.24 2.26 
Proline 5.63 4.12 4.66 4.94 
Serine 2.79 2.57 2.53 2.51 
Valine 1.85 1.37 1.61 1.59 
Leucine 4.81 4.56 4.31 4.29 
Isoleucine 1.91 1.78 1.59 1.57 
Tyrosine 1.54 1.37 1.42 1.4 

Tryptophan 
0.29 

(20.68% below 
CTRL) 

0.35 0.36 
(2.28% above 

CTRL) 

0.44 
(25.71% above 

CTRL) 
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3.2.3.2. Head kidney collection 

Head kidneys were harvested from the 9 fish sampled at 2 and 4 weeks and of all fish 

sampled at 4, 24, 48 and 72 hours after infection. 

After harvesting, the kidneys were immediately frozen on dry ice and stored at -80 ° C 

until processed for gene expression analysis. 

 

3.2.3.3. Peritoneal exudates collection 

Peritoneal cells were only sampled from fish sampled at 4, 24, 48 and 72 hours post-

infection (time-course), according to the procedure described by Afonso, et al. 25. The 

i.p. injected HBSS containing suspended cells were collected and total peritoneal 

leucocytes counts were performed with a hemocytometer. 

 

3.2.4. Analysis of haematological parameters 

The haematological profile was conducted according to Machado, et al. 23 and 

comprised of total white (WBC) and red (RBC) blood cells counts, haematocrit (Ht) and 

haemoglobin (Hb; SPINREACT kit, ref. 1001230, Spain). Subsequently, the mean 

corpuscular volume (MCV), mean corpuscular haemoglobin (MCH) and mean 

corpuscular haemoglobin concentration (MCHC) were calculated. Ht was not assessed 

in fish sampled at 4, 24 48 and 72 hours post-infection. Immediately after blood 

collection, blood smears were performed and absolute value (×104 ml-1) of each cell 

type was calculated. 

 

3.2.5. Analysis of innate immune response parameters 

Plasma lysozyme activity was measured as described by Costas, et al. 26. Total 

peroxidase activity in plasma was evaluated following the procedure described by 

Quade and Roth 27. Plasma bactericidal activity was determined following the method 

described by Graham and Secombes 28 with modifications 23 and the alternative 

complement pathway activity (ACH50) was evaluated as described by Sunyer and Tort 

29. Cortisol was assessed by an ELISA Kit (IBL International Gmbh, Hamburg, 

Germany) already validated for European seabass 24, and following manufacturer’s 

instructions. All analyses were conducted in triplicates. 
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3.2.6. Gene expression analysis  

Total RNA isolation, first-strand cDNA synthesis, primers design and efficiency values 

and quantitative PCR assays were performed as described by Machado, et al. 21. DNA 

amplification was carried out with specific primers (Appendix II Table S1) for genes 

that have been selected for their involvement in immune responses and tryptophan 

metabolism (Table 3). Sequences encoding European seabass c3zeta, mcsf1r1, cd8β, 

ido2 and afmid were identified after carrying out a search in the databases v1.0c 

seabass genome 30 and designed as described in Machado, et al. 21. Accession 

number, efficiency values, annealing temperature, product length and primers 

sequences are presented in Table S1. Melting curve analysis was also performed to 

verify that no primer dimers were amplified. The standard cycling conditions were 94°C 

initial denaturation for 2 min, followed by 40 cycles of 94°C denaturation for 30 s, primer 

annealing temperature (Appendix II Table S1) for 30 s and 72°C extension for 30 s. All 

reactions were carried out as technical duplicates. The expression of the target genes 

was normalized using the expression of European seabass elongation factor 1-α 

(ef1α).  
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Table 3. Immune-related genes analysed by real-time PCR. 

Gene Acronym  
 Gene Acronym 

Elongation-factor 1β (House-Keeping) ef1α   Cluster of differentiation 8 beta cd8β 

Interleukin 1 β il1β   Heat shock protein 70 hsp70 

Interleukin 10 il10   Heat shock protein 90 hsp90 

Interleukin 8 il8   Matrix-metalloproteinase 9 mmp9 

Transforming growth factor-beta tgfβ   Dicentracin dicent 

Superoxide dismutase sod   Glucocorticoid receptor 1 gr1 

Ciclo-oxigenase 2 cox 2   Macrophage migration inhibitory factor mif 

Melanocortin 2 receptor mc2r   Caspase 3 casp3 

Interferon gamma ifn-γ   Indoleamine 2 ido2 

Cluster of differentiation 3 zeta chain c3zeta   Arylformamidase-like afmid 

Macrophage colony-stimulating factor 1 receptor 1 mcsf1r1     
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3.2.7. Analysis of the peritoneal leucocyte populations  

After leukocyte collection as described in the 4.3.3 section, cytospin preparations were 

performed with a THARMAC Cellspin and stained as previously described for blood 

smears. Lymphocytes, macrophages and neutrophils in the peritoneal exudates were 

differentially counted, and the percentage of each cell type was established after 

counting a minimum of 200 cells per slide. Concentration (×104 ml-1) of each leucocyte 

type was also calculated. 

 

3.2.8. Bacterial challenge  

For the bacterial challenge, Phdp, strain PP3, isolated from yellowtail (Seriola 

quinqueradiata; Japan) by Dr Andrew C. Barnes (Marine Laboratory, Aberdeen, UK), 

was used. To prepare the inoculum for i.p. injection, 100 µL of stocked bacteria were 

cultured overnight at 22 °C on TSA-2. Exponentially growing bacteria were collected 

and re-suspended in sterile TSB-2 and adjusted to a final concentration of 3 x 107 

colony forming units (cfu) ml-1, as confirmed by plating the resulting cultures on TSA-

2 plates and counting of cfu. Each fish was inoculated intraperitoneally with 100 µl (3 

x 106 cfu per fish) of the bacterial suspension.  

 

3.2.9. Data analysis  

All results are expressed as mean ± standard deviation. Data was analysed for 

normality and homogeneity of variance and, transformed when necessary. All data 

expressed as percentage were arcsine transformed 31. Data was analysed by two-way 

ANOVA, with time and diet as factors and followed by Tukey post-hoc test to identify 

differences in the experimental treatments (STATISTICA 12 for WINDOWS, P≤ 0.05). 

Sampling point 4 weeks was used as time 0 h during time-course data analysis, as 

they represent unstimulated animal prior to infection. The Chi-square test was 

performed to identify differences on the cumulative mortality among dietary 

treatments. 

 

3.3. Results 

 

3.3.1 Fish growth performance 

Thirty six fish per group (12 fish/replicate) were sampled and weighted after feeding 

with the experimental diets for 4 weeks in order to evaluate the effect of the diets on 
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the growth performance. Experimental diets were well accepted and there were no 

mortalities throughout the feeding trial. Within each group, no differences in final 

weight were found between replicate and experimental diets in any of the growth 

parameters evaluated. (Table 4). Taken together, these results suggest that 

tryptophan deficiency or supplementation to a diet that ensures the established 

nutritional requirements to the target species, does not affect growth performance. 

 

Table 4. Data on the initial and final weight and growth performance of European 

seabass sampled at 4 weeks after being fed four different diets.  

 

3.3.2 Immune status 

 

3.3.2.1 Haematology and peripheral leucocyte responses 

Blood of 9 fish from each group (3 per replicate) was sampled at 2 and 4 weeks and 

was used for evaluation of hematological parameters. Both haematological and 

peripheral leucocyte responses were not significantly altered by dietary treatments. 

Despite the lack of differences found in RBC, haemoglobin concentration and MCH 

decreased with time regardless dietary treatments while the opposite pattern was 

observed for total WBC, thrombocytes and lymphocytes concentration (Tables 5 and 

6). 

 

3.3.2.2 Humoral innate immune response 

Plasma innate humoral response was evaluated using 36 fish, collected from each 

experimental group (12 per replicate) and, for reasons of quantity limitation, the 

plasma from each 3 fish was pooled. Humoral innate immune parameters assessed 

in plasma are presented in Table 7.  

Few differences were found regarding humoral immune parameters and cortisol in 

plasma. While peroxidase concentration was found to increase with time, dietary 

treatments did not change lysozyme, peroxidase, alternative complement pathway nor 

bactericidal activities. In contrast, plasma cortisol levels were higher in fish fed TRP 

30 relative to fish fed CTRL and NTRP after 4 weeks of feeding (Table 7). 

Parameters 
  Dietary treatments 

 NTRP  CTRL  TRP 13  TRP 17 

Initial weight g  9.68 ± 0.20  9.76 ± 0.39  10.16 ± 1.28  9.11 ± 0.08 

Final weight g  11.94 ± 2.00  11.75 ± 1.54  11.88 ± 1.73  11.86 ± 1.74 
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Table 5. Haemoglobin, mean corpuscular haemoglobin (MCH), red blood cells (RBC) and white blood cells (WBC) in European 

seabass fed dietary treatments during 2 and 4 weeks.  

Parameters 

  Dietary treatments 

 NTRP  CTRL  TRP 13  TRP 17 

  2 weeks 4 weeks  2 weeks 4 weeks  2 weeks 4 weeks  2 weeks 4 weeks 

Haemoglobin (g dl)  1.07 ± 0.15 0.87 ± 0.33   1.13 ± 0.27 0.70 ± 0.25   1.17 ± 0.10 0.72 ± 0.27   1.01 ± 0.15 0.80 ± 0.10 

MCH (pg cell-1)  5.55 ± 1.10 4.30 ± 1.40  5.67 ± 1.18 3.48 ± 0.66  5.66 ± 0.64 3.39 ± 1.00  5.43 ± 0.94 3.62 ± 0.62 

RBC  (×106 µl-1)  1.98 ± 0.32 2.03 ± 0.37  2.03 ± 0.48 1.96 ± 0.48  2.09 ± 0.29 2.14 ± 0.45  
1.87 ± 0.22 2.23 ± 0.24 

WBC  (×104 µl-1)   7.10 ± 2.12 9.14 ± 3.57   6.72 ± 1.26 9.36 ± 2.32   7.51 ± 1.84 8.33 ± 2.62   7.56 ± 1.42 10.10 ± 1.82 

 

Two-way ANOVA   

Parameters Time Diet Time × Diet 

Haemoglobin 
 < 0.001 ns ns 

MCH 
 < 0.001 ns ns 

RBC  
 ns ns ns 

WBC    < 0.001 ns ns 

 

Values are presented as means ± SD (n=9). P-values from two-way ANOVA (p ≤0.05). 
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Table 6. Absolute values of peripheral blood leucocytes (thrombocytes, lymphocytes, monocytes and neutrophils) of European 

seabass fed dietary treatments during 2 and 4 weeks.  

Parameters 

  Dietary treatments 

 NTRP  CTRL  TRP 13  TRP 17 

  2 weeks 4 weeks  2 weeks 4 weeks  2 weeks 4 weeks  2 weeks 4 weeks 

Thrombocytes 

(×104 µl-1) 

 4.56 ± 1.44 4.87 ± 1.53   3.95 ± 0.66 5.62 ± 1.38   4.49 ± 0.86 4.85 ± 1.30   4.11 ± 0.81 6.07 ± 0.84 

Lymphocytes  2.25 ± 0.81 3.97 ± 2.18  2.49 ± 0.83 3.30 ± 1.22  2.70 ± 0.89 3.18 ± 1.48  3.08 ± 0.89 3.82 ± 1.21 

Monocytes  0.16 ± 0.08 0.16 ± 0,07  0.21 ± 0.18 0.17 ± 0.15  0.23 ± 0.28 0.22 ± 0.14  0.19 ± 0.17 0.15 ± 0.11 

Neutrophils   0.14 ± 0.09 0.14 ± 0.08   0.10 ± 0.05 0.18 ± 0.12   0.10 ± 0.11 0.08 ± 0.04   0.18 ± 0.15 0.10 ± 0.06 

 

Two-way ANOVA   

Parameters Time Diet Time × Diet 

Thrombocytes  < 0.001 ns ns 

Lymphocytes  0.003 ns ns 

Monocytes  ns ns ns 

Neutrophils   ns ns ns 

 

Values are presented as means ± SD (n=9). P-values from two-way ANOVA (p ≤0.05). 
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Table 7. Plasma lysozyme, peroxidase, alternative complement pathway (expressed as ACH50) and bactericidal activities as well as 

cortisol levels of European seabass fed dietary treatments during 2 and 4 weeks.  
 

 

 

 

 

 

 

Values are presented as means ± SD (n=9). P-values from two-way ANOVA (p ≤0.05). If interaction was significant, Tukey post hoc test was used to identify differences in the 

experimental treatments. Different lowercase letters stand for significant differences among dietary treatments for the same time. 

 

 

 

 

Parameters 

  Dietary treatments 

 NTRP  CTRL  TRP 13  TRP 17 

  2 weeks 4 weeks  2 weeks 4 weeks  2 weeks 4 weeks  2 weeks 4 weeks 

Lysozyme (µg ml-1)  8.09 ± 1.30 8.11 ± 3,90   9.58 ± 1.87 7.86 ± 2.23   9.07 ± 2.64 8.39 ± 1.94   7.42 ± 1.16 10.97 ± 3.36 

Peroxidase (units ml-1)  95.55 ± 9.21 118.63 ± 19.73  101.04 ± 113.19 123.71 ± 13.94  97.37 ± 16.96 135.49 ± 27.82  90.84 ± 18.05 139.23 ± 29.92 

ACH50  (units ml-1)  66.09 ±14.55 92.16 ± 26.76  115.92 ± 60.05 66.74 ± 10.31  86.02 ± 21.51 86.84 ± 22.67  103.3 ± 35.62 119.60 ± 30.88 

Bactericidal activity  (%)  12.64 ± 8.42 26.38 ± 11.86  24.24 ± 13,29 28.32 ± 7.64  17.23 ± 7.92 23.76 ± 14.90  16.24 ± 7.48 17.43 ± 11.36 

Cortisol (ng ml-1)   26.43 ± 10.12 25.99 ± 4.40b   29.71 ± 16.07 27.74 ± 3.09b   24.57 ± 13.49 37.00 ± 6.67ab   27.57 ± 8.73 43.60 ± 12.88a 

Two-way ANOVA 

Parameters   Time Diet Time × Diet 

Lysozyme  ns ns ns 

Peroxidase  < 0.001 ns ns 

ACH50  ns ns ns 

Bactericidal activity   ns ns ns 

Cortisol    0.017 ns 0.044 
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3.3.2.3 Head kidney gene expression 

The evaluation of genes related to immune response as well as the tryptophan 

metabolism role in immune response (Table 3) was performed in the head kidney.  

The cDNA was isolated from collected from 9 fish from each group (3 per replicate). 

All data regarding gene expression during the feeding trial is presented in Appendix II 

Table S2 as supplementary data. The normalized expression levels of il1β, il10, sod, 

cox2, m2cr, ifn-γ, c3zeta, hsp70, hsp90, mmp9, gr1, mif, ido and afmid showed a 

decrease between both sampling times. dicent mRNA expression level decreased with 

time only in those fish fed CTRL, while fish fed NTRP and CTRL presented increased 

dicent transcripts compared to fish fed TRP 13 and TRP 17 at 2 weeks.  

 

3.3.3 Bacterial challenge 

To evaluate the effect of a diet deficient and supplemented with tryptophan during a 

bacterial infection, 60 fish from each group (20/replicate) were inoculated with Phdp 

and their mortality followed for 3 weeks (Figure 2).  

Significant differences were found only found between NTRP and CTRL (X2= 0.004), 

presenting the tryptophan deficient diet the highest cumulative mortality (35.71 %) 

followed by fish fed TRP 17 (21.05 %). Fish fed both CTRL and TRP13 presented a 

similar and lowest cumulative mortality (12.07 and 12.28 %, accordingly).  

Figure 2. Cumulative mortality (%) of European seabass fed NTRP (■), CTRL (♦), 

TRP 13 (▲) and TRP 17 (●) for 4 weeks and subsequently infected with Phdp (n = 

60).  
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3.3.4 Infection response 

To examine the effect that tryptophan deficiency and supplementation may have on 

the inflammatory response following Phdp infection, samples of blood, head kidney, 

and peritoneal exudates were collected at 4, 24, 48 and 72 hours post-infection from 

fish of each experimental group (6 fish from each experimental diet by time-point). 

Sampling point 4 weeks was used as time 0h during time-course data analysis, as 

they represent unstimulated animal prior infection. Accordingly, the collected samples 

were used to analyze whether the diets deficient or supplemented with tryptophan, 

compared to the control diet, triggered hematological alterations and changes in the 

innate immune response and the expression of genes in the head kidney. Also, 

changes in the intraperitoneal leukocyte populations were observed. 

 

3.3.4.1 Haematology and peripheral leucocyte responses 

Haemoglobin concentration and MCH increased in a time dependent manner after 

infection regardless dietary treatments whereas RBC numbers were not affected 

(Table 8). In contrast, WBC concentration decreased immediately after infection (0h 

relative to 4h), and those numbers recovered at 24 h with a slightly increase at 48h 

(Table 8).  

Absolute values of peripheral blood leucocytes are presented in Table 9. A time effect 

was also observed in the differential leucocyte counting with a significantly decrease 

of thrombocytes and lymphocytes concentration after infection whereas these 

leucocytes recovered up to the initial values at 48h. Peripheral lymphocytes numbers 

was significantly lower in fish fed TRP13 and TRP17 relative to fish fed CTRL 

regardless time. Monocytes concentration decreased in fish fed NTRP, TRP 13 and 

TRP 17 at 24h compared to fish fed CTRL. Fish fed NTRP presented an enhanced 

concentration of monocytes at 72h relative to 0h, 4h and 24h, whereas at 24 and 72h 

fish fed CTRL presented increased monocytes levels relative to 0 and 4h. Moreover, 

fish fed TRP 13 and TRP 17 displayed higher monocytes concentration at 48h and 

72h relative to the remaining sampling points.  Circulating neutrophils numbers were 

higher in fish fed TRP 17 than in those fed NTRP at 24h. Fish fed CTRL presented 

superior levels of neutrophils at 48h relative to 0 and 4h, while fish fed TRP 13 

presented higher concentration at 24 and 48h relative to 0h and at 24h relative to 72h. 

An increased concentration of neutrophils was also observed in fish fed TRP 17 at 24h 

relative to 0, 4 and 72h and at 48h relative to 0h. 
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3.3.4.2 Analysis of the peritoneal leucocyte responses 

Total and differential peritoneal leucocytes counts were only performed in infected fish 

in order to assess cell migration dynamics to the inflammation site following bacterial 

injection, and are presented in Table 8. Fish fed NTRP presented lower concentration 

of peritoneal leucocytes relative to fish fed CTRL while both deficiency and 

supplementation presented lower macrophages concentration relative to fish fed 

CTRL, regardless time (Table 10). This results display the occurrence of a weaker 

local inflammatory response after the intraperitoneal infection with Phdp in fish fed with 

all dietary treatments compared to the control diet. 

 

3.3.4.3 Plasma humoral responses 

Plasma humoral immune responses as well as cortisol levels are presented in Table 

11. Higher lysozyme concentration was found in fish fed TRP 17 relative to those fed 

NTRP. A time effect was observed for plasma lysozyme concentration with lower 

values at 24 and 48h relative to 0 and 72h while peroxidase levels decreased at 4h 

relative to 0 and 72h regardless dietary treatments. Additionally, plasma bactericidal 

activity augmented at 24h compared to 0 and 48h regardless dietary treatments. Fish 

fed NTRP presented higher plasma cortisol levels compared to fish fed CTRL and TRP 

17 at 48h. At the same time (48h) NTRP presented significantly higher cortisol 

concentration relative to 0h. 
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Table 8. Haemoglobin, mean corpuscular haemoglobin (MCH), red blood cells (RBC) and white blood cells (WBC) in European 

seabass fed dietary treatments prior infection (0 h) and at 4, 24, 48 and 72 h after peritoneal injection with Phdp.  

Parameters 

 Dietary treatments 

 NTRP  CTRL 

 0h 4h 24h 48h 72h  0h 4h 24h 48h 72h 

Haemoglobin (g dl)  0.87 ± 0.33 0.96 ± 0.26 1.23 ± 0.20 1.86 ± 0.37 1.68 ± 0.17  0.70 ± 0.25 0.77 ± 0.13 1.33 ± 0.32 2.12 ± 0.34 1.85 ± 0.31 

MCH (pg cell-1)  4.30 ± 1.40 6.24 ± 0.13 6.08 ± 1.32 9.82 ± 0.88 7.53 ± 3.52  3.48 ± 0.66 3.21 ±0.83 6.95 ± 2.52 10.31 ± 2.16 18.52 ± 2.00 

RBC (×106 µl-1)  2.03 ± 0.37 1.86 ± 0.74 2.06 ± 0.23 1.89 ± 0.32 1.81 ± 0.34  1.96 ± 0.48 2.45 ± 0.27 1.99 ± 0.23 2.11 ± 0.46 2.24 ± 0.40 

WBC (×104 µl-1)  9.14 ± 3.57 5.12 ± 1.89 7.43 ± 1.45 9.38 ± 2.45 8.68 ± 2.49  9.36 ± 2.32 6.00 ± 1.44 6.92 ± 2.07 11.70 ± 3.30 11.47 ± 4.00 
              

Parameters 

 Dietary treatments 

 TRP 13  TRP 17 

 0h 4h 24h 48h 72h  0h 4h 24h 48h 72h 

Haemoglobin (g dl)  0.72 ± 0.27 0.95 ± 0.23 1.12 ± 0.15 2.05 ±0.40 1.94 ± 0.57  0.80 ± 0.10 0.80 ± 0.18 1.14 ± 0.27 2.15 ± 0.65 1.90 ± 0.57 

MCH (pg cell-1)  3.39 ± 1.00 4.10 ± 0.73 5.45 ± 0.63 10.45 ± 2.56 10.42 ± 2.64  3.62 ± 0.62 3.65 ± 0.72 5.76 ± 1.33 10.88 ± 3.90 10.49 ± 3.30 

RBC (×106 µl-1)  2.14 ± 0.45 2.36 ±0.58 2.08 ± 0.29 2.03 ± 0.45 1.87 ± 0.26  2.23 ± 0.24 2.20 ± 0.33 2.00 ± 0.31 2.07 ± 0.39 1.84 ± 0.22 

WBC (×104 µl-1)  8.33 ± 2.62 6.05 ± 1.64 6.85 ± 1.30 11.43 ± 7.65 8.85 ± 2.25  10.10 ± 1.82 5.42 ± 1.44 7.10 ± 1.69 9.53 ± 3.51 8.92 ± 1.22 
 

Two-way ANOVA         

Parameters Time Diet Time × Diet 

 Time 

 0h 4h 24h 48h 72h 

Haemoglobin  < 0.001 ns ns  C C B A A 

MCH  < 0.001 ns ns  C BC B A A 

RBC  ns ns ns  - - - - - 

WBC  < 0.001 ns ns  AB C B A AB 

 

Values are presented as means ± SD (n=9 for 0h and n=8 for the remaining times). P-values from two-way ANOVA (p ≤0.05). If interaction was significant, Tukey post hoc test 

was used to identify differences in the experimental treatments. Different capital letters indicate differences in time regardless diets. 
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Table 9. Absolute values of peripheral blood leucocytes (thrombocytes, lymphocytes, monocytes and neutrophils) of European 

seabass fed dietary treatments prior infection (0 h) and at 4, 24, 48 and 72 h after peritoneal injection with Phdp.  

Parameters 

 Dietary treatments 

 NTRP  CTRL 

 0h 4h 24h 48h 72h  0h 4h 24h 48h 72h 

Thrombocytes 

(×104 µl-1) 

 4.87 ± 1.53 3.60 ± 1.34 5.17 ± 1.02 5.35 ± 1.09 4.86 ± 1.29  5.62 ± 1.38 3.97 ± 0.85 4.89 ± 1.67 5.87 ± 1.30 6.34 ± 2.20 

Lymphocytes  3.97 ± 2.18 1.22 ± 0.43 1.65 ± 0.25 3.13 ± 1.54 2.78 ±1.25  3.3 ± 1.22 1.91 ± 0.79 1.99 ± 0.80 4.45 ± 1.92 3.83 ± 1.70 

Monocytes  0.16 ± 0.07£ 0.16 ± 0.13£ 0.11 ± 0.09b£ 0.29 ± 0.09*£ 0.69 ± 0.31*  0.17 ± 0.15£ 0.10 ± 0.09£ 0.69 ± 0.27a* 0.30 ± 0.15*£ 0.78 ± 0.46* 

Neutrophils  0.14 ± 0.08 0.24 ± 0.25 0.51 ± 0.30b 0.61 ±0.17 0.36 ± 0.30  0.18 ± 0.12£ 0.19 ± 0.07£ 0.74 ± 0.27ab*£ 1.07 ± 0.44* 0.52 ± 0.17*£ 
              

Parameters 

 Dietary treatments 

 TRP 13  TRP 17 

 0h 4h 24h 48h 72h  0h 4h 24h 48h 72h 

Thrombocytes 

(×104 µl-1) 

 4.85 ± 1.30 4.10 ± 1.05 4.69 ± 0.91 6.03 ± 3.26 5.37 ± 1.27  6.07 ± 0.84 3.73 ± 1.12 2.91 ± 2.14 4.63 ± 1.30 5.59 ± 1.35 

Lymphocytes  3.18 ± 1.48 1.27 ± 0.61 1.19 ± 0.30 2.82 ± 1.41 1.88 ± 0.56  3.82 ± 1.21 1.15 ± 0.28 0.55 ± 0.50 2.72 ± 1.68 2.14 ± 0.73 

Monocytes  0.22 ± 0.14£ 0.10 ± 0.07£ 0.08 ± 0.07b£ 0.34 ± 0.21* 0.55 ± 0.29*  0.15 ± 0.11£ 0.11 ± 0.05£ 0.06 ± 0.02b£ 0.30 ± 0.18* 0.37 ± 0.28* 

Neutrophils  0.08 ± 0.04§ 0.39 ± 0.10*£§ 0.88 ± 0.31ab* 0.74 ± 0.51*£ 0.21 ± 0.07£§  0.10 ± 0.06§ 0.38 ± 0.20£§ 1.23 ± 0.26a* 0.74 ± 0.55*£ 0.25 ± 0.20£§ 

 

Two-way ANOVA              

Parameters Time Diet Time × Diet 

 Time  Diet 

 0h 4h 24h 48h 72h  NTRP CTRL TRP 13 TRP 17 

Thrombocytes  < 0.001 ns ns  A B AB A A  - - - - 

Lymphocytes  < 0.001 0.005 ns  A B B A A  AB A B B 

Monocytes  < 0.001 ns 0.001  B B B B A  - - - - 

Neutrophils  <0.001 ns 0.004  C BC A A B  - - - - 

Values are presented as means ± SD (n=9 for time 0h and n=8 for the remaining times). P-values from two-way ANOVA (p ≤0.05). If interaction was significant, Tukey post hoc 

test was used to identify differences in the experimental treatments. Different lowercase letters stand for significant differences among dietary treatments for the same time 

while different symbols stand for significant differences between times for the same diet. Different capital letters indicate differences in time regardless diets or among diets 

regardless time.  
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Table 10. Absolute values of peritoneal total leucocytes, as well as lymphocytes, macrophages and neutrophils of European seabass 

fed dietary treatments at 4, 24, 48 and 72 h after peritoneal injection with Phdp.  

Parameters 

  Dietary treatments 

 NTRP  CTRL 

  4h 24h 48h 72h  4h 24h 48h 72h 

Leucocytes 

(×104 µl-1) 

 9.89 ± 4.85 8.95 ± 4.95 7.83 ± 2.56 8.26 ± 2.91  11.51 ± 3.36 10.33 ± 4.60 13.63 ± 6.20 13.83 ± 8.04 

Lymphocytes  3.78 ± 1.44 3.31 ± 2.16 3.19 ± 1.26 2.93 ± 1.62  2.96 ± 122 3.16 ± 1.68 5.17 ± 2.84 4.45 ± 2.13 

Macrophages  3.23 ± 1.88 3.48 ± 1.72 2.72 ± 1.06 3.40 ± 1.10  5.24 ± 1.45 4.68 ± 2.48 5.29 ± 2.27 5.49 ± 4.00 

Neutrophils   2.88 ± 1.65 2.16 ± 1.16 1.91 ± 0.60 1.98 ± 1.17   1.89 ± 0.78 2.3 ± 1.04 3.18 ± 1.32 4.13 ± 2.95 

            

Parameters 

  Dietary treatments 

 TRP 13  TRP 17 

  4h 24h 48h 72h  4h 24h 48h 72h 

Leucocytes 

(×104 µl-1) 

 8.71 ± 4.97 8.90 ± 2.77 9.88 ± 4.70 8.98 ± 7.27  10.95 ± 2.37 10.70 ± 4.42 9.35 ± 3.37 10.36 ± 4.71 

Lymphocytes  3.13 ± 1.24 2.27 ± 0.68 3.58 ± 2.19 3.55 ± 3.06  4.73 ± 1.21 4.01 ± 1.46 3.55 ± 1.42 3.64 ± 1.53 

Macrophages  3.49 ± 1.67 4.12 ± 1.48 4.38 ± 1.58 2.28 ± 2.28  3.53 ± 0.95 3.85 ± 2.34 3.76 ± 1.53 3.27 ± 1.64 

Neutrophils   3.44 ± 1.57 2.41 ± 0.90 3.00 ± 1.17 2.92 ± 1.06   2.50 ± 0.55 3.09 ± 1.49 2.08 ± 0.77 3.49 ± 2.13 
 

Two-way ANOVA       

Parameters  Time Diet Time × Diet 

 Diet 

 NTRP CTRL TRP 13 TRP 17 

Leucocytes  ns 0.025 ns  B A AB AB 

Lymphocytes  ns ns ns  - - - - 

Macrophages  ns 0.002 ns  B A B B 

Neutrophils  ns ns ns  - - - - 

Values are presented as means ± SD (n=8). P-values from two-way ANOVA (p ≤0.05). If interaction was significant, Tukey post hoc test was used to identify differences in the 

experimental treatments. Different capital letters indicate differences among diets regardless time. 
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Table 11. Plasma lysozyme, peroxidase, alternative complement pathway (expressed as ACH50) and bactericidal activities as well 

as cortisol of European seabass fed dietary treatments prior infection (0 h) and at 4, 24, 48 and 72h after peritoneal injection with 

Phdp.  

Parameters 

  Dietary treatments 

 NTRP  CTRL 

  0h 4h 24h 48h 72h  0h 4h 24h 48h 72h 

Lysozyme (µg ml-1)  8.11 ± 3.90 7.42 ± 1.2 5.00 ± 1.71 4.41 ± 2,47 8.11 ± 5.56  7.86 ± 2.23 9.26 ± 2.42 5.11 ± 2.45 5.95 ± 2.90 7.86 ± 3.11 

Peroxidase (units ml-1)  118.63 ± 19.73 93.86 ± 19.00 115.84 ± 32.05 128.53 ± 45.05 126.55 ± 27.64  123.71 ± 13.94 96.83 ± 13.82 118.89 ± 28.75 111.48 ± 29.16 113.83 ± 31.17 

ACH50  (units ml-1)  92.16 ± 26.76 120.85 ± 26.09 85.32 ± 34.77 94.64 ± 23.34 102.78 ± 17.87  66.74 ± 10.31 142.35 ± 24.57 96.15 ± 28.66 103.52 ± 26.17 100.60 ± 15.14 

Bactericidal 
activity  

(%)  26.38 ± 11.86 30.08 ± 2.81 38.97 ± 7.58 27.06 ± 13.48 28.70 ± 8.20  28.32 ± 7.64 28.49 ± 8.96 43.81 ± 9.44 29.84 ± 4.39 32.04 ± 4.48 

Cortisol (ng ml-1)   25.99 ± 4.40£ 50.44 ± 12.37£* 65.43 ± 8.23£* 103.11 ± 68.18a* 72.22 ± 22.52£*   27.74 ± 3.09 59.24 ± 5.00 51.05 ± 14.29 45.76 ± 8.90b 53.13 ± 23.37 

               

Parameters 

 Dietary treatments 

 TRP 13  TRP 17 

 0h 4h 24h 48h 72h  0h 4h 24h 48h 72h 

Lysozyme (µg ml-1)  8.39 ± 1.94 7.84 ± 3.66 6.23 ± 1.75 6.17 ± 41.7 8.96 ± 2.73  10.97 ± 3.36 11.44 ± 5.23 7.61 ±  ± 1.84 5.50 ± 2.47 10.32 ± 3.4 

Peroxidase (units ml-1)  135.49 ± 27.82 108.82 ± 25.98 115.62 ± 16.20 102.16 ± 32..27 87.33 ± 14.55  139.23 ± 29.92 103.03 ± 21.26 113.44 ± 10.43 114.16 ± 31.95 85.29 ± 28.00 

ACH50  (units ml-1)  86.84 ± 22.67 58.42 ± 0.00 92.74 ± 28.44 139.49 ± 22.53 89.57 ± 24.25  119.60 ± 30.88 81.12 ± 12.14 99.24 ± 23.844 108.52 ± 30.32 126.56 ± 31.02 

Bactericidal 
activity  

(%)  23.76 ± 14.90 33.62 ± 14.35 35.67 ± 4.30 30.14 ± 6.65 34.74 ± 12.37  17.43 ± 11.36 34.40 ± 9.59 43.17 ± 15.5 28.92 ± 5.75 31.26 ± 12.13 

Cortisol (ng ml-1)  37.00 ± 6.67 50.54 ± 11.27 44.43 ± 8.51 61.70 ± 10.89ab 32.62 ± 11.10   43.60 ± 12.88 42.00 ± 6.53 66.16 ± 17.87 33.44 ± 9.15b 44.57 ± 17.03 
 

 

 

 

 

Two-way ANOVA 

Parameters 
 

Time Diet Time × Diet 
 Time   Diet 

   0h 4h 24h 48h 72h    NTRP CTRL TRP 13 TRP 17 

Lysozyme  <0.001 0.039 ns  A AB B B A  B AB AB A 

Peroxidase  0.006 ns ns  A B AB AB A  - - - - 

ACH50  ns ns ns  - - - - -  - - - - 

Bactericidal activity   < 0.001 ns ns  B AB A B AB  - - - - 

Cortisol    <0.001 0.007 0.001  B AB A A AB   A AB B AB 
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Values are presented as means ± SD (n=12). P-values from two-way ANOVA (p ≤0.05). If interaction was significant, Tukey post hoc test was used to identify differences in the 

experimental treatments. Different lowercase letters stand for significant differences among dietary treatments for the same time while different symbols stand for significant 

differences between times for the same diet. Different capital letters indicate differences in time regardless diets or among diets regardless time. 
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3.3.4.4 Head kidney gene expression 

To evaluate the expression of genes related to immune response and tryptophan 

metabolism role in the inflammatory response (Table 3), cDNA was isolated from head 

kidneys collected from 6 fish from each group (3 per replicate). 

Regardless diet, a clear peak in the response to infection was observed at 48h with 

il1β, cox 2, m2cr, c3zeta, mcsf1r1, hsp70, dicent and mif up-regulation than those 

registered at all sampling times. Moreover, cd8β was up-regulated at 48 h relative to 

0 h whereas, casp3 presented higher expression at 48 h compared to 0 and 24 h and 

afmid presented increased values at 48 h relative to 0, 24 and 72 h (Appendix II Table 

S3). 

A time effect in fish fed NTRP at 48h was observed as an increased expression of il10 

(Figure 3-A), il8 (Figure 3-B), ifn-γ (Figure 3-E), mmp9 (Figure 3-G) and gr1 (Figure 3-

H) compared to the remaining times was found, whereas those fish showed an 

enhanced expression for tgfβ (Figure 3-C) and hsp90 (Figure 3-F) at the same time 

relative to 4, 24 and 72 h. Moreover, fish fed NTRP augmented sod mRNA expression 

at 48h relative to 24 and 72h. Fish fed the CTRL diet increased il10 transcripts at 48h 

relative to other times, whereas il8 mRNA expression was higher at 48 h than at 24 h 

and sod and mmp9 gene expression augmented at 48 h compared to 0 and 24 h. Fish 

fed the CTRL diet also presented an increase in ido 2 mRNA expression levels at 48 

h relative to 0, 24 and 72 h.  

A dietary effect was observed for il10 mRNA expression since higher levels were found 

in fish fed the CTRL diet compared to those fed TRP 13 and TRP 17, and also higher 

in specimens fed TRP 13 than in those fed TRP 17 at 48 h (Figure 3-A). Moreover, il8 

(Figure 3-B) and mmp9 (Figure 3-G) transcripts decreased in fish fed TRP 17 

compared to fish fed NTRP and CTRL at 48 h. Similarly, fish fed TRP 17 presented a 

decrease in ifn-γ (Figure 3-E) and gr1 (Figure 3-H) transcripts relative to fish fed NTRP 

at the same time. Fish fed the CTRL diet presented an improved tgfβ mRNA 

expression compared to fish fed TRP 13 and TRP 17 at 48 h (Figure 3- C). Moreover, 

fish fed TRP 17 showed a decrease in sod (Figure 3-D) and ido 2 (Figure 2-I) 

transcripts compared to fish fed CTRL at 48 h. All data regarding gene expression are 

presented in Appendix II Table S3 as supplementary data. 
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Figure 3. Quantitative expression of (A) interlukin-10, (B) interleukin-8; (C) 

transforming growth factor β, (D) superoxide dismutase, (E) interferon-γ, (F) heat 

shock protein 90, (G) metalloproteinase 9, (H) glucocorticoid receptor 1 and (I) 

indoleamine 2,3- dioxygenase genes in the head kidney of European seabass fed 

dietary treatments prior infection, and at 4, 24, 48 and 72 h after peritoneal infection 

with Phdp. Values are presented as means ± SD (n=6). P-values from two-way 

ANOVA (p ≤0.05). If interaction was significant, Tukey post hoc test was used to 

identify differences in the experimental treatments. Different lowercase letters stand 

for significant differences among dietary treatments for the same time while different 

symbols stand for significant differences between times for the same diet. 

 

3.4. Discussion 

3.4.1 Dietary tryptophan deficiency 

As reviewed by Hoseini, et al. 4, tryptophan deficiency is related to several 

physiological problems leading to scoliosis, opercula shortage and interference in 

mineral metabolism besides implications on fish growth. Despite these physiological 

signs were not reported in farmed fish, under stressful farming conditions tryptophan 

deficiency may occur due to an increase in tryptophan requirement 2,32. Moreover, 

studies on the causative effect of a tryptophan deficient diet in fish immune 

mechanisms are scarce. In the present work no changes on growth performance, cell 

responses, cell-mediated mechanisms and gene expression were observed after a 4 

weeks feeding period in fish fed the tryptophan deficient diet. It is therefore suggested 

that the level of tryptophan deficiency here tested may not have been low enough to 

impair physiological responses and growth during standardised (i.e. non-stressful) 

rearing conditions, a fact that could be linked to an overestimated tryptophan 

requirement for this species. However, it has been reported that free tryptophan 

concentration in plasma decreases during inflammation 2,33 and the modulatory role of 

tryptophan under stressful events 34 brings some awareness to its importance during 

the first steps of infection. In this context, and despite no differences were observed in 

the seabass immune status after 4 weeks of feeding, fish fed the NTRP diet presented 

a clear monocytopenia at 24h post infection. A lower number of total leucocytes and 

macrophages were also found in the inflamed peritoneal cavity of fish fed NTRP 

relative to those fed CTRL. A decrease in the numbers of circulating B-lymphocytes 

contrasted the augmentation of peripheral neutrophils in several fish species as result 

of exposure to a variety of different stressors (e.g. transport, anoxia, social conflict, 
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handling, injection, crowding) 35-37. Moreover, Engelsma, et al. 38 described that the 

lack of response observed in lymphocytes and neutrophils, as observed in this study, 

could be related to the response to an acute stress, as infection 38. The observed drop 

in the total peripheral leucocyte population in the present study, and specifically the 

monocyte response, could also be related to the increase of plasma cortisol 

concentration at 48h. In fact, a trend to present higher glucocorticoid receptor 

transcripts (gr1) was observed at 48h. Cortisol capacity to modulate immune defence 

mechanisms in fish was already documented 4, and its inhibitory capacity was 

observed in monocytes/ macrophages cell line in rainbow trout (Oncorhynchus 

mykiss) reducing its proliferation 39. Likewise, cortisol‐induced apoptosis was found in 

silver seabream (Sparus sarba) macrophages, and Atlantic salmon (Salmo salar) 

macrophages isolated from stressed fish 40. Moreover, recognizing the antioxidant 

potential of tryptophan, mainly due the action of its metabolites (e.g. melatonin, 5-

hydroxytryptophan, indole-3-acetic acid, 3-hydroxyanthranilic acid, 3-

hydroxykynurenine) 4, a dietary deficient scenario may have led to a lack of antioxidant 

signals ultimately inhibiting cell response. In the present study, the immune tolerance 

signal observed in infected fish translated in a decreased disease resistance against 

Phdp. Although no effects were observed in fish immune status, in an immune 

challenge scenario, when tryptophan requirements are increased and tryptophan is 

deficient in the diet, the possible lack of antioxidant signals and the visible increase of 

cortisol levels could have potentiated immunosuppressive mechanisms that impaired 

leucocytes response to infection and ultimately increased fish susceptibility to a 

bacterial pathogen.  

 

3.4.2 Dietary tryptophan supplementation 

The tryptophan role in immune tolerance also adds a practical perspective to modern 

animal production counteracting the deleterious effect of an aggravated and 

uncontrolled immune response. Few available data were found concerning the effects 

of tryptophan dietary supplementation on immune mechanisms. Increasing dietary 

tryptophan levels improved anti-oxidative state and expression of genes related to 

immunity and amino acid transport in the ileal mucosa of broiler chickens 41. In fish, 

previous works demonstrated that tryptophan supplementation (i.e. 0.5% DM) was not 

able to improve the European seabass 23 nor Persian sturgeon (Acipenser persicus) 

42 immune status (cellular and plasma humoral parameters) after a 15 days feeding 
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period. In accordance, the present study showed no significant changes in all the 

parameters tested with exception of plasma cortisol levels which increased with the 

highest tryptophan supplementation level tested (TRP 30) and dicent expression, an 

antimicrobial peptide, which was down-regulated in the HK of fish fed both 

supplemented diets. Tryptophan supplementation is known to stimulate cortisol 

production in unstressed fish 43. Despite 5-HT levels were not verified in this study, in 

both teleost and mammals, the augmentation of tryptophan intake may increase its 

uptake in the brain where it is exponentially converted to 5-HT 44, that can both 

stimulate or inhibit the adrenocorticotropic hormone (ACTH) production and thereby 

increase or inhibit cortisol production according to the stress situation 45. The same 

was verified in juvenile rainbow trout when tryptophan was supplemented in diets of 

non-stressed fish increasing plasma cortisol levels while the opposite effect was 

observed in stressed groups 45. Moreover, in common carp, Cyprinus carpio, juveniles 

cortisol was found increased when fed a 0.6% tryptophan supplemented diet in a pre-

osmotic stress while mitigation the effect of the stress46 .  

In the present study, changes in blood leucocyte numbers were observed when 

inflammatory mechanisms were activated by Phdp i.p. injection. For instance, a 

significant reduction in the concentration of lymphocytes and monocytes and an 

increase in the numbers of neutrophils were recorded. Also, fish fed both 

supplemented diets showed a decrease in the migration of macrophages to the 

inflammatory focus. Engelsma, et al. 38 described a similar phagocyte response for 

common carp (Cyprinus carpio L.) upon an acute stress as a reduction in the numbers 

of lymphocytes and monocytes was observed, in contrast to the increase in neutrophils 

numbers. Since neutrophils, as well as macrophages, are the primary line of defence, 

a prolongation of neutrophils lifespan together with an increase in the number of 

circulating functional neutrophils could be instrumental for the survival of an organism 

in acute stress situations and infection 38. Similarly, lymphocytes and 

monocytes/macrophages response was modulated in European seabass stimulated 

with inactivated Phdp after a 15 days feeding period, showing a decrease in blood 

phagocytes numbers and restrained cell recruitment to the inflammatory peritoneal 

cavity 23. In mice, dietary tryptophan supplementation was able to alleviate the 

inflammatory responses and in consequence, increase the reproductive performance 

of Pseudorabies virus-challenged female mice 47.  
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Taking into consideration the enhanced cortisol concentration resulting from the 4 

weeks feeding period described above, the cortisol role in the suppression of immune 

function 15 may explain the lymphocyte and monocytes/macrophages response 

observed during an infection episode. In fact, this cell decrease was accompanied by 

a reduction of mRNA expression levels of pro-inflammatory cytokines (i.e. il1β, il8 and 

tgfβ), matrix metallopeptidase 9 (MMP9), an enzyme involved in the degradation of 

the extracellular matrix in processes such as cell migration and SOD, an enzyme 

involved in the antioxidant defence. Additionally, ifn-γ transcripts showed a trend to be 

diminished suggesting some lack of cell activation upon infection 48. IFN-γ biological 

role is not fully elucidated yet, but it seems to present similar functions to mammalian 

IFN-γ 49 being produced by natural killer cells (NK cells) and T lymphocytes in 

response to interleukin-12 (IL-12), IL-18, mitogens or antigens 50. 

The pathway of tryptophan catabolism present in macrophages and mediated by IDO, 

may also partly explain the lymphocyte and monocytes/macrophages decrease 

observed during infection. IFN-γ-induced IDO expression in monocytes leads to 

extracellular tryptophan depletion reducing its availability to microbial biosynthesis 9. 

Additionally, through the kynurenine pathway, IDO is responsible for regulating T-cell 

function through metabolites such as 3-hydroxykynurenine, 3-hydroxyanthranilic acid 

and quinolinic acid. The same metabolites set up a protective system acting locally to 

the removal of superoxide radicals modulating oxidative status 10, thus creating 

conditions that favour immune suppression and tolerance. Surprisingly, mRNA 

expression of ido 2 was found down-regulated in a tryptophan supplementation 

scenario at 48h relative to the control diet (CTRL). This could be related to the lower 

monocyte/macrophages proliferation and migration to the inflammatory site and since 

ido 2 expression levels are necessarily associated to immune activation, its down-

regulation seems to be in accordance with the generally suppressed immune response 

and to the drop in ifn-γ transcripts, since IFN-γ up-regulates IDO activity in 

macrophages 51 and several cell lines 52.  

The overall results indicate that tryptophan supplementation seems to prime immune 

suppression and tolerance signals, in the highest supplementation level tested, most 

likely via higher plasma cortisol concentration observed after 4 weeks of feeding. While 

Hoseini and Hosseini 46 discuss that tryptophan supplementation could enhance 

https://en.wikipedia.org/wiki/Extracellular_matrix
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osmotic shock tolerance due to its immune tolerance role, our results shown in fact, a 

tendency for a higher disease susceptibility was observed when tryptophan was 

supplemented at the highest level, while no differences were observed regarding the 

control diet and the mid-term supplementation level.  

In conclusion, results from the present study suggest that both dietary tryptophan 

deficiency and supplementation may compromise the inflammatory mechanisms and 

disease resistance. In a tryptophan deficiency scenario seabass immune status was 

not altered but in response to an inflammatory insult, plasma cortisol levels were 

significantly increased and consequently, the immune cell response was 

compromised, finally weakening fish disease resistance to Phdp. On the other hand, 

when dietary tryptophan is offered 26% above requirement level, cortisol levels rise 

despite no additional stress factor is inflicted on fish. Moreover, in response to bacterial 

infection, a decrease in lymphocytes, monocytes/macrophages and several immune-

related genes is observed, eventually compromising at some level fish disease 

resistance.  
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Methionine and tryptophan play different modulatory roles in the 

European seabass (Dicentrarchus labrax) innate immune response 

and apoptosis signalling – an in vitro study 

Abstract 

The range of metabolic pathways that are dependent on a proper supply of specific 

amino acids (AA) unveils their importance in the support of metabolism and health. AA 

play central roles in key pathways vital for immune support and individual AA 

supplementation has shown to be able to modulate fish immunity. In vivo trials are 

important tools to evaluate the immunomodulatory role of AA, and the present in vitro 

study was conceived to evaluate both methionine and tryptophan role in immune-

related mechanisms aiming to understand their direct effects in leucocyte functioning 

and AA pathways. For that purpose, primary cultures of head kidney leucocytes were 

established and the effect of AA (methionine or tryptophan) surplus on cell viability 

was assessed. Also, nitric oxide, ATP, total antioxidant capacity, and immune-related 

genes were evaluated in response to lipopolysaccharides extracted from 

Photobacterium damselae subsp. piscicida or UV-inactivated bacteria. Moreover, 

caspase-3 activity and apoptosis-related genes expression were evaluated in 

response to the apoptosis-inducing protein, AIP56. 

Methionine and tryptophan showed distinct roles in leucocytes immune response with 

different and contrasting outcomes in the modulation of individual key pathways. 

Methionine surplus improved cell viability, increased polyamine production, and 

methionine-related genes expression in response to an inflammatory agent. Also, 

methionine supplementation lowered signals of apoptosis by AIP56 induction, with 

cells presenting lower caspase 3 activity and higher il1β and nfkb expression. On the 

other hand, cells cultured in tryptophan supplemented medium presented several 

signals of an attenuated inflammatory response to the stimuli, with decreased ATP 

production, and enhanced expression of anti-inflammatory genes. In response to 

AIP56, leucocytes cultured in a tryptophan-rich medium presented a lower resilience 

to the toxin, with higher caspase 3 activity, higher expression of caspase 8, and lower 

expression of several genes, including nfkb and p65. In conclusion, this in vitro study 

showed the ability of methionine surplus to improve leukocyte response to an inflammatory 

agent and to lower signals of apoptosis by AIP56 induction, while tryptophan attenuated 
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several cellular signals of the inflammatory response to UVPhdp and lowered leukocye 

resilience to AIP56. 
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4.1. Introduction 

Amino acids (AA) are key players for the biosynthesis of vital molecules for immune 

support 1  and their use as nutraceutical supplements in mammals 2  and poultry 3,4 is 

a current strategy. The role of individual AA in the innate immune response is 

associated with their role in key pathways essential for cellular function and as 

precursors of hormones and enzymes. Likewise, following the presuppose that the 

requirement of specific AA increases in response to inflammation and infection 5, their 

dietary supplementation may allow the modulation of particular immune-related 

pathways with the final goal of enhancing host immunity. Having this in mind, in vivo 

studies were developed to achieve nutritional strategies that modulate the fish immune 

response through the increase of AA availability 6-14, while few studies brought this 

concept to in vitro approaches15,16.  

Previous studies in fish gave some insights on the key role of methionine on the fish 

immune system. Dietary methionine supplementation was able to increase the 

European seabass (Dicentrarchus labrax) cellular immune status and response to an 

inflammatory insult with UV-inactivated Photobacterium damselae subsp. piscicida 

(Phdp) 6,9 and increase disease resistance to Phdp 10. Also, juvenile Jian carp 

(Cyprinus carpio var. Jian) presented an increased peripheral leucocyte concentration 

after being fed with increased levels of methionine resulting in an improved cellular 

and humoral response to Aeromonas hydrophila 12. Additionally, methionine 

supplementation was shown to be key for immune support in an alternative feed 

formulation (0% fishmeal) 17. Data from those studies are sustained by the recognized 

role of methionine as a methyl group donor for the methylation, transsulfuration, and 

aminopropylation routes, with the coenzyme S-adenosylmethionine (SAM) as the lead 

factor. DNA methylation regulates gene expression and the increase of methionine 

input can increase the methylation ratio, known to be dependent on the supply of SAM 

18. Through the aminopropylation route methionine contributes to polyamine synthesis 

thus contributing to cell proliferation 19, and by the transsulfuration pathway methionine 

is the precursor of cysteine, an AA constituent of the powerful antioxidant molecule 

glutathione (GSH) 1. In vitro results on this matter are scarce. Nonetheless, Azeredo, 

et al. 16 showed the ability of methionine supplementation to boost head kidney 

leucocytes (HKL) nitric oxide (NO), superoxide anion, and ATP production in the 

absence of stimulus, and improved HKL NO production in response to UV-inactivated 
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Vibrio anguilarum. These authors discussed that the methionine potential to immune 

improvement seems to be directly related to the enhancement of cells fitness.  

Tryptophan has been the target of in vivo studies in several animal models focusing 

its function as a precursor of compounds involved in stress modulation, antioxidant 

properties, and immune tolerance20-22. Studies in fish showed that increasing dietary 

tryptophan levels did not modulate European seabass 9 and Persian sturgeon 

(Acipenser persicus)23 immune status, while a clear role of tryptophan was observed 

in response to inflammation. For instance, in European seabass Azeredo, et al. 14 

observed an inhibitory action of tryptophan on head kidney inflammatory transcripts 

while Machado, et al. 24 reported a compromised immune response and disease 

resistance to Phdp. In macrophages, tryptophan catabolism occurs through the 

kynurenine-niacin pathway, mediated by indoleamine 2, 3-dioxygenase (IDO) 25. In 

response to inflammation, IDO is induced, exerting anti-microbial effects by tryptophan 

extracellular depletion 26,27, setting an antioxidant system by the consumption of 

superoxide radicals, and its metabolites regulate T-cell function 28. In vitro results 

pointed to the impairment of pro-inflammatory signals offsetting the inflammatory 

response caused by tryptophan higher availability 16. 

The inflammatory response and the overall innate immune system is sustained by 

phagocytes (i.e. neutrophils and macrophages). These myeloid cells are responsible 

for the incorporation and digestion of other cells or cell components, as pathogens or 

apoptotic and necrotic host-cells. Moreover, phagocytes are responsible for the 

initiation and resolution of inflammation by the production and secretion of pro- and 

anti-inflammatory chemical messengers (autocrine signalling) and cell-to-cell 

signalling communication (paracrine signalling)29. Upon activation, macrophages are 

able to be differentiated into four distinct groups formerly determined by the inductor 

of differentiation 30. Additionally, cell inactivation and clearance through apoptosis 

takes part in the proper function of the immune system. As a defence mechanism, 

apoptosis is responsible for the clearance of damaged cells and can be initiated by a 

wide variety of stimuli, as infection and stress 31. Since macrophages present 

themselves as a useful tool for in vitro functional studies on the fish innate immune 

response, the present work focused on the study of the response of innate activated 

macrophages induced by microbial stimuli and with key roles in the phagocytosis of 

pathogens and in the production of pro-inflammatory signals 32.  
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Phdp is an extracellular pathogen of several fish species that owns is successful 

pathogenesis to its ability to produce and release to the extracellular environment the 

exotoxin AIP56 33. AIP56 presents host-cells invading mechanisms and has the ability 

to cleave the transcription factor NFKB, therefore inhibiting the transcription of key 

immune-related genes 34 and inducing extensive apoptosis of macrophages and 

neutrophils 33. Therefore, Phdp is able to act at distance, without direct contact with 

the host cells, and leads to the depletion of host primary cell defence mechanisms, the 

phagocytes.  

The present study aimed to evaluate at the leucocytes functional and transcriptional 

level the modulatory effects of two supplementation levels of methionine and 

tryptophan on the response of HKL against UV- inactivated Phdp (PhdpUV) or Phdp 

lipopolysaccharides (LPSPhdp), and the apoptosis process in response to the AIP56 

toxin. 

 

4.2. Materials and Methods 

 

4.2.1. Photobacterium damselae subsp. piscicida inactivation 

Phdp strain PP3, isolated from yellowtail (Seriola quinqueradiata; Japan), was 

obtained from the Fish Immunology and Vaccinology group ( i3S/IBMC, Universtity of 

Porto) . Bacteria were routinely cultured at 22 °C in tryptic soy broth (TSB) or tryptic 

soy agar (TSA) (both from Difco Laboratories) supplemented with NaCl to a final 

concentration of 2 % (w/v) (TSB-2 and TSA-2, respectively). When required they were 

stored at −80 °C in TSB-2 supplemented with 15 % (v/v) glycerol.  

To maintain the structural integrity of bacterial antigens but prevent bacterial growth, 

Phdp were killed by UV irradiation. For this, the bacteria were grown in TSB-2 and, 

when they reached the exponential growth phase (OD600nm= 0.523; 6.7 x 108 colony 

forming units (CFUs) ml-1), were placed in a steralite tray ( maximum inoculum height 

of 0.2 mm) at a distance of 10 centimeters of a UV lamp and inactivated by exposure 

to UV irradiation for 2 h. Bacteria were then recovered by centrifugation at 1500 × g 

for 30 min, the pellet resuspended in Hank’s Balanced Salt Solution (HBSS, Gibco), 

and bacterial concentration adjusted to a virtual dose of 1 × 107 CFU ml-1 taking into 

account their concentration prior to inactivation. Lack of bacterial viability was 

confirmed by plating the inoculum on TSA-2. 
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4.2.2. Photobacterium damselae subsp. piscicida lipopolysaccharides 

extraction and purification 

Lipopolysaccharides (LPS) from Phdp (LPSPhdp) were extracted by hot phenol-water 

according to the method described by Rezania, et al. 35 with modifications 16. Purified 

LPSPhdp, without any residual phenol, was lyophilized, resuspended in PBS to a final 

concentration of 2 mg ml−1, and kept at −20 °C until use. Visualization was achieved 

by SDS-PAGE (12 %) electrophoretic resolution of 20 µg purified LPSPhdp and 

consequent staining following the improved silver stain protocol described by Zhu, et 

al. 36. 

 

4.2.3. Recombinant AIP56 

Recombinant AIP56 33 was obtained from the Fish Immunology and Vaccinology 

group (i3S/IBMC, University of Porto) and stored in 20 nM Tris-HCl, pH 8.0 at -80 ºC 

until use. 

 

4.2.4. Fish and establishment of HKL primary cell cultures 

European seabass (Dicentrarchus labrax) juveniles (8 ± 0.5 g) were obtained from a 

certificated hatchery (MARESA, Spain), acclimatized to laboratory conditions and 

reared for 2 years in a recirculation water system to a final body weight of 700 ± 50 g.  

Water parameters were maintained as followed: O2 saturation at 7.38 ± 0.01 g/l, 

salinity at 35 ppt, temperature at 18 °C, and at 10 h dark: 14 h light photoperiod. Fish 

were daily fed a commercial diet (Sorgal, Portugal) and no clinical signs of disease 

and illness were observed.  

European seabass were euthanized by an overdose of anaesthetic (2-

phenoxyethanol, Merck) and bled to collect blood from the caudal vessels using 

heparinized vacuum system and cut off the branchial arches. HKL were isolated and 

maintained following Secombes 37 with modifications. The head kidney was aseptically 

removed and the tissue disrupted by passing through a 100 µl nylon mesh in Leibovitz 

L-15 medium (L-15, Gibco) supplemented with 2 % foetal bovine serum (FBS, Gibco), 

100 IU ml-1 penicillin and streptomycin (Gibco), and 30 U ml-1 heparin (Braun). The 

resulting cell suspension was centrifuged at 600  g at 4 °C for 10 minutes and the 

leucocyte layer recovered in L-15 medium 2 % FBS (L-15 2 % FBS), antibiotics and 
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heparin. The collected leucocytes were washed two times at 600  g at 4 °C for 10 

minutes and finally re-suspended in L-15 medium with 0.1 % FBS (L-15 0.1 % FBS) 

and antibiotics. Leucocytes viability was determined by the trypan blue exclusion 

method, and concentration adjusted to 1 × 107 cells ml-1. One hundred microliters of 

the leucocyte suspension were plated in 96-well plate for ATP, total antioxidants 

concentration (TAC), polyamines, nitric oxide (NO), and casp3-active assays. For 

gene expression, 500 µl of the leucocyte suspension was plated in 24-well plates.   

The experiments were approved by the CIIMAR Animal Welfare Committee, carried 

out in a registered installation (N16091.UDER), and performed by trained scientists in 

full compliance with national rules and following the European Directive 2010/63/EU 

of the European Parliament and the European Union Council on the protection of 

animals used for scientific purposes. 

 

4.2.5. Experimental design 

After primary cell culture isolation, plating and a 2h incubation period, the leucocyte 

monolayer was washed with HBSS, removing non-derent cells. Adherent cells, 

characterized monstly by the monocyte lineage 38 was then incubated with fresh L-15 

10 % FBS supplemented with methionine or tryptophan for 24 h at 18 ºC and leucocyte 

viability was evaluated by the MTT assay. Two supplementation levels of each AA 

methionine or tryptophan were selected based in previous studies 16. Both AA were 

supplemented at 1 × or 2 × the basal concentration found in L-15 with the final 

concentration of: L-methionine (M1x, 1mM or M2x, 1.5 mM) and L-tryptophan (T1x, 

0.2 mM or T2x, 0.3 mM). As a control, L-15 10 % FBS without AA addition was used. 

Two trials (Figure 1), comprising a total of six fish each were performed. Cellular 

response (Trial 1) was assessed upon stimulation with PhdpUV (1 × 106 CFU ml-1), 

LPSPhdp (10 µg ml-1), or the absence of stimulus (Ø). Gene expression, ATP and 

TAC were measured at the end of 4 and 24 h of stimulation since most innate immune 

mechanisms are activated upon acute stimulation.  Gene expression and TAC were 

only performed in leucocytes stimulated with LPSPhdp or Ø. Polyamines production 

was evaluated in L-15, M1x, and M2x after 48h of stimulation since methionine has a 

direct role in polyamine biosynthesis 19 however only in PhdpUV and Ø due to kit 

limitation. Finally, NO production was evaluated at 72 and 96 h according to previous 

studies 16,39. The apoptosis assays (Trial 2) consisted in the evaluation of casp3-active 
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and gene expression in response to AIP56 protein (2 µg ml-1) 40 or in Ø during a time-

course study (i.e. 1, 3 and 6 h) with the cell culture media replaced by a fresh solution 

at each hour. Staurosporine (2.33 µg ml-1, Sigma) was used in L-15 wells as a positive 

control for apoptosis 41.  

All analyses were performed with triplicate analytic replicates in a total of six biological 

replicates. 

Figure 1. Experimental design. L-15 (Leibowitz L-15 medium); M1x (Leibowitz L-15 

medium supplemented with 1 mM of L-methionine); M2x (Leibowitz L-15 medium 

supplemented with 1.5 mM of L-methionine); T1x (Leibowitz L-15 medium 

supplemented 0.2 mM of L-tryptophan ); T2x (Leibowitz L-15 medium supplemented 

0.3 mM of L-tryptophan); MTT (3-(4,5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium 

bromide assay); Ø (unstimulated cells); LPSPhdp (Lipopolysaccharides extracted 

from Phdp); PhdpUV (UV-inactivated Phdp); ATP (Adenosine triphosphate); TAC 

(total antioxidant capacity); NO (nitric oxide). 

 

4.2.6. MTT assay 

The leucocytes viability was assessed by the 3-(4,5-dimethylthiazol-2-yl)-2, 5-

diphenyltetrazolium bromide (MTT) reduction by the NAD(P)H-dependent cellular 

oxidoreductase enzymes produced under cell metabolic activity, reflecting the number 

of viable cells 42. After 24 h incubation at 18 ºC in L-15 10 % FBS supplemented with 

the desired AA, 20 µl of MTT (5 mg ml-1) was added to each well and incubated for 4 

h at 18 ºC. After centrifugation at 110 × g for 5 min, the insoluble resultant formazan 

https://en.wikipedia.org/wiki/Di-
https://en.wikipedia.org/wiki/Methyl
https://en.wikipedia.org/wiki/Thiazole
https://en.wikipedia.org/wiki/Phenyl
https://en.wikipedia.org/wiki/Di-
https://en.wikipedia.org/wiki/Methyl
https://en.wikipedia.org/wiki/Thiazole
https://en.wikipedia.org/wiki/Phenyl
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was dissolved in 100 µl of dimethyl sulfoxide (DMSO) and the absorbance read at 550 

nm (Synergy HT, Biotek). A total os twelve biological replicates were evaluated (6 

biological replocates per trial). 

 

4.2.7. Immune Assays 

 

4.2.7.1. ATP assay 

ATP production by the leucocytes monolayers incubated with LPSPhdp, PhdpUV, or 

in the absence of stimuli for 4 and 24 h with each AA treatment was measured with an 

ATP Colorimetric Assay Kit (Sigma). From each well, 50 µl of the cell supernatant was 

transferred to a new 96-well plate and the protocol performed according to the 

manufacture’s indications. The absorbance was read at 570 nm (Synergy HT, Biotek) 

and ATP concentration was calculated according to a standard ATP curve after 

subtraction of background absorbance values. 

 

4.2.7.2. TAC assay 

The total antioxidants concentration (TAC), such us oxygen species and reactive 

nitrogen species, was determined in the supernatant of cells incubated with PhdpUV 

or Ø  during 4 and 24 h and previously incubated for 24 h  with the different AA 

treatments. Cell supernatants were collected, diluted in Protein Mask in a 1:1 ratio 

according to manufacturer’s indications (The Total Antioxidant Capacity Kit, Sigma), 

and 100 µl of the mixture was added to a 96-well plate and the protocol performed. 

The absorbance was read at 570 nm (Synergy HT, Biotek). Background absorbance 

values were subtracted and TAC concentration was calculated from a standard curve. 

 

4.2.7.3. Polyamines assay 

The Total Polyamine Assay Kit (BioVision) was used for fluorometric assessment of 

polyamine content in cells either stimulated with PhdpUV or unstimulated for 48 h after 

incubation with L-15, M1x, or M2x for 24 h. According to the manufacturer's 

indications, a sample background wells fluorescence (Ex/Em= 535/587 nm) was 

subtracted to the standards and reaction wells and the concentration determined 

according to the standard curve previously prepared. 

 

4.2.7.4. NO assay 
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NO production was measured in the supernatant collected from leucocyte primary cell 

cultures formerly incubated with the different AA treatments for 24h and stimulated 

with PhdpLPS, PhdpUV, or in the absence of stimuli for 72 or 96h. At each time, 50 µl 

of supernatant was transferred to a new 96-well plate and total nitrite and nitrate 

concentrations in the sample were assessed using the Nitrite/Nitrate colorimetric 

method kit (Roche). Nitrite concentration was calculated by comparison with a sodium 

nitrite standard curve. Since nitrite and nitrate are endogenously produced as oxidative 

metabolites of the messenger molecule NO, these compounds are considered as 

indicative of NO production. 

 

4.2.8. Apoptosis Assays  

After incubation for 24h with the different AA treatments, the cell culture media was 

replaced by a fresh solution without stimuli or containing AIP56. The medium was 

renewed at each hour, for 6 hours, and cells collected for caspase 3-active assay or 

for gene expression.  

 

4.2.8.1. Caspase 3-active 

The caspase 3-active assay was performed for each AA treatment in cells stimulated 

for 1, 3, and 6 h with AIP56. Cells without stimuli were used as control. The assay kit 

(Abcam) quantifies the cleavage of a substrate by caspase 3 or related caspases. The 

fluorescence (Ex/Em= 400/505 nm) was read and the fold-increase in caspase 3 

activity was determined by comparing with the level determined in unstimulated cells 

cultured with L-15. 

 

4.2.9. Gene expression 

Total RNA was extracted from cells collected for innate immune response and 

apoptosis as followed. After supernatant collection, wells were washed with HBSS and 

NZYol (NZYTech) reagent was added to each well, following the manufacturer’s 

indications and resuspended in free nuclease water (NZYTech). RNA was quantified 

using the DS-11 Spectrophotometer (DeNovix) and samples were treated with DNase 

using RQ1 RNase-free DNase kit (Promega) following the manufacturer’s indications. 

First-strand cDNA was synthesized with NZY First-Strand cDNA Synthesis Kit 
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(NZYTech). Quantitative PCR assays and primer design (Table 1) were performed as 

described by Machado, et al. 24.
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Table 1. Forward and reverse primers for real-time PCR. 1 

Acronym Gene Gene Bank ID Eff1 AT2 Product lenght3 Forward primer sequence (5’-3’) Reverse primer sequence (5´-3´) 

ef1α Elongation factor 1β AJ866727.1 96.45 57 144 AACTTCAACGCCCAGGTCAT CTTCTTGCCAGAACGACGGT 

il1β Interleukin 1 β AJ311925 96.70 57 105 AGCGACATGGTGCGATTTCT CTCCTCTGCTGTGCTGATGT 

il6 Interleukin 6 AM490062.1 134.62 55 81 AGGCACAGAGAACACGTCAAA AAAAGGGTCAGGGCTGTCG 

il8 Interleukin 8 AM490063.1 102.87 55 140 CGCTGCATCCAAACAGAGAGCAAAC TCGGGGTCCAGGCAAACCTCTT 

il10 Interleukin 10 AM268529.1  116.00 55 164 ACCCCGTTCGCTTGCCA CATCTGGTGACATCACTC 

il13r Interleukin 13 receptor KT809426.1 100.6183 55 118 AGGAACCGATGGAGTGAGTG CCATAGCCATACCGCTTCAT 

tnfα Tumor necrosis factor α DQ070246.1 108.81 55 112 AGCCACAGGATCTGGAGCTA GTCCGCTTCTGTAGCTGTCC 

cox2 Cyclooxygenase 2 AJ630649.1 81.30 61 160 CATTCTTTGCCCAGCACTTCACC AGCTTGCCATCCTTGAAGAGTC 

infγ Interferon γ FQ310507.3 118.3801 55 194 GTACAGACAGGCGTCCAAAGCATCA CAAACAGGGCAGCCGTCTCATCAA 

odc Ornithine decarboxylase KM225771 111.71 60 69 GGGCTGTAGTTATGACACTGGCATCC GCTGAATCTCCATCTTGCTTGCACAGT 

arg2 Arginase 2 KM225768.1 90.25 57 145 TTGGCGACCTCAACTTCCAC CCCAGCATGACAAGGGTGTG 

mtor Mechanistic target of rapamycin DLAgn_00134190 127.25 55 848 CAGAACCAAGGACGTGACGA TGGTAGTAGAGGTCCCAGGC 

sod Superoxide dismutase CX660893.1 103.0254 55 71 GGAGAGTGATTCAGCCCCTG GGAAACCATGCTCACCAGGA 

nfkb Nuclear Factor Kappa B DLAgn_00239840 113.28 55 136 GCTGCGAGAAGAGAGGAAGA GGTGAACTTTAACCGGACGA 

p65 Nuclear factor NF-kappa-B p65 subunit DLAgn_00141590 97.63 62 204 GTGTGGTTTGTGTTGCCTTG CCCTGAACCCATCTCGACTA 

casp3 Caspase 3 DQ345773.1 130.10 55 235 CTGATTTGGATCCAGGCATT CGGTCGTAGTGTTCCTCCAT 

casp8 Caspase 8 DLAgn_00001990 107.71 60 140 CCGATGTTCTGGTAGCCATT GAGGATGGTGGTCATGTCGT 

casp9 Caspase 9 DLAgn_00133660 103.73 60 127 TCTTGAGGAAAATGCGGTTA TTTGCGGAGGAAGTTAAAGG 

amd 1 Adenosylmethionine Decarboxylase 1 KM225770 118.64 57 63 CTGACGGAACTTACTGGACCATC CGAAGCTGACGTAGGAGAACTC 

sms Spermine synthase DLAgn_00042290 111.71 55 132 GCACCTTTGGTTTCTCCTGA AACTCAGTCCCACAGGGTTG 

dnmt1 DNA methyltransferase 1 DLAgn_00191600 84.37 60 193 ATGGCTTCACAAATGGCTCT GATGGCTGTTTCCCACTGTT 

dnmt3a DNA methyltransferase 3a DLAgn_00025050 79.08 60 126 AAGTGGAAGATGGAGGCAGA AGGCGATGGGTGTTTGATTA 

dnmt3b DNA methyltransferase 3b DLAgn_00125770 79.08 60 172 AAGCCCAAAGAAGGAGAGGA GCAGGTTTCCCCAGAAGTATC 

ido2 Indoleamine -dioxygenase 2 DLAgn_00014730 108.20 55 74 TGAAGGTGTGAGCAATGAGC CAAAGCACTGAATGGCTGAA 

afmid Arylformamidase-like DLAgn_00177950 128.26 55 112 CGTTTCCACCTGTTTGACCT CCTAGCCTGCTGAAGGACTG 

 1 The efficiency of PCR reactions was calculated from serial dilutions of tissue RT reactions in the validation procedure. 2 
2 Annealing temperature (°C) 3 
3 Amplicon (bp) 4 

https://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nucleotide&id=148472689
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4.2.10. Statistical analysis 

All results are expressed as mean ± standard deviation (mean ± SD). Data were 

analysed for normality and homogeneity of variance and, when necessary, 

transformed before being treated statistically. Data were analyzed by one-way (MTT 

assay) or multifactorial ANOVA, with AA, time, and stimulus as factors, and followed 

by Tukey post-hoc test to identify differences between the experimental treatments. 

All statistical analyses were performed using the computer package STATISTICA 12 

for WINDOWS. The level of significance used was p ≤ 0.05 for all statistical tests. 

 

4.3. Results 

MTT assay: After 24h incubation of HKL with the different AA concentrations, cell 

viability of the cells incubated with M2x was increased compared to the control (L-15) 

(Figure 2). Tryptophan treatmnts (T1x and T2x) failed to alter HKL viability. 

 

Figure 2. Cell viability after 24h incubation with the different AA treatments.  Values 

are presented as means ± SD (n = 12). P-values from one-way ANOVA (P ≤ 0.05). 

Tukey post hoc test was used to identify differences in the experimental treatments (p-

value = 0.001). Different letters indicate differences among AA treatments. 

 

4.3.1 Immune response 

ATP production: All AA treatments presented higher ATP concentration in response 

to PhdpUV  compared to  Ø and LPSPhdp after 4 h (Figure 3). At 24 h of incubation, 

L-15 cells desplayed higher ATP when incubated with PhdpUV than those incubated 

with  LPSPhdp. Methionine-treated cells (M1x and M2x) failed to show differences in 

response to the different stimulus, AA doses and incubation times.  Nevertheless ATP 

concentration was significantly increased in both methionine doses (M1x and M2x) in 

response to PhdpUV compared to the remaining stimulus at 4 h, with this production 
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significantly decreasing at 24 h for the M1x.  Both T1x and T2x failed to show improved 

ATP production in response to LPSPhdp whereas increasing its production in 

response to PhdpUV at 4 h. In fact, the higher tryptophan dose (T2x) showed the same 

pattern after 24 h of incubation. Among the different AA treatments no differences were 

observed in ATP production in the absence of stimuli (Ø) nor in cells incubated with 

LPSPhdp and in both incubation times. Nonetheless, ATP concentration was found 

decreased in T1x and T2x in response to PhdpUV after 4 h.  

 

Figure 3. Extracellular ATP concentration in the supernatant of HKL subjected to the 

experimental treatments. Values are presented as means ± SD (n = 6). P-values from 

multifactorial ANOVA (P ≤ 0.05). Tukey post hoc test was used to identify differences 

between the experimental treatments (p-value < 0.001). Different low case letters 

indicate differences among AA treatments at the same time and stimuli, while capital 

letters denote statistically significant differences between stimuli, within the same AA 

treatment, at the same time. An asterisk indicates differences between times with the 

same stimulus.  

 

TAC concentration: No differences were found in total antioxidants concentration in 

the supernatant of HKL incubated with LPSPhdp or unstimulated during 4 and 24 h 

and previously incubated with the different AA treatments (Figure 4). 
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Figure 4. Extracellular TAC (total antioxidants concentration) in the supernatant of 

HKL subjected to the experimental treatments. Values are presented as means ± SD 

(n = 6). P-values from multifactorial ANOVA (P ≤ 0.05).  

 

Polyamines concentration: Since methionine has a recognized role in the polyamine 

biosynthesis pathway and no direct effect of tryptophan is expected, the assay was 

only performed in cells incubated with L-15, M1x, and M2x after 48 h stimulation with 

PhdpUV or unstimulated (Ø) (Figure 5). Unstimulated cells cultured with M2x showed 

an increased polyamine production compared to the remaining treatments while in 

response to a 48h incubation with PhdpUV, both HKL cultured in M1x and M2x showed 

a higher polyamine production than those incubated with L-15. Moreover, cells 

cultured in M1x presented a higher polyamine concentration in response to PhdpUV 

than unstimulated cells from the same treatment. 

 

Figure 5. Extracellular polyamines concentration in the supernatant of HKL subjected 

to the experimental treatments. Values are presented as means ± SD (n = 6). P-values 

from multifactorial ANOVA (P ≤ 0.05). Tukey post hoc test was used to identify 

differences in the experimental treatments (p-value = 0.048). Different low case letters 

indicate differences among AA treatments at the same stimuli, while capital letters 



Mediators of inflammation: unravelling the role of methionine and tryptophan during infection 

ICBAS| 130 

 

 

denote statistically significant differences between stimuli within the same AA 

treatment.  

 

NO production: Nitric oxide production is presented in Figure 6. The production of NO 

in response to the different stimulus was modulated in both methionine doses. While 

M1x imporved NO concentration in response to PhdpUV compared to Ø, M2x-treated 

cells showed enhanced NO production upon PhdpUV compared to both Ø and 

LPSPhdp. Furthermore,  in response to PhdpUV both M1x and M2x presented higher 

NO production than those incubated with L-15, regardless incubation time, while 

tryptophan failed to show any alterations. 

 

Figure 6. Extracellular nitric oxide concentration in the supernatant of HKL subjected 

to the experimental treatments. Values are presented as means ± SD (n = 6). P-values 

from multifactorial ANOVA (P ≤ 0.05). Tukey post hoc test was used to identify 

differences in the experimental treatments (p-value = 0.009). Different low case letters 

indicate differences among AA treatments while capital letters denote differences 

between stimuli.  

 

Gene expression: The mRNA transcripts of odc and dnmt3a were up-regulated in HKL 

exposed to LPSPhdp regardless of AA treatment and time, while the expression of il6 

decreased with time regardless AA or stimuli (Appendix III Table S1). 

In response to methionine medium supplementation the expression of some pro-

inflammatory genes were found up-regulated, as the tnfα, il13r and sod. In the lowest 
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methionine medium surplemmetnation (M1x) the mRNA expression of tnfα (Figure 7- 

A) was augmented independently of time and stimulus. Also, the il13r mRNA 

expression (Figure 7- B) of M2x cultured cells was found increased at 24h after 

exposure to LPSPhdp compared to the reaming AA treatments. In fact, this methionine 

supplemented group (M2x)  showed a significant higher il13r expression at 24 h 

compared to the 4 h and compared to unstimulated cells at the same time. The 

expression of sod (Figure 7- C) was found higher at 4h in HKL incubated with M2x 

relative to the M1x in the abcense of stimuli (Ø) in fact, its expression was found 

superior in unstimulated M2x than the one found for LPSPhdp at 4 h. Also the up-

regulation of methionine catabolism-related genes, sms and dnmt1 was observed in a 

methionine- surplus scenario. Both M1x and M2x treatments showed an improved 

expression of sms in response to LPSPhdp compared to L-15, regardless time with an 

improved response to LPSPhdp is observed for both AA levels compared to Ø (Figure 

7- D).  The dnmt1 mRNA expression (Figure 7- E) was found imporved in the higher 

methionine dose (M2x) in the abcense of stimuli (Ø) at 24 h, with a significant up-

regulation relative to the 4 h. Adittionally, M1x desplayed a significant higher 

dnmt1expression after 24h incubation with LPSPhdp showing a significant augment 

compared to Ø at the same time.  

By tryptophan medium supplementation, HKL showed the up-regulation of the anti-

inflammatory gene il10 upon incubation with LPSPhdp (Figure 7- F) with the higher 

tested dose (T2x) presenting increased expression comparered to all the remining 

treatments. Aditionally, il10 expression levels increased in cells incubated with T2x in 

response to LPSPhdp compared to the unstimulated cells. In response to LPSPhdp, 

arg2 transcripts were found up-regulated at 4h in HKL incubated with T2x compared 

to the remaining AA treatments and to its unstimulated counterpart, whereas arg2 

expression levels decreased in time in those same cells (Figure 7- G). HKL incubated 

with T2x up-regulated sod mRNA expression at 4h in response to LPSPhdp compared 

to the unstimulated groups and the remaining stimulated groups, while a decrease in 

expression level was observed with time (Figure 7- C). 
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Figure 7. Quantitative expression of (A) interleukin 10 (p- value < 0.001), (B) 

interleukin 13 receptor (p- value = 0.010), (C) tumor necrosis factor-α (p- value = 

0.001), (D) arginase-2 (p- value = 0.004), (E) superoxide dismutase (p- value = 0.039), 

(F) spermine synthase (p- value < 0.001), (G) DNA methyltransferase 1 (p- value = 

0.022) in HKL subjected to the experimental treatments. Values are presented as 

means ± SD (n=6). P-values from multifactorial ANOVA (P ≤ 0.05). Tukey post hoc 

test was used to identify differences in the experimental treatments (p- value = 0.009). 

Different low case letters indicate differences among AA treatments while capital 

letters denote statistically significant differences between stimuli. An asterisk indicates 

differences between times. 
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4.3.2 Apoptotic response 

Casp-3 active: A fold-change of caspase 3 activity relative to the unstimulated cells 

cultured with L-15 at 1 h was performed and presented in Figure 8. The activity of 

caspase 3 was evaluated in cells cultured with the different AA concentrations after 1, 

3, and 6 h of stimulation with AIP56 or in the absence of the stimulus. No modulation 

of casp3-activity was observed by methionine supplementation. Regardless of time or 

stimulus, a higher activity of caspase 3 was observed in HKL incubated with T1x and 

T2x relative to L-15. Moreover, cells cultured in L-15, T1x, and T2x presented an 

increase of casp-3 activity in response to AIP56.  

 

Figure 8. Caspase 3 activity of HKL subjected to the experimental treatments. Values 

are presented as means ± SD (n = 6). P-values from multifactorial ANOVA (P ≤ 0.05). 

Tukey post hoc test was used to identify differences in the experimental treatments (p- 

value < 0.001). Different low case letters indicate differences among AA treatments 

while capital letters denote statistically significant differences between stimuli for the 

same AA treatment.  

 

Gene expression: L-15 cells showed increased mtor, amd1 and dnmt3b expression at 

3 h compared to 1 and 6 h (Appendix III Table S2). Also, in response to the AIP56 the 

nfkb expression was down-regulated regardless AA treatment and time while the 

expression of il1β was found increased sepcifically at 1h of exposure regardless AA. 

Adittionaly,  L-15- incubated cells showed an improved casp3 expression at 3 h in 

response to AIP56 compared to Ø at the same time.  

A general increase of expression of pro-inflammatory genes, as the il1β, nfkb and il8 

were found in response to methionine medium supplementation. Irrespective to 
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stimuli, the expression of the pro-inflammatory signals, nfkb and il8 were found 

superior in M1x and M2x, respectively, after 3 h compared to L-15 and with both genes 

presenting a peak of expression at 3 h. Also, M2x showed higher amd1 at 3 h 

regardless stimuli. Aditionally, mtor was also find superior in M1x-treated cells at 3h. 

In response to AIP56, both methionine supplementation levels (M1x and M2x) allowed 

HKL to augment il1β  transcipts compared to L-15 while decreasing the expression of 

casp3 at 3 h.  

HKL incubated in a rich-trypophan medium showed a modulation of key apoptotic-, 

catabolism- and nutrient sensing-related genes. Regardless stimuli or incubation time, 

the expression of p65 and afmid were found down-regulated in T1x relative to L-15 

and the  dnmt3b expression was down-regulated specifically at 3 h. Also, unstimulated 

(Ø) HKL cultured with T2x showed lower  sms mRNA expression than those cultured 

with T1x and L-15. Moreover, T2x showed decreases amd1 expression at 3 h while 

increasing mtor expression at 6 h presenting a peak of expression at that time. In 

response to AIP56, casp3transcripts were found down-regulated at 3h in T1x and T2x 

compared to L-15 while T2x showed an increased  expression of casp8  3 h compared 

to T2x and L-15. 

 

4.4. Discussion  

The potential of methionine and tryptophan supplementation in the response of HKL 

upon immune stimulation with LPS-extracted and UV-inactivated Phdp was studied in 

vitro. Moreover, the HKL apoptosis instigated by AIP56 toxin was evaluated. The 

following discussion was assembled in order to individually debate each AA effect on 

the direct immune mechanism in response to the stimulus, on the AA-related pathways 

with close association with the innate mechanisms, and on the apoptotic signals.   

The present study showed that regardless of the AA treatment, the cell response was 

only slightly induced in response to LPSPhdp, with most changes only found at the 

transcriptional level. In fact, changes at the functional level were mostly observed in 

response to PhdpUV where no transcritopnal evaluation was perfomed. Nonetheless, 

at the transcriptional level, where only the effect of LPSPhdp was assessed, HKL cells 

cultured with L-15 or L-15 supplemented with the individual AA exhibited a general 

increase of odc and dnmt3a relative to the unstimulated cells. Ornithine 

decarboxylase, coded by odc, is responsible for the decarboxylation of ornithine to 
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putrescine in the polyamine pathway in macrophages44 while dnmt3a codes for 

cytosine-5-methyltransferase, the enzyme responsible for the “de novo” DNA 

methylation supporting epigenetic modifications important to cellular differentiation45.  

Despite the few transcriptional results, the LPSPhdp influence on cultured cells 

seemed to cause a limited effect at the functional level, displaying no differences to 

the unstimulated cells and being exceeded by the PhdpUV effect. Although both 

stimuli were compared only regarding NO and ATP production, a general increase of 

extracellular ATP concentration was observed in response to PhdpUV comparatively 

to LPSPhdp in the unstimulated groups. Increasing levels of extracellular ATP are 

expected during inflammatory conditions since it acts as an inflammatory mediator 

during inflammation in macrophages 46. This observation may point to the existence 

of other bacterial components rather than LPS that may be responsible for the 

observed ATP increment and since the expected level of LPS found in the PhdpUV 

inoculum at  a concentration of 1 × 106 CFU ml-1 is 0.006 µg ml-1 and significantly lower 

than the LPS inoculum used in  LPSPhdp (10 µg ml-1). Additionally, there are doubts 

regarding the LPS recognition mechanisms by teleost fish, and no known fish 

membrane receptor (i.e. Toll-like receptor) seems to be able to recognize LPS and 

induce inflammation 47. Bi, et al. 48 proposed the use of other strategies, as outer 

membrane vesicles produced by Gram-negative bacteria as a vehicle of LPS 

introduction to the intracellular host environment. These authors observed that 

similarly to mammals, fish cytoplasmic NOD1 receptor is able to recognize LPS 

activating the NFKB signal pathway and concomitant expression of pro-inflammatory 

signals.  Hence, the limited effects observed in the present work upon purified LPS 

cell-stimulation could be explained by the lack of an intermediary vehicle to deliver 

LPS into cell cytosol 49.  

AIP56 is an exotoxin secreted by virulent Phdp and induces apoptotic death of 

macrophages 50 impairing the phagocytic capacity of the host. Moreover, NFKB, a key 

transcriptional factor in the initiation of inflammation 51, is the central target of cleavage 

by the AIP56 52. In the present work, the effectiveness of the toxin was in fact verified 

with the significantly reduced nfkb expression in leucoytes incubated with AIP56, 

regardless of AA treatment and time of incubation.  
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4.4.1 Methionine 

In the present study, cultured cell viability was improved after 24 hours incubation with 

a medium containing two times more methionine than the L-15 medium. The 

recognized role of methionine in polyamine biosynthesis 19 has been proven to 

enhance European seabass leucocyte proliferation and response to infection in vivo 

9,10. Nonetheless, by the absence of proliferation and differentiation capacity of the 

present HKL cultured cells, the present results strictly point to a potential improvement 

of cell fitness. A noteworthy finding is that both methionine supplementation levels led 

to an increase of the polyamines cellular content after a 48 h incubation period in 

response to PhdpUV. Moreover, the highest methionine supplementation level (i.e. 

M2x) presented an increase in polyamine content even in the absence of a stimulus. 

Additionally and despite only evaluated in response to LPSPhdp, sms and dnmt1 

mRNA expression was found increased in response to the stimuli. Spermine synthase, 

coded by sms, is an enzyme responsible for the conversion of the polyamine 

spermidine into spermine, while dnmt1 is an enzyme that catalyses the transfer of 

methyl groups derived from SAM to specific CpG structures of the DNA regulation 

gene expression 18. It is then hypothesized that in the present study, a modulation of 

methionine-related pathways, more precisely the aminopropylation and methylation 

routes, respectively responsible for polyamine biosynthesis and DNA methylation, 

were indeed stimulated. This is in accordance with previous in vivo studies that 

demonstrated an improvement of cellular immune status and immune response to an 

inflammatory agent with the modulation of methionine-related polyamine biosynthesis 

pathways 9,10. Moreover, both methionine-supplementation levels led to an 

improvement of NO production in response to the inactivated bacteria (PhdpUV) 

compared to the control medium. Also, M1x and M2x were the only treatments that 

increased NO production in response to both unstimulated and LPSPhdp groups. As 

previously observed by Azeredo, et al. 16 in response to UV-inactivated Vibrio 

anguilarum, the increase of NO production in response to PhdpUV could be related to 

methionine ability to indirectly modulate the respiratory burst mechanisms. As cysteine 

precursor, and consequently precursor of the free radical scavenger glutathione, 

methionine could have an important role in redox potential modulation 12. This is 

supported by the increased SOD expression levels in M2x treatment since sod, the 

superoxide dismutase, is a major antioxidant defence enzyme 53.  
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When the apoptotic mechanisms were induced by the introduction of the bacterial 

exotoxin AIP56 50, methionine supplementation led to a down-regulation of casp3 

compared do the control medium after 3 h of stimulus and to higher expression of nfkb 

in M1x-cultured cells at 3h, regardless of stimulus. Caspase 3 is an apoptotic 

executioner caspase, triggered by the resulting chain reaction of the formerly activated 

initiator caspases (e.g. caspases 8 and 9) 54. Also, as previously discussed, through 

the cleavage of NFKB, AIP56 impairs key inflammatory mechanisms such as the 

transcription of DNA and cytokine production 51, leucocyte recruitment and cell survival 

55. Knowing that in vitro methionine deprivation was able to induce apoptosis 56 we 

consider that by the improvement of cell viability and overall cell fitness, methionine 

supplementation may have contributed to the decrease of apoptotic signals, thus 

alleviating AIP56-induced apoptosis. In fact, the expression of the NFKB down-stream 

pro-inflammatory cytokine, the IL1β was found augmented in response to AIP56, 

showing signs of higher activity of the transcription factor. 

The present results noticeably point to an improvement of HKL immune response by 

methionine medium supplementation, mostly at the highest supplementation level (i.e. 

1.5 mM). It is then proposed that the effects observed in recent in vivo works, where 

dietary methionine supplementation was able to enhance European seabass immune 

status and inflammatory machinery 9,14,57, rely on the amelioration of the pathways 

related to methionine catabolism, with a strict relationship with the leucocyte response. 

Finally, the overall improved cell status in the methionine-supplemented medium 

seemed to be in accordance with the protection against the apoptotic agent AIP56, 

and could be essential for the improvement of disease resistance against Phdp, as 

previously observed by Machado, et al. 10. 

 

4.4.2 Tryptophan 

Culture-medium supplementation of tryptophan during 24 h did not have an effect on 

cell viability, however a tendency to a reduction of cell viability was observed with the 

increase of the AA concentration. Tryptophan involvement in the immune system relies 

mostly on the suppressor role of its metabolites, and despite a reduction of the NO 

production was expected 16,58, only a reduction of the extracellular ATP was detected 

in response to PhdpUV. The ATP released by the inflammatory cells works as a pro-

inflammatory autocrine/paracrine purinergic signal 59 and, by tryptophan 

supplementation, this indicator was reduced. Macrophages are able to be 
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differentiated into distinct groups according to not only the inductor of differentiation 

but also to the inflammation stage and perceived signals 30. Commonly baptized as 

SHIP [Sample, Heal (M2), Inhibit (M1), and Present (antigen)] 60 macrophages present 

some plasticity regarding their state and type 2 macrophages (M2) are associated to 

the healing and repair phase of the inflammation. In the present study, HKL cultured 

in a tryptophan enriched environment were able to express more M2/repair type 

genotype since both the expression of the anti-inflammatory cytokine interleukin 10, 

il10, and the enzyme arginase 2, arg2, increased in response to LPSPhdp. Polarized 

M2 macrophages are known to produce large quantities of il10 61 and ornithine 

generated from arginase is associated with M2 phenotype 62.  Despite contradictory, 

the specific function of this enzyme is believed to be anti-inflammatory, as reviewed 

by Yang and Ming 63. In the present study, the mRNA expression of the antioxidant 

enzyme superoxide dismutase, sod, increased in the highest supplementation level 

tested (T2x) at 4 h after the introduction of the stimulus with LPSPhdp. This could also 

be perceived as an M2 activation mechanism since a direct cause-effect relationship 

between them was observed by Tan, et al. 61. Unfortunately, in the present study, it 

was not possible to observe changes in the expression of genes related to tryptophan 

pathways. In macrophages, tryptophan catabolism is mediated by IDO and relies on 

both tryptophan availability 5 and induction by an inflammatory stimulus 25. Thus, it was 

expected to notice changes both in ido2 and in arylformidase-like (afmid) mRNA 

expression. 

In response to the AIP56, cells cultured in a tryptophan-supplemented medium (both 

T1x and T2x) presented an increase of caspase 3 activity, with an overall higher 

activity relative to the control cells, L-15- medium cultured HKL. Peculiarly, the mRNA 

expression of casp3, an executioner caspase, was found down-regulated relative to 

L-15 at 3 h of stimulus, while T2x-culture cells improved mtor expression at 6 h, which 

is involved in cell proliferation. It can be speculated that the apoptotic mechanisms 

were in fact empowered by tryptophan surplus since, together with caspase 3 activity, 

the initiator caspase 8 expression increased at 6 h in cells cultured with T1x. The 

immunosuppressive role of tryptophan surplus is further supported by the observed 

down-regulation of amd1, sms, and dntm3a, which are genes with a key role in the 

support of cell proliferation and differentiation. The expression of the target of AIP56 

cleavage associated protein involved in the translocation and activation of the NFKB 
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(the subunit p65) was also reduced by tryptophan supplementation and despite data 

included both unstimulated and AIP56-stimulated cells, results seem to point to an 

aggravation of the cell capacity to respond to AIP56.  

Tryptophan supplementation above the level present in the L-15 medium points out to 

an attenuated inflammatory response mostly sustained in heal/repair extend of the 

immune system. Despite the lack of changes in the modulation of genes related with 

the AA pathways, it is hypothesized that in fact those mechanisms could have been 

prompted in order to sustain the M2/healing type of response to both LPSPhdp and 

PhdpUV. In fact, some recent in vivo evidence indicates that the dietary 

supplementation of tryptophan in European seabass compromises leucocytes 

inflammatory response to UV-inactivated 6,9,14 and live Phdp, ultimately jeopardizing 

fish disease resistance to the pathogen 24. This is in accordance with the observed 

general increase of apoptotic indicators and compromised immune response to AIP56 

in the cultured cells. 

The range of metabolic pathways that are dependent on a proper supply of specific 

AA unveil their importance in the support of metabolism and health 64. Also, immune 

homeostasis, which comprises host capacity to recognize, properly respond and 

repair, trusts on the adequate supply of specific AA. All these mechanisms are highly 

controlled and each pathway is initiated or inhibited according to numerous perceived 

signals. Nonetheless, specific AA can have a lead-role in the pro-inflammatory part of 

the event (e.g. methionine) while others seem to play a more important role on the 

resolution of inflammation (e.g. tryptophan), presenting both the same importance in 

the overall immune response. Methionine and tryptophan have clearly shown their 

distinct role in immune response with different and contrasting outcomes by the 

modulation of individual key pathways. On one hand, methionine surplus improved 

cell responses to an inflammatory agent and lowered signals of apoptosis by AIP56 

induction. On the other hand, tryptophan surplus displayed several signals of 

attenuated inflammatory response to PhdpUVand lowered cell resilience to AIP56.  
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Dietary methionine supplementation improves the European 

seabass (Dicentrarchus labrax) immune status following long-term 

feeding fish meal free diets 

 

 

Abstract 

Methionine is a limiting AA in fish diets, particularly in those containing high levels of 

plant protein and is key in the immune system. Accordingly, outcome on the fish 

immune mechanisms of a methionine deficient and supplemented diet within the 

context of 0% fish meal formulation, after a short and prolonged feeding period, was 

studied in European seabass (Dicentrarchus labrax).  For this, seabass juveniles 

were fed a (i) fish meal-free diet, meeting AA requirements, but deficient in 

methionine (MET0.65); (ii) as control, the MET0.65 supplemented with L-methionine 

at 0.22% of feed weight (CTRL); (iii) two diets, identical to MET0.65 but 

supplemented at 0.63 and 0.88 % of feed weight of L-methionine (MET1.25 and 

MET1.5, respectively); and (iv) a fish meal -based diet (FM), as positive control. After 

2 and 12 weeks of feeding, blood and plasma were sampled for leucocyte counting 

and humoral parameters assays and head kidney collected for gene expression. 

After 2 weeks of feeding a fish meal free diet supplemented with methionine led to 

changes in the expression of methionine- and leucocyte- related genes. Methionine 

immune-enhancer role was more evident after 12 weeks with an increased 

neutrophils percentage and a decrease expression of apoptotic genes, possibly 

indicating an enhancement of fish immunity by methionine dietary supplementation. 

Furthermore, even though CTRL and FM present similar methionine content, CTRL 

presented a reduced expression of several immune-related genes indicating that in a 

practical plant protein based-diet scenario the requirement level of methionine for an 

optimal immune status could be higher.  
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5.1. Introduction 

The fish farming industry is constrained by the limited availability and high price of 

fish oil (FO) and fish meal (FM) for feed, whereas, the higher availability and lower 

price of vegetable oils (VO) and plant proteins (PP) make the latter the most viable 

alternatives 1,2. Such PP/VO -based feeds are more prone to be nutritionally 

unbalanced, and can even incorporate some antinutritional factors that might 

negatively impact fish physiological processes, ultimately impacting fish growth, 

health and welfare 3-6. Plant proteins sources tend  to be low in some essential amino 

acids (AA) 7, often lysine and methionine 8, and their use as replacements for FM 

requires a careful combination of plant-proteins and/or supplementation with specific 

crystalline AA, to satisfy the nutritional requirements of the species 9. Moreover, fish 

requirement of some AA appear to increase when fish are fed a PP diet, since their 

feeding intake, growth and protein utilization may be reduced 10. Therefore, 

establishment of optimal dietary requirements and characterization of the AA profile 

of the alternative protein sources is imperative in fish nutrition research 11. 

Nonetheless, AA are not only characterized as the building blocks for protein 

synthesis, key for growth, AA also regulate key metabolic pathways in others 

biological processes such as reproduction and immune defenses 11, acting as 

precursors for the synthesis of hormones and metabolites as polyamines, serotonin, 

nitric oxide and glutathione 12. The immune system is in fact highly dependent of AA 

availability since their metabolism altered in stress and inflammatory situations 11,13-

17. A growing interest on the role of several AA in the immune functions of fish, as in 

higher vertebrates, as shown that specific AA can modulate specially the innate 

immune responses 18-22. Additionally, the AA requirements levels often established by 

optimal growth overlook the metabolic needs associated to immune responses, 

health, reproduction and cell signaling 11. Hence, underestimation of the true AA 

requirement level may occur. 

The interaction between nutrition and immune system is well recognized and raised 

the discussion about the so called functional AA 23. Methionine is an example of the 

relationship between nutrition and immunity. It is often the first limiting AA in fish 

diets, particularly in those containing high levels of plant protein sources (e.g. 

soybean) 24. Likewise, methionine has a key role in the immune system. As a 

precursor of S-adenosylmethionine (SAM), a universal methyl donor group, 

methionine participates in the regulation of many cellular events involved in 
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polyamines synthesis, formation of signaling molecules essential for cellular function, 

hormones, bioactive amines, enzymes, neurotransmitters, nitric oxide, DNA 

methylation and the control of inflammation 25-28. In fact, increased levels of dietary 

methionine, above the required for optimal growth, led to an improved immune 

response in poultry 29,30, while in fish recent results show that methionine dietary 

supplementation improved seabass cellular immune status without evidences of 

activation of pro-inflammatory mechanisms 20,21. Moreover, increased Methionine 

level improved disease resistance against Photobacterium damselae subsp. 

Piscicida  in European Seabass 21. On the other hand, Wu, et al. 29 discussed that 

also methionine dietary deficiency could impair cellular immune function in broilers. 

Therefore, an accurate estimation of the dietary methionine requirement in fish, 

needs to be intensively studied, in particular in the present feed formulation 

scenarios. In addition, methionine also presents key roles in fish health management. 

This work intended to compare the effects on the immune mechanisms of an extreme 

feed formulation (0% FM, low methionine) compared to a fish meal -based diet (FM), 

and to graded levels of methionine, after a short and prolonged feeding period.  

 

5.2. Material and methods  

 

5.2.1. Experimental design 

European seabass (Dicentrarchus labrax) juveniles were acquired from a certificated 

hatchery (MARESA, Spain) and maintained in quarantine for two weeks at the 

Ramalhete research station (Centre of Marine Sciences of Algarve, University of 

Algarve) fish holding facilities under the rearing conditions described below. After this 

period, fish were weighed (10.34 ± 0.19 g) and randomly distributed into 15 tanks 

(1000 L; 5 groups with 3 replicates of 50 fish each) of a land-based flow-through 

system with a supply of 2 L/min of seawater. The trial was performed between May 

and August and average temperature was 22 ± 2.0 °C, dissolved O2 in seawater was 

92.7 ± 4.5 % of saturation, salinity (35 ± 0.3 ppt) and natural photoperiod (May - 

August 2018). Ammonium and nitrite levels were kept below 0.025 and 0.3 mg l-1, 

respectively.  

European seabass juveniles were acclimated during 1 week to the experimental 

rearing conditions and fed the same commercial diet used in the acclimatization 

period. Thereafter, five treatments were evaluated in triplicate groups in a complete 
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randomized design: four fish meal free diets with 0.65 % methionine in feed 

(MET0.65, below requirement), 0.85 % methionine in feed (CTRL, at req. 31), 1.25 % 

methionine in feed (MET1.25, above req.) and 1.5 % methionine in feed (MET1.5, 

above req.) and a high fish meal diet with 1.18 % methionine in feed (FM, above 

req.). Fish were fed by hand ad libitum and the feeding trial lasted for 12 weeks.  

At 2 and 12 weeks after feeding the experimental diets, 45 fish from each group (15 

per replicate) were euthanized by an overdose of anesthetic (Tricaine 

methanesulfonate; Sigma, Germany), weighed and blood and head kidney samples 

were collected.  

Blood was collected from the caudal vein using heparinized syringes. A drop of 

bloodfrom 3 fish per replicate (n = 9) was used to perform blood smears for 

peripheral diferential leucocytes counting whereas the remaining sample was 

centrifuged at 10000 x g for 10 min at 4 °C and the plasma collected, frozen on dry 

ice and stored at -80 °C for evaluating innate humoral immune parameters. Plasma 

samples were pooled from every 3 individuals (5 pools per replicate). Head kidney 

tissues were collected from 2 fish per replicate (n = 6), immediately frozen on dry ice 

and stored at -80 ° C until processed for gene expression analysis. 

The trial was conducted according to the guidelines on the protection of animals used 

for scientific purposes from the European directive 2010/63/UE. CCMAR facilities 

and their staff are certified to house and conduct experiments with live animals 

(Group-C licenses by the Direção Geral de Alimentação e Veterinária, Ministério da 

Agricultura, Florestas e Desenvolvimento Rural, Portugal). The protocol was 

approved by CCMAR Animal Welfare Committee. 

 

5.2.2. Experimental diets 

Four plant protein-based diets (Table 1) were formulated and manufactured by 

SPAROS Lda. (Olhão, Portugal). The M0.65 diet was formulated to meet the 

estimated AA requirements for European seabass 31, except for a deficiency in 

methionine. Three other diets were identical to the M0.65 diet but supplemented with 

graded levels of crystalline methionine at 0.22, 0.63 and 0.88 % of feed (CTRL, 

MET1.25 and MET1.5, respectively). Moreover, a fifth diet high in fish meal was 

formulated as a positive control (FM). After total AA analysis in feed (Table 2), 

methionine content in MET0.65 was 20 % below CTRL, while methionine 

supplementation led to 39 and 70 % increase above CTRL (MET1.25 and MET1.5, 



Mediators of inflammation: unravelling the role of methionine and tryptophan during infection 

ICBAS| 155 

 

respectively). Methionine supplementation levels were chosen according to previous 

works 18,20,21 and with the aim to assess the effects of methionine deficiency and its 

graded supplementation levels in an alternative feed formulation (i.e. 0 % FM) 

context. Formulation and proximate composition of the experimental diets are 

presented in Table 1. 

Main ingredients were ground (below 250 μm) in a micropulverizer hammer mill 

(SH1; Hosokawa Micron, B.V., Doetinchem, The Netherlands). Powder ingredients 

and oils were then mixed according to the target formulation in a paddle mixer 

(RM90; Mainca, S.L., Granollers, Spain). All diets were manufactured by 

temperature-controlled extrusion (pellet sizes: 1.5 mm) by means of a low-shear 

extruder (P55; Italplast, S.r.l., Parma, Italy). Upon extrusion, all feed batches were 

dried in a convection oven (OP 750-UF; LTE Scientifics, Oldham, UK) for 4h at 45°C. 

Formulation of experimental diets is presented in Table 1. Proximate composition 

analysis was conducted by the following methods: dry matter, by drying at 105 ºC for 

24 h; ash, by combustion at 550 ºC for 12 h; crude protein (N × 6.25), by a flash 

combustion technique followed by gas chromatographic separation and thermal 

conductivity detection (LECO FP428); fat, after petroleum ether extraction, by the 

Soxhlet method; total phosphorus, according to the ISO/DIS 6491 method, using the 

vanado-molybdate reagent; gross energy, in an adiabatic bomb calorimeter (IKA). 

Diets were analyzed for total AA content. Diet samples were hydrolyzed in 6M HCl at 

116 ºC for 2 h in nitrogen-flushed glass vials. Samples were then pre-column 

derivatised with Waters AccQ Fluor Reagent (6-aminoquinolyl-N-hydroxysuccinimidyl 

carbamate) using the AccQ Tag method (Waters, USA). Analyses were done by 

ultra-high performance liquid chromatography (UPLC) in a Waters reversed-phase 

AA analysis system, using norvaline as an internal standard. During acid hydrolysis 

asparagine is converted to aspartate and glutamine to glutamate, so the reported 

values for these AA represent the sum of the respective amine and acid. Since it is 

partially destroyed by acid hydrolysis, tryptophan was not determined. The resultant 

peaks were analyzed with EMPOWER software (Waters, USA). The AA profile of the 

experimental diets and the relative percentage of methionine supplementation are 

presented in Table 2.  
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Table 1. Formulation of the experimental diets. 

Ingredients (% w/w) M0.65 CTRL M1.25 M1.5 FM 

Fishmeal LT701 - - - - 25 
Fishmeal Super Prime2 - - - - 6 
Fishmeal 603 - - - - - 
Sardine hydrolysate4 5 5 5 5 - 
Krill meal5 - - - - 5 
Haemoglobin powder6 4 4 4 4 2.5 
Poultry meal 657 5 5 5 5 15 
Soy protein concentrate8 15 15 15 15 - 
Wheat gluten9 5.3 5.3 5.3 5.3 - 
Corn gluten10 4 4 4 4 - 
Soybean meal 4811 25 25 25 25 4 
Rapeseed meal12 10 10 10 10 5 
Wheat meal13 5.15 5.15 5.15 5.15 15.6 
Whole peas14 - - - - 8 
Pea starch15 3.65 3.65 3.65 3.65 - 
Fish oil16 6.3 6.3 6.3 6.3 10.8 
Soybean oil17 2.8 2.8 2.8 2.8 - 
Rapeseed oil18 4.9 4.9 4.9 4.9 - 
Vit+Min premix19 1 1 1 1 1 
Betaine HCl20 - - - - 0.5 
Brewer's yeast21 - - - - 1 
Antioxidant22 0.2 0.2 0.2 0.2 0.2 
Sodium propionate23 0.1 0.1 0.1 0.1 0.1 
MCP24 2 2 2 2 - 
L-Lysine25 0.1 0.1 0.1 0.1 - 
L-Tryptophan26 0.1 0.1 0.1 0.1 - 
DL-Methionine27 - 0.22 0.63 0.88 - 
L-Taurine28 0.4 0.4 0.4 0.4 0.3 

      Composition (% as fed) M0.65 M0.85 M1.25 M1.5 FM 

Moisture 6 4.8 6.9 7 5.8 
Crude protein 43.7 44.5 43.9 43.9 44.5 
Crude fat 16.5 15.9 15.4 15.2 15.4 
Ash 8.9 9 8.5 8.6 11.9 
Fiber + NFE (estimated) 24.9 25.9 25.2 25.3 22.4 

 
1 NORVIK LT70: 70.7% crude protein (CP), 8.1% crude fat (CF), Pesquera Diamante, Peru. 
2 Diamante: 66.3% CP, 11.5% CF, Pesquera Diamante, Peru. 

3 COFACO 60: 62.3% CP, 8.4% CF, COFACO, Portugal. 
4 TRIPLE S: 79.5% CP, 0.2% CF, Sopropêche, France.  
5  Krill meal: 61.1% CP, 17.4% CF, Aker Biomarine, Norway. 
6 Porcine hemoglobin: 91.6% CP, 1.2% CF, SONAC BV, The Netherlands. 
7 Poultry meal: 62.4% CP, 14.5% CF, SAVINOR UTS, Portugal. 
8 Soycomil P: 63% CP, 0.8% CF, ADM, The Netherlands. 
9 VITAL: 83.7% CP, 1.6% CF, ROQUETTE Frères, France. 
10 Corn gluten meal: 61% CP, 6% CF, COPAM, Portugal. 
11 Dehulled solvent extracted soybean meal: 47% CP, 2.6% CF, CARGILL, Spain. 
12 Defatted rapeseed meal: 34% CP, 2% CF, Premix Lda, Portugal. 
13 Wheat meal: 10.2% CP; 1.2% CF, Casa Lanchinha, Portugal. 
14 Yellow peas: 19.6% CP, 2.2% CF, Ribeiro e Sousa Lda, Portugal. 
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15 NASTAR: 90% starch, Cosucra, Belgium. 
16 Sopropêche, France. 
17 Henry Lamotte Oils GmbH, Germany. 

18 J.C. Coimbra Lda, Portugal. 
19 PREMIX Lda, Portugal: Vitamins (IU or mg/kg diet): DL-alpha tocopherol acetate, 100mg; sodium 

menadione bisulphate, 25mg; retinyl acetate, 20,000 IU; DL-cholecalciferol, 2,000 IU; thiamin, 30mg; 

riboflavin, 30mg; pyridoxine, 20mg; cyanocobalamin, 0.1mg; nicotinic acid, 200mg; folic acid, 15mg; 

ascorbic acid, 500mg; inositol, 500mg; biotin, 3mg; calcium panthotenate, 100mg; choline chloride, 

1,000mg, betaine, 500mg. Minerals (g or mg/kg diet): copper sulfate, 9mg; ferric sulfate, 6mg; 

potassium iodide, 0.5mg; manganese oxide, 9.6mg; sodium selenite, 0.01mg; zinc sulfate,7.5mg; 

sodium chloride, 400mg; excipient wheat middlings. 
20 Beta-Key 95%, ORFFA, The Netherlands. 

21 PREMIX Lda, Portugal. 
22 Paramega PX, Kemin Europe NV, Belgium. 
23 Disporquímica, Portugal. 
24 MCP: 22% phosphorus, 16% calcium, Fosfitalia, Italy. 
25 Lysine HCl 99%, Ajinomoto Eurolysine SAS, France. 

26 L-Tryptophan 98%, Ajinomoto Eurolysine SAS, France. 
27 DL-Methionine for Aquaculture: 99% Methionine, Evonik Nutrition & Care GmbH, Germany. 
28 ORFFA, The Netherlands 

 

 

 

Table 2. Amino acid composition of the experimental diets. 

Amino acids (mg/g 
DW) 

M0.65 CTRL M1.25 M1.5 FM 

Arginine 39.4 37.4 38.8 39.7 40.9 

Histidine 14.7 14.9 15.4 13.8 13.4 

Lysine 35.6 34.8 32.1 33.8 41.3 

Threonine 19.8 18.9 20.6 18.2 24.7 

Isoleucine 20.4 19.9 19.9 20.3 20.1 

Leucine 40.3 39.0 39.3 41.3 37.4 

Valine 25.4 24.0 25.5 26.1 25.4 

Methionine 
11.2 

(20 % below 
CTRL) 

14.0 
 
 

19.5 
(39 % above 

CTRL) 

23.9 
(70 % above 

CTRL) 

12.7 
(9 % below 

CTRL) 

Phenylalanine 26.8 26.0 26.2 27.1 23.9 

Cysteine 3.6 3.5 3.1 3.2 3.7 

Tyrosine 21.0 18.4 20.6 20.2 17.6 

Aspartic acid + 
Asparagine 

43.4 44.4 42.5 40.0 49.6 

Glutamic acid + 
Glutamine 

94.5 94.3 89.0 89.4 79.9 

Alanine 24.5 25.0 25.6 24.0 31.0 

Glycine 23.9 24.3 25.5 24.3 33.8 

Proline 32.4 33.1 31.1 31.4 30.1 

Serine 24.7 23.3 23.8 22.7 25.5 

Taurine 4.3 4.8 4.4 4.7 4.6 

 
 
5.2.3. Diferential leucoytes counting 
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Immediately after blood collection, blood smears were performed and air dried. After 

fixation with formol-ethanol (10% of 37% formaldehyde in absolute ethanol), 

detection of peroxidase was carried out as described by Afonso, et al. 32 in order to 

facilitate identification of neutrophils. Blood smears were then stained with Wright's 

stain (Haemacolor; Merck). Slides were examined (1000×), and at least 200 

leucocytes were counted and classified as the relative percentage (%) of 

thrombocytes, lymphocytes, monocytes and neutrophils.  

 

5.2.4. Analyses of plasma innate immune parameters 

 

5.2.4.1. Peroxidase activity 

Total peroxidase activity in plasma was measured following the procedure described 

by Quade and Roth 33. In triplicates, 15 µl of plasma was diluted with 135 µl of HBSS 

without Ca+2 and Mg+2 in flat-bottomed 96-well plates. Then, 50 µl of 20 mM 3,3’,5,5’-

tetramethylbenzidine hydrochloride (TMB; Sigma) and 50 µl of 5 mM H2O2 were 

added. After 2 min, the color-change reaction was stopped by adding 50 µl of 2 M 

sulphuric acid and the optical density was read at 450 nm in a Synergy HT microplate 

reader. Wells without plasma were used as blanks. The peroxidase activity (units ml-1 

plasma) was determined by defining one unit of peroxidase as that which produces 

an absorbance change of 1 OD.  

 

5.2.4.2. Lysozyme activity 

Lysozyme activity was measured using a turbidimetric assay as described by Costas, 

et al. 22. A solution of Micrococcus lysodeikticus (0.5 mg ml-1, 0.05 M sodium 

phosphate buffer, pH 6.2) was prepared. In triplicates, 15 µl of plasma was added to 

a microplate and 250 µl of the above suspension were pipetted to give a final volume 

of 265 µl. The reaction was carried out at 25 ˚C and the absorbance (450 nm) was 

measured after 0.5 and 4.5 min in a Synergy HT microplate reader. Serial diluted, 

lyophilized hen egg white lysozyme (Sigma) in sodium phosphate buffer (0.05 M, pH 

6.2), was used to develop a standard curve. The amount of lysozyme in the sample 

was calculated using the formula of the standard curve.  

 

 

5.2.4.3. Anti-proteases activity 
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The anti-protease activity was determined as described by Ellis 34 with some 

modifications 20. Briefly, 10 µl of plasma were incubated with the same volume of a 

trypsin solution (5 mg ml-1 in NaHCO3, 5mg ml-1, pH 8.3) for 10 min at 22˚C in 

polystyrene microtubes. To the incubation mixture, 100 µl of phosphate buffer 

(NaH2PO4, 13.9 mg ml-1, pH 7.0) and 125 µl of azocasein (20mg ml-1 in NaHCO3, 

5mg ml-1, pH 8.3) were added and incubated for 1 h at 22 ˚C. Finally, 250 µl of 

trichloroacetic acid were added to each microtube and incubated for 30 min at 22 ˚C. 

The mixture was centrifuged at 10,000 × g for 5 min at room temperature. 

Afterwards, 100 µl of the supernatant was transferred to a 96 well-plate containing 

100 µl of NaOH (40 mg ml-1) per well. The OD was read at 450nm in a Synergy HT 

microplate reader. Phosphate buffer in place of plasma and trypsin served as blank 

whereas the reference sample was phosphate buffer in place of plasma. The 

percentage inhibition of trypsin activity compared to the reference sample was 

calculated. All analyses were conducted in triplicates. 

 

5.2.4.4 Proteases activity 

The protease activity was determined as described by Ross, et al. 35. Briefly, 10 µl of 

plasma was incubated in polystyrene microtubes, with 100 µl of phosphate buffer 

(NaH2PO4, 13.9 mg ml-1, pH 7.0) and 125 ml of azocasein (20 mg ml-1 in NaHCO3, 5 

mg ml-1, pH 8.3) 24h at 22 °C. Finally, 250 µl of trichloroacetic acid were added to 

each microtube and incubated for 30 min at 22 °C. The mixture was centrifuged at 

10,000 × g for 5 min at room temperature. Afterwards, 100 µl of the supernatant was 

transferred to a 96 well-plate containing 100 µl of NaOH (40 mg ml-1) per well. The 

OD was read at 450nm in a Synergy HT microplate reader. Phosphate buffer in place 

of plasma and trypsin served as blank whereas the reference sample was trypsin (5 

mg ml-1 in NaHCO3, 5mg ml-1, pH 8.3) in place of plasma. The percentage of 

proteases activity was calculated by comparison to the reference sample. All 

analyses were conducted in triplicates. 

 

5.2.4.5. Bactericidal activity 

The bactericidal activity assay was performed using (Photobacterium damselae 

subsp. piscicida, Phdp) strain PP3. Bacteria were cultured in tryptic soy broth (TSB) 

(Difco Laboratories) supplemented with NaCl to a final concentration of 2 % (w/v) 

(TSB-2) and exponentially growing bacteria were resuspended in sterile HBSS and 
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adjusted to 1 × 106 cfu ml-1. Plating serial dilutions of the suspensions onto TSA-2 

plates and counting the number of cfu following incubation at 22 °C confirmed 

bacterial concentration of the inoculum. Plasma bactericidal activity was then 

determined following the method described by Graham and Secombes 36 with 

modifications 20. Briefly, 20 µl of plasma were added to duplicate wells of a U-shaped 

96-well plate. HBSS was added to some wells instead of plasma and served as 

positive control. To each well, 20 µl of Phdp (1×106 cfu ml-1) were added and the 

plate was incubated for 2.5 h at 25 °C. Then, 25 µl of 3-(4, 5 dimethyl-2-yl)-2, 5-

diphenyl tetrazolium bromide (MTT, 1 mg ml-1; Sigma) were added to each well and 

incubated for 10 min at 25 °C to allow the formation of formazan. Plates were then 

centrifuged at 2000 × g for 10 min and the precipitate was dissolved in 200 µl of 

dimethyl sulfoxide (Sigma). The absorbance of the dissolved formazan resulting from 

the reduction of MTT in direct proportion to the number of viable bacteria present, 

was measured at 560 nm. Viable bacteria was expressed as percentage, calculated 

from the difference between the dissolved formazan in samples and the one formed 

in the positive controls (100%). The bactericidal activity was calculated as the 

percentage of non-viable bacteria. 

 

5.2.5. Gene expression analysis  

Total RNA isolation was conducted with NZY Total RNA Isolation kit (NZYTech, 

Lisbon, Portugal) following manufacturer's specifications. First-strand cDNA was 

synthesized with NZY First-Strand cDNA Synthesis Kit (NZYTech, Lisbon, Portugal). 

Quantitative PCR assays were performed with an Eppendorf Mastercycle ep 

realplex, using 1 µl of diluted cDNA (1:5 dilution) mixed with 10 µl of NZYSpeedy 

qPCR Master Mix and 0.4 µl (10 µM) of each specific primer in a final volume of 20 

µl. cDNA amplification was carried out with specific primers (Table 3) for genes that 

have been selected for their involvement in immune responses and methionine 

metabolism (Table 3). Primers were designed with NCBI Primer Blast Tool according 

to known qPCR restrictions (amplicon size, Tm difference between primers, GC 

content and self-dimer or cross-dimer formation). Sequences encoding European 

seabass, casp8, ccr3, mtor, mcsf1r1, cd8β and sms were identified after carrying out 

a search in the databases v1.0c seabass genome 37 and designed as described by 

Machado, et al. 21. Accession number, efficiency values, annealing temperature, 

product length and primers sequences are presented in Table 3. Melting curve 

https://www.nzytech.com/products-services/rna-purification-dnarna-purification/mb13402/
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analysis was also performed to verify that no primer dimers were amplified. The 

standard cycling conditions were 94°C initial denaturation for 2 min, followed by 40 

cycles of 94°C denaturation for 30 s, primer annealing temperature (Table 3) for 30 s 

and 72°C extension for 30 s. All reactions were carried out as technical duplicates. 

The expression of the target genes was normalized using the expression of 

European seabass ribosome 40s subunit (40s).  

 

5.2.6. Data analysis  

All results are expressed as mean ± standard deviation (mean ± SD). Data were 

analyzed for normality and homogeneity of variance and, when necessary, 

transformed before statistical analysis. All data expressed as percentage were 

arcsine transformed 38. Data were analyzed by two-way ANOVA, with time and diet 

as factors and followed by Tukey’s post-hoc test to identify differences in the 

experimental treatments. All statistical analyses were performed using the computer 

package STATISTICA 12 for WINDOWS. The level of significance used was P ≤ 0.05 

for all statistical tests.  
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Table 3. Forward and reverse primers for real-time PCR. 

Gene Acronym Gene Bank ID Eff1 AT2 Product lenght3 Forward primer sequence Reverse primer sequence 

40s Ribossomal protein (House-Keeping) 40s HE978789.1 92.96 55 79 TGATTGTGACAGACCCTCGTG CACAGAGCAATGGTGGGGAT 

Interleukin 1 β il1β AJ311925 96.70 57 105 AGCGACATGGTGCGATTTCT CTCCTCTGCTGTGCTGATGT 

Interleukin 10 il10 AM268529.1  116.00 55 164 ACCCCGTTCGCTTGCCA CATCTGGTGACATCACTC 

Interleukin 8 il8 AM490063.1 102.87 55 140 CGCTGCATCCAAACAGAGAGCAAAC TCGGGGTCCAGGCAAACCTCTT 

Interleukin 6 il6 AM490062.1  134.62 55 81 AGGCACAGAGAACACGTCAAA AAAAGGGTCAGGGCTGTCG 

Transforming growth factor-beta tgfβ AM421619.1  105.56 55 143 ACCTACATCTGGAACGCTGA TGTTGCCTGCCCACATAGTAG 

C-C chemokine receptor type 3 ccr3 DLAgn_00000190 117.69 55 381 GCACTGTATGTGACCCGGAA AGCAGATGTTTTGTTATCAGGACT 

Macrophage colony-stimulating factor 1 receptor 1 mcsf1r1 DLAgn_00109630 125.93 55 807 TTGACCGTGGAGAAGGCAAA AGAATGGACCTCAGCCAGTC 

Cyclo-oxygenase 2  cox 2 AJ630649.1 81.30 61 160 CATTCTTTGCCCAGCACTTCACC AGCTTGCCATCCTTGAAGAGTC 

Complement factor 3 c3 HM563078.1 111.48 57 165 CAGTGGGAATCTGTGGGCTT GGCAAACACCTTGGCAAC 

Tumor necrosis factor-alpha tnfα DQ070246.1 108.81 55 112 AGCCACAGGATCTGGAGCTA GTCCGCTTCTGTAGCTGTCC 

Macrophage migration inhibitory factor mif FN582353 123.69 60 76 GCTCCCTCCACAGTATTGGCAAGAT TTGAGCAGTCCACACAGGAGTTTAGAGT 

Cluster of differentiation 8 beta cd8β DLAgn_00090370 113.81 55 651 CGGAACCCAAAAGGCCAAAG TAGGCTGTAGATGCAGTGCT 

Immunoglobulin M igm FN908858 91.64 60 285 AGGACAGGACTGCTGCTGTT CACCTGCTGTCTGCTGTTGT 

Matrix-metalloproteinase 9 mmp9 FN908863.1 98.44 57 166 TGT GCC ACC ACA GAC AAC TT TTC CAT CTC CAC GTC CCT CA 

Ornithine decarboxylase odc KM225771 111.71 60 69 GGGCTGTAGTTATGACACTGGCATCC GCTGAATCTCCATCTTGCTTGCACAGT 

Mechanistic target of rapamycin  mtor  DLAgn_00134190 127.25 55 848 CAGAACCAAGGACGTGACGA TGGTAGTAGAGGTCCCAGGC 

Caspase 3 casp 3 DQ345773.1 130.10 55 235 CTGATTTGGATCCAGGCATT CGGTCGTAGTGTTCCTCCAT 

Caspase 8 casp 8 DLAgn_00001990  107.71 60 140 CCGATGTTCTGGTAGCCATT GAGGATGGTGGTCATGTCGT 

Gutathione peroxidase gpx DT044993 94.17 57 176 GTT TGG ACA TCA GGA GAA CTG C CAT CGC TGG GGT ATG GAA GC 

Spermine synthase sms DLAgn_00042290 111.71 55 132 GCACCTTTGGTTTCTCCTGA AACTCAGTCCCACAGGGTTG 

Arylformamidase-like  afmid DLAgn_00177950  128.26 55 112 CGTTTCCACCTGTTTGACCT CCTAGCCTGCTGAAGGACTG 

Spermine/spermidine N (1)-acetyltransferase sat 1 KM225772 97.55 63 55 GCATCATCGCTGAAATCCAAGGAGAGAACA CCAACCACCTTCAGGCCGTCACT 

Adenosylmethionine Decarboxylase 1 amd 1 KM225770 118.64 57.2 63 CTGACGGAACTTACTGGACCATC CGAAGCTGACGTAGGAGAACTC 

1 Efficiency of PCR reactions were calculated from serial dilutions of tissue RT reactions in the validation procedure. 
2 Annealing temperature (°C) 
3 Amplicon (nt) 

https://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nucleotide&id=148472689
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5.3. Results 

 

5.3.1 Peripheral leucocyte response 

The blood of 9 fish from each dietary group (3 per replicate), sampled after 2 and 12 

weeks of feeding, was used to perform a differential counting of each leucocyte type 

(Table 4). A feeding time effect was observed with an increase in the relative 

proportion of peripheral lymphocytes at 12 weeks regardless dietary treatment, 

whereas the opposite pattern was observed for circulating thrombocytes. A diet 

effect was observed in seabass fed M1.5 and FM dietary treatments by presenting a 

higher percentage of lymphocytes than those fed M0.65, regardless of the weeks of 

feeding. Moreover, the relative proportion of circulating neutrophils increased in fish 

fed M1.25, M1.5 and FM compared to seabass fed both M0.65 and CTRL dietary 

treatments and particularly after 12 weeks of feeding.  

5.3.2 Plasma innate humoral parameters 

For the evaluation of the innate humoral immune response, 45 fish were collected 

from each experimental group (15 per replicate) and, due to technical constrains, the 

plasma from each 3 fish was pooled. Humoral innate immune parameters assessed 

in plasma are presented in Table 5.  

An increased activity of several humoral parameters was observed, with anti-

proteases, proteases and bactericidal activity increasing from 2 to 12 weeks 

regardless dietary treatments. Lysozyme activity increased in seabass fed FM 

compared to those fed the CTRL diet regardless weeks of feeding. 

5.3.3 Head kidney gene expression 

With the aim to evaluate the expression of genes with key roles in both immune 

response and methionine metabolism, cDNA was transcribed from head kidney 

samples collected from 6 fish from each group (2 per replicate) and the normalized 

expression of each gene is presented in Table 6.  

The expression of il6, mmp9 and odc levels showed an increase with the increase of 

weeks of feeding. The expression of the genes coding for IL10, TNFα, MIF, IgM, 

ODC and CASP 8 increased in seabass fed FM compared to fish fed the CTRL diet, 

whereas mmp9 transcripts were higher in those fed FM than in seabass fed both 

CTRL and M0.65 dietary treatments. An increased expression of il10, il6 and casp8 

was observed in seabass fed M1.5 compared to those fed CTRL and M0.65 dietary 
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treatments, while fish fed M1.5 presented higher expression of mcsf1r1 and igm 

compared only to their counterparts fed the CTRL diet. European seabass fed the 

M1.5 dietary treatment presented a higher expression of mmp9 compared to fish fed 

the remaining FM-free diets (i.e. M0.65, CTRL and M1.25) and of ccr3 compared to 

all dietary treatments (Table 6). 

An increase in il1β expression was observed in seabass fed the M1.5 diet compared 

to their counterparts fed M0.65, CTRL and M1.25 dietary treatments after 2 weeks of 

feeding, while seabass fed the M0.65 diet augmented il1β transcript levels compared 

to fish fed the CTRL and FM diets after 12 weeks (Figure 1-A). Casp3 (Figure 1-B) 

and sms (Figure 1-C) expression levels were higher in fish fed the M1.5 diet than 

those fed the M0.65 diet at 2 weeks, whereas casp3 expression increased in 

seabass fed the M0.65 diet compared to their counterparts fed M1.5 and FM dietary 

treatments at 12 weeks. Moreover, a decrease with feeding time was also observed 

for casp3 expression levels in fish fed both dietary treatments, M1.5 and FM. In 

contrast, gpx (Figure 1-D) transcripts decreased in seabass fed the M1.5 diet 

compared to those fed M0.65 after 2 weeks of feeding. Similarly, sat1 (Figure 1-E) 

mRNA expression was lower in seabass fed the M1.25, M1.5 and FM dietary 

treatments than in those fed the M0.65 diet at 2 weeks. The expression of the gene 

coding SAT 1 was also found to decrease with feeding time. It was also observed a 

decrease of amd1 (Figure 1-F) expression levels in seabass fed the FM diet 

compared to fish fed the M1.25 diet at 12 weeks. An increase in time of the afmid 

expression was observed for the CTRL dietary treatment (Figure1-G). 
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Table 4. Relative proportion of peripheral blood leucocytes (i.e. neutrophils, monocytes, lymphocytes and thrombocytes) of 

European seabass juveniles fed dietary treatments during 2 and 12 weeks. 

 

 

 

 

  

 

 

Values are presented as means ± SD (n = 9). P-values from two-way ANOVA (p ≤ 0.05) (n = 9). If interaction was significant, Tukey’s post-hoc 

test was used to identify differences in the experimental treatments. Different lowercase letters stand for significant differences among dietary 

treatments for the same time while different capital letters indicate differences among diets regardless time.  

 

 

 

Parameters 

Dietary treatments 

M0.65 CTRL M1.25 M1.5 FM 

2 weeks 12 weeks 2 weeks 12 weeks 2 weeks 12 weeks 2 weeks 12 weeks 2 weeks 12 weeks 

Neutrophils 

% 

1.28 ± 1.13 1.06 ± 0.63b 1.22 ± 1.25 1.28 ± 1.27b 1.56 ± 0.58 4.22 ± 2.32a 2.28 ± 0.92 3.61 ± 2.60a 1.00 ± 1.05 3.75 ± 2.78a 

Monocytes 2.11 ± 1.22 1.94 ± 1.45 2.06 ± 0.96 2.33 ± 1.22 1.50 ± 1.27 1.67 ± 1.27 1.56 ± 0.96 1.83 ± 1.60 1.60 ± 0.86 2.58 ± 0.67 

Lymphocytes 33.67 ± 4.92 34.63 ± 3.37 34.78 ± 5.88 42.83 ± 6.11 39.06 ± 5.38 40.39 ± 6.54 37.28 ± 8.39 43.00 ± 3.46 39.80 ± 8.24 42.17 ± 5.49 

Thrombocytes 63. 33 ± 4.24 62.44 ± 4.48 63.17 ± 6.30 56.22 ± 6.89 59.31 ± 5.68 56.17 ± 7.06 66.50 ± 9.72 53.11 ± 4.95 59.20 ± 8.81 52.50 ± 6.44 

Two-way ANOVA 
      

 
Time Diet Time × Diet 

Diets 

M0.65 CTRL M1.25 M1.5 FM 

Neutrophils 0.001 0.004 0.005 B B A A AB 

Monocytes ns ns ns - - - - - 

Lymphocytes 0.012 0.027 ns B AB AB A A 

Thrombocytes < 0.001 ns ns - - - - - 
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Table 5. Plasma peroxidase, lysozyme, anti-proteases, proteases and bactericidal activities in European seabass juveniles fed dietary 

treatments during 2 and 12 weeks. 

Parameters 

Dietary treatments 

M0.65 CTRL M1.25 M1.5 FM 

2 weeks 12 weeks 2 weeks 12 weeks 2 weeks 12 weeks 2 weeks 12 weeks 2 weeks 12 weeks 

Peroxidase units ml-1 9.81 ± 4.82 5.10 ± 2.41 14.16 ± 10.59 8.46 ± 5.83 13.52 ± 6.99 2.98 ± 3.02 10.56 ± 3.69 20.54 ± 28.86 16.79 ± 11.67 3.37 ± 2.12 

Lysozyme mg ml-1 4.87 ± 2.69 4.72 ± 2.80 3.79 ± 1.53 2.34 ± 1.31 4.63 ± 2.36 4.02 ± 2.02 4.57 ± 2.38 2.78 ± 1.37 5.15 ± 3.11 6.86 ± 3.80 

Anti-proteases activity 
% 
 

83.26 ± 3.05 83.36 ± 2.60 82.93 ± 1.37 86.04 ± 0.86 65.59 ± 0.79 85.83 ± 0.70 83.73 ± 1.49 86.19 ± 0.49 84.13 ± 0.45 87.04 ± 0.60 

Proteases activity 11.74 ± 1.91 15.39 ± 1.26 11.51 ± 1.89 15.03 ± 1.95 12.62 ± 1.68 15.37 ± 1.83 11.60 ± 2.05 14.08 ± 1.26 11.79 ± 1.45 15.78 ± 1.79 

Bactericidal activity 49.61 ± 4.26 54.70 ± 4.05 50.80 ± 4.25 55.93 ± 7.77 53.78 ± 6.01 55.47 ± 5.94 49.68 ± 3.68 53.46 ± 5.48 53.83 ± 1.25 57.83 ± 1.82 

 

 

Values are presented as means ± SD (n = 9). P-values from two-way ANOVA (p ≤ 0.05) (n = 9). If interaction was significant, Tukey’s post-hoc 

test was used to identify differences in the experimental treatments. Different capital letters indicate differences among diets regardless time.  

 

 

 

 

 

Two-way ANOVA 
      

 
Time Diet Time × Diet 

Diets 

M0.65 CTRL M1.25 M1.5 FM 

Peroxidase ns ns ns - - - - - 

Lysozyme ns 0.031 ns AB B AB AB A 

Anti-proteases activity <0.001 ns ns - - - - - 

Proteases activity <0.001 ns ns - - - - - 

Bactericidal activity 0.001 ns ns - - - - - 
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Table 6. Quantitative expression of immune-related genes in the head kidney of European seabass juveniles fed dietary treatments 

during 2 and 12 weeks. 

Parameters 

Dietary treatments 

M0.65 CTRL M1.25 M1.5 FM 

2 weeks 12 weeks 2 weeks 12 weeks 2 weeks 12 weeks 2 weeks 12 weeks 2 weeks 12 weeks 

il1β 

N
o
rm

a
liz

e
d
 m

R
N

A
 e

x
p
re

s
s
io

n
 

0.128 ± 0.139b* 0.338 ±0.172a 0.145 ± 0.117b 0.169 ± 0.119b 0.151 ± 0.162b 0.279 ± 0.052ab 0.344 ± 0.168a 0.209 ± 0.052ab 0.279 ± 0.061ab 0.359 ± 0.085ab 

il10 0.102 ± 0.127 0.161 ± 0.079 0.099 ± 0.094 0.079 ± 0.061 0.134 ± 0.125 0.168 ± 0.035 0.235 ± 0.090 0.281 ± 0.102 0.180 ± 0.040 0.339 ± 0.154 

il8 0.202 ± 0.217 0.611 ± 0.322 0.249 ± 0.214 0.263 ± 0.193 0.943 ± 1.276 0.474 ± 0.081 0.896 ± 0.308 0.624 ± 0.209 0.686 ± 0.208 0.803 v 0.324 

il6 0.009 ± 0.012 0.015 ± 0.008 0.015 ± 0.015 0.009 ± 0.008 0.011 ± 0.011 0.023 ± 0.005 0.024 ± 0.014 0.036 ± 0.023 0.013 ± 0.003 0.047 ± 0.017 

tgfβ 0.003 ± 0.003 0.002 ± 0.000 0.001 ± 0.001 0.001 ± 0.001 0.002 ± 0.001 0.002 ± 0.001 0.002 ± 0.001 0.001 ± 0.000 0.002 ± 0.001 0.002 ± 0.001 

ccr3 0.011 ± 0.013 0.038 ± 0.024 0.016 ± 0.017 0.009 ± 0.012 0.029 ± 0.028 0.020 ± 0.003 0.066 ± 0.053 0.067 ± 0.038 0.033 ± 0.010 0.062 ± 0.023 

mcsf1r
1 

0.004 ± 0.005 0.018 ± 0.014 0.006 ± 0.007 0.005 ± 0.007 0.014 ± 0.013 0.009 ± 0.002 0.033 ± 0.028 0.022 ± 0.014 0.014 ± 0.007 0.027 ± 0.017 

cox 2 0.561 ± 0.406 1.204 ± 500 0.971 ± 0.806 0.868 ± 0.272 1.117 ± 0.883 1.152 ± 0.143 1.499 ± 0.227 0.846 ± 0.308 1.482 ± 0.249 1.246 ± 0.362 

tnfα 0.107 ± 0.117 0.243 ± 0.106 0.124 ± 0.118 0.153 ± 0.114 0.189 ± 0.171 0.274 ± 0.052 0.277 ± 0.061 0.269 ± 0.090 0.282 ± 0.065 0.374 ± 0.175 

mif 0.011 ± 0.014 0.020 ± 0.009 0.007 ± 0.006 0.010 ± 0.007 0.010 ± 0.009 0.020 ± 0.003 0.019 ± 0.001 0.016 ± 0.010 0.020 ± 0.004 0.023 ± 0.005 

cd8β 0.125 ± 0.142 0.130 ± 0.060 0.155 ± 0.135 0.089 ± 0.074 0.088 ± 0.076 0.179 ± 0.029 0.170 ± 0.066 0.012 ± 0.038 0.162 ± 0.058 0.285 ± 0.074 

igm 25.578 ± 26.385 67.392 ± 32.442 20.779 ± 22.723 28.962 ± 24.426 51.218 ± 45.729 51.323 ± 5.980 79.135 ± 24.571 77.615 ± 30.338 82.518 ± 15.149 
73.417 ± 
18.941 

mmp9 0.159 ± 0.150 0.522 ± 0.259 0.259 ± 0.245 0.265 ± 0.202 0.360 ± 0.309 0.473 ± 0.069 0.668 ± 0.183 0.898 ± 0.381 0.558 ± 0.162 1.000 ± 0.198 

odc 0.004 ± 0.005 0.012 ± 0.010 0.003 ± 0.002 0.004 ± 0.003 0.008 ± 0.008 0.013 ± 0.006 0.010 ± 0.006 0.011 ± 0.004 0.010 ± 0.003 0.016 ± 0.003 

mtor 0.003 ± 0.003 0.005 ± 0.003 0.007 ± 0.008 0.001 ± 0.001 0.007 ± 0.006 0.003 ± 0.001 0.013 ± 0.014 0.007 ± 0.003 0.005 ± 0.002 0.014 ± 0.008 

casp 3 
97.264 ± 
114.003b 

232.419 ± 
108.516a 

125.399 ± 
119.335ab 

135.228 ± 
110.860ab 

188.507 ± 
166.491ab 

232.419 ± 
26.680ab 

344.056 ± 
103.719a* 

40.476 ± 
89.965b 

282.536 ± 
65.377ab* 

0.581 ± 0.387b 

casp 8 0.013 ± 0.016 0.047 ± 0.026 0.018 ± 0.021 0.016 ± 0.017 0.032 ± 0.031 0.036 ± 0.003 0.069 ± 0.034 0.064 ± 0.050 0.049 ± 0.017 0.083 ± 0.023 

gpx 0.023 ± 0.010a 0.015 ± 0.008 0.010 ± 0.005ab 0.010 ± 0.005 0.013 ± 0.008ab 0.014 ± 0.006 0.007 ± 0.003b 0.027 ± 0.012 0.011 ± 0.004ab 0.027 ± 0.004 

sms 0.043 ± 0.046b 0.130 ± 0.059 0.061 ± 0.062ab 0.085 ± 0.068 0.070 ± 0.076ab 0.145 ± 0.031 0.178 ± 0.064a 0.085 ± 0.032 0.149 ± 0.044ab 0.121 ± 0.073 

afmid 0.014 ± 0.016 0.042 ± 0.019 0.018 ± 0.020* 0.102 ± 0.072 0.027 ± 0.025 0.030 ± 0.007 0.051 ± 0.025 0.048 ± 0.021 0.086 ± 0.080 0.033 ± 0.023 

sat 1 0.029 ± 0.022a* 0.006 ± 0.002 0.012 ± 0.009ab 0.011 ± 0.004 0.006 ± 0.003b 0.008 ± 0.006 0.004 ± 0.002b 0.010 ± 0.006 0.006 ± 0.002b 0.010 ± 0.003 

amd 1 0.024 ± 0.025 0.057 ±0.024ab 0.031 ± 0.029 0.038 ± 0.027ab 0.041 ± 0.035 0.064 ± 0.009a 0.061 ± 0.017 0.013 ± 0.028ab 0.070 ± 0.020* 0.000 ± 0.000b 



Mediators of inflammation: unravelling the role of methionine and tryptophan during infection 

ICBAS| 168 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Values are presented as means ± SD (n=6). P-values from two-way ANOVA (p ≤ 0.05). If interaction was significant, Tukey’s post-hoc test was 

used to identify differences in the experimental treatments. Different lowercase letters stand for significant differences among dietary treatments 

for the same time, while asterisk stands for significant differences between times for the same diet. Different capital letters indicate differences 

among diets regardless time.

Two-way ANOVA        

 
Time Diet Time × Diet 

Diets 

 M0.65 CTRL M1.25 M1.5 FM 

IL1β ns ns 0.046 - - - - - 

IL10 ns <0.001 ns BC C ABC A AB 

IL8 ns ns ns - - - - - 

IL6 0.004 0.004 ns B B AB A AB 

TGFβ ns ns ns - - - - - 

CCR3 ns <0.001 ns B B B A B 

MCSF1r1 ns 0.007 ns AB B AB A AB 

COX2 ns ns ns - - - - - 

TNFα ns 0.014 ns AB B AB AB A 

MIF ns 0.045 ns AB B AB AB A 

CD8β ns ns ns - - - - - 

IgM ns <0.001 ns AB B AB A A 

MMP9 <0.001 0.002 ns C C BC A AB 

ODC 0.014 0.027 ns AB B AB AB A 

mTOR ns ns ns - - - - - 

CASP3 0.028 ns <0.001 - - - - - 

CASP8 ns <0.001 ns BC C ABC A AB 

GPX 0.013 ns <0.001 - - - - - 

SMS ns ns 0.007 - - - - - 

AFMID ns ns 0.011 - - - - - 

SAT 1 ns ns 0.007 - - - - - 

AMD 1 ns ns <0.001 - - - - - 
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Figure 1. Quantitative expression (A) interleukin-1β, (B) caspase 3, (C) spermine 

synthase, (D) glutathione peroxidase, (E) spermine/spermidine N (1)-

acetyltransferase, (F) adenosylmethionine decarboxylase 1 and (G) 

arylformamidase-like in the head kidney of European seabass juveniles fed dietary 

treatments during 2 and 12 weeks. Values are presented as means ± SD (n = 6). P-

values from two-way ANOVA (p ≤ 0.05). If interaction was significant, Tukey’s post-

hoc test was used to identify differences in the experimental treatments. Different 

letters stand for significant differences among dietary treatments for the same time, 

while asterisk stands for significant differences between times for the same diet.  
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5.4. Discussion 

Methionine is the first limiting AA in aquafeeds containing high levels of plant protein 

sources 24, and its supplementation is essential to satisfy the nutritional requirements 

of farmed species 9. The requirement level established for growth may oversee the 

metabolic need for fish optimal health since methionine participates in a wide range 

of pathways important for cell homeostasis and immune response. The present 

study was designed in a way to seed more knowledge on the specific role of dietary 

methionine within the context of an alternative feed formulation (0 % FM). Dietary 

methionine deficiency as well as two levels beyond its estimated requirement were 

tested in the European seabass immune mechanisms after short and prolonged 

feeding periods. A FM based diet was also evaluated as the ideal, and even not 

practical, diet for seabass leading to a good immune status scenario. 

To the best of our knowledge, this is the first study to explore the role of dietary 

methionine levels in the context of a FM free diet for the European seabass. 

Previous studies reported a clear modulatory effect of dietary methionine 

supplementation in FM based diets in the European seabass immune status after 

only 2 or 4 weeks of feeding 20,21. The latter study showed that methionine can 

enhance the peripheral cellular immune status without triggering pro-inflammatory 

humoral indicators as well as down-regulate pro-inflammatory genes. In contrast, in 

a PP dietary scenario, results from the present study only showed most changes at 

the transcriptional level in fish fed the highest methionine level (i.e. M1.5), and 

particularly after 2 weeks of feeding compared to those fed M0.65, where methionine 

was found below the requirement level. Genes coding for the pro-inflammatory 

cytokine interleukin-1β and the enzyme spermine synthase, that converts spermidine 

into spermine previously provided by SAM through the aminopropylation pathway 39, 

were found up-regulated in response to the progressive increase of dietary 

methionine. This could be the result of methionine participation on polyamine (i.e. 

spermidine and spermine) biosynthesis, required for cell proliferation 25. This 

hypothesis was further reinforced with the decrease in the expression of gpx. Since 

the latter gene encodes the antioxidant enzyme glutathione peroxidase, it could 

indicate an improved consumption of SAM through the aminopropylation route rather 

than by the transsulfuration pathway by which methionine is precursor of cysteine for 

the formation of glutathione 14. This is further supported by the decreased expression 

of sat1, regulated by the intracellular concentration of polyamines, observed in fish 



Mediators of inflammation: unravelling the role of methionine and tryptophan during infection 

ICBAS| 171 

 

 

fed both M1.25 and M1.5 dietary treatments. As previously reported for European 

seabass after 4 weeks of feeding, a methionine-supplemented diet (i.e. 1 % of feed 

above the requirement level) 21, a drop in the expression of sat1 could be understood 

as a negative feedback mechanism to the cellular high polyamine content40 avoiding 

non-specific deleterious effects in host tissues and, in fact, there seems to be no 

cellular modulation after 2 weeks of feeding. In contrast to that observed by 

Machado, et al. 21, the present study showed an augmentation of casp 3 mRNA 

expression levels in response to methionine availability, which could also be 

interpreted as a cell level control mechanism in response to the pro-inflammatory 

signals at the transcription level since a positive correlation was found between the 

increase of casp 3 and the pro-inflammatory cytokine mRNA expression tnfα (r2 = 

0.97, y = 1229 x - 33.109) and il1β (r2 = 0.96, y = 1048.7 x – 11.894). 

In the present study, both dietary methionine deficiency and two levels beyond its 

requirement were tested in the context of an extreme feed formulation during a 

prolonged feeding period. This is an important issue in modern fish farming since 

methionine requirement level was established considering optimal growth in fish fed 

FM based diets. Therefore, and considering a challenging feed formulation scenario, 

established requirements may oversee increased metabolic needs for seabass 

optimal health. In a PP based diet, the dietary level of methionine concentration led 

to a clear modulation of the percentage of peripheral neutrophils found. After 12 

weeks of feeding, the number of this phagocytic cell increased in seabass fed 

methionine supplemented diets above the theoretical requirement, supporting the 

methionine role in the polyamine synthesis pathway and thus leading to an improved 

cellular proliferation 25. Moreover, the latter fish did not show evidences of cell 

activation (e.g. neutrophils degranulation in response to a stimulus) since no plasma 

humoral parameter modulation was observed. Nonetheless, this blood neutrophilia 

was accompanied by the reduction of caspase 3 mRNA expression, a gene coding a 

protein essential for processes associated with the formation of apoptotic bodies and 

associated to the role of methionine on the control of inflammation and apoptotic 

mechanisms 41. In spite of the described results, a reduced expression of the 

adenosylmethionine decarboxylase 1 was observed. AMD 1 is essential for 

biosynthesis of the polyamines being responsible for decarboxylation of SAM26. Its 

reduced expression could be understood as a negative feedback mechanism in 
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response to the superior and prolonged methionine availability or even a sparing 

effect of methionine from the aminopropylation route to the transsulfuration pathway 

since, contrary to the results found at 2 weeks, the levels of gpx, appear to be 

increased by dietary content of methionine. 

The present study also observed the immune-modulatory role of methionine since 

the increase of its dietary content, regardless feeding time, led to a clear 

lymphocytosis and increased expression of cytokines (il10 and il6), the macrophage 

colony stimulating factor 1 receptor 1 (mcsf1r1), a receptor for chemokines (ccr3), 

the immunoglobulin M (igm), the matrix-metalloproteinase 9 (mmp9) gene that 

encodes an enzyme involved in the degradation of the extracellular matrix during cell 

migration, and caspase 8 (caps8), involved in the programmed cell dead. The 

progressively improved immune status displayed by the increase in methionine 

dietary content could be important upon inflammatory activation since former studies 

reported the positive effect of methionine supplementation, in a FM context, in 

response to infection with the enhancement of the inflammatory mechanism 20 and 

disease resistance against Phdp 21 after 15 days and 4 weeks feeding period, 

respectively. Moreover, juvenile Jian carp fed graded levels of methionine hydroxyl 

analogue, a synthetic methionine source, showed an increased survival rate after 

injection with Aeromonas hydrophila 42.  

Even though CTRL and FM dietary treatments presented similar methionine 

contents, the dietary protein source seems to present a clear impact fish immune 

status since CTRL presented a reduced expression of several immune-related genes 

such as the cytokines il10 and tnfα, mcsf1r1, igm, casp8, the macrophages migration 

inhibitory factor (mif), the matrix-metalloproteinase 9 (mmp9) an enzyme involved in 

the degradation of the extracellular matrix during cell migration and ornithine 

decarboxylase enzyme (odc). This further supports the proposed possibility that in a 

practical PP based-diet scenario, the requirement level of methionine needed for 

immune support, could be higher.  

The overall results point to changes in the expression of genes directly related to 

methionine pathways, and particularly for cell proliferation, after only 2 weeks of 

feeding a FM free diet with an increased methionine dietary content. The immune-

modulatory role of methionine was more evident after 12 weeks of feeding with an 

enhancement of the immune status of fish fed a methionine-supplemented FM free 

diet, without triggering an inflammatory response.  
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The activation of inflammatory mechanisms by FM free diets after the two feeding 

periods suggests and reinforces the importance of methionine in extreme dietary 

scenarios. Moreover, it can be suggested that in an alternative diet formulation 

scenario the supplementation of methionine could not only be important for the 

enhancement of European seabass immune status, as observed, but also as a 

strategy for increase fish disease resistance.  

In conclusion and in spite of the unclear results observed after 2 weeks, after a 

prolonged feeding period, methionine supplementation above the theoretical 

requirement level to a 0 % FM diet, led to an enhancement of immune status without 

evidences of cell activation and with a gradually tendency to present values close to 

those observed by fish fed the FM diet. These results may suggest that the 

requirement level of methionine needed for immune support, in a plant protein based 

diet may possibly be higher compared to a fish meal based diet.  
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6.1. Immune enhancement role of methionine 

The boosting effect of methionine surplus on European sea bass juvenile immune 

status, inflammatory response as well as disease resistance to Phdp was clearly 

demonstrated in this Thesis (overview in Figure 1). By increasing the leucocyte 

response and associated metabolites as well as immune-related genes, a positive 

effect on the immune and apoptotic mechanisms was observed (Chapter 2, 4 and 5). 

Moreover, the proposed pathways by which methionine modulates the immune 

response were also confirmed (Chapters 2 and 4) both in vivo and in vitro, supporting 

the role of methionine towards immune enhancement and allowing fish to improve their 

resilience to Phdp.  

 

6.1.1. Methionine supplementation efficiently boosts European seabass immune 

repertoire – effects on leucocyte-mediated response and catabolic pathways. 

The several pathways directly instigated by methionine together with the numerous 

proteins that depend on methionine metabolites justify the key role of this AA in the 

immune system. Despite being S-adenosylmethionine (SAM) the metabolite 

responsible for the observed effects, methionine is its precursor and it is rapidly 

converted into SAM, hence participating in the synthesis of polyamines, glutathione, 

and in DNA methylation 1.  

The in vivo experiments presented and discussed in Chapter 2 showed that methionine 

successfully act as a health-promoting additive by improving seabass immune status 

with the increase of peripheral leucocyte concentration after 2 and 4 weeks of feeding, 

together with the down-regulation of the pro-inflammatory gene il1β 2, the co-receptor 

for MHC I complex in T-cells, cd8β 3, the inflammatory signlling molecules noxin 4, and 

the apoptotic executinour caspase, casp3 5. In accordance, from in vitro experiments 

discussed in Chapter 4, we showed that head kidney leucocytes incubated for 24 hours 

with a methionine- enriched medium presented enhanced viability while displaying an 

increased expression of dnmt1, a key player in transcription repression 6. Together, in 

vivo and in vitro works demonstrated that methionine was able to improve seabass 

immune status and cell fitness, with the reduction of pro-inflammatory genes, most 

likely due to the methionine role in DNA methylation. In addition, in vitro results allows 

us to point to a direct modulation of the aminopropylation pathway, by which 

methionine contributes to polyamine biosynthesis 7 since a visible increase of 
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polyamine cellular content after 48 hours incubation was observed. Nonetheless, the 

sat1 down-regulation observed in Chapter 2 indicates that fish have a physiological 

ability to regulate polyamine biosynthesis, despite the increase of peripheral leucocyte 

numbers, possibly as a strategy to avoid an uncontrolled cell proliferation 8,9. 

Collectively, these results point to the ability of methionine to improve immune cellular 

status by the enhancement of methionine-dependent polyamine biosynthesis and 

control of gene expression through methylation of DNA.  Hence, the supply of 

methionine-fortified diet during a short-period aiming to promote seabass immune 

mechanisms could be instrumental as a prophylactic strategy, similarly to that used in 

farm animals and poultry industries.  By modulation the same pathways described in 

the present Thesis, methionine was shown to be an important nutraceutical 

supplement for the control of enteric processes and oxidative stress in mammals 10. 

Moreover, the poultry industry already benefits from synthetic DL-methionine 

enhancing properties by alleviating heat-stress and improving disease resistance, e.g., 

to Newcastle disease virus 11,12. 

We also showed that a previously improved immune status driven by methionine 

surplus led to an enhanced inflammatory response to the introduction of virulent or UV 

killed Phdp or even Phdp lipopolysaccharides (LPS). As described in detail in Chapter 

2, fish fed a methionine supplemented diet showed an improved peripheral leucocyte 

response and enhanced proliferation and migration of phagocytes to the inflammatory 

focus in response to  virulent bacteria, the peritoneal cavity. The observed response 

was accompanied by an enhanced leucocyte-associated humoral response and an 

increased expression of several pro-inflammatory genes. The greater number of 

leucocyte and increased leucocyte-mediated response could also be linked to the 

consumption of methionine through the aminopropylation route. In fact, mRNA 

expression of AMD1, an enzyme responsible for SAM conversion into S-

adenosylmethioninanmine via the aminopropylation route 7, increased in response to 

inflammation. In Chapter 4 it was described that, the already augmented production of 

polyamines observed in vitro in non-stimulated cells was enhanced in response to the 

pathologic agent (UV killed Phdp), as well as the polyamine synthesis regulator SMS 

in LPS-stimulated cells. Furthermore, the positive effect of methionine surplus on the 

immune system was corroborated by the higher survival of fish to Phdp infection 

(Chapter 2). Therefore, data from Chapters 2 and 4 strongly point to the ability of 

dietary methionine surplus to improve immune status, inflammatory response, and 
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resistance to Phdp infection, with the modulation of methionine-dependent and 

immune-related pathways.  Hence, dietary methionine supplementation appears to be 

a feasible and practical approach to overcome some stress, immune-depressed, or 

disease situations that occur in rearing situations. As an efficient dietary additive, 

innocuous for both fish and the environment, methionine would allow the fish 

aquaculture industry to reduce the use of antibiotics or other therapeutic drugs, thus 

contributing to more environmentally friendly and sustainable aquaculture in the 

context of the global economy.  

 

6.1.2. Methionine supplementation alleviates apoptotic signals.  

As mentioned before, Phdp presents the ability to induce apoptosis of phagocytic 

leucocytes, macrophages and neutrophils 13, and impair the inflammatory response by 

the cleavage of transcriptional factor NFKB 14. In contrast, methionine has a central 

role in key physiological pathways involved in cellular function 15, being responsible for 

a complex network of processes involved in cell fitness and concomitant immune 

response. In fact, the improved leucocyte status described in Chapter 2 due to 

methionine dietary supplementation was linked to a decrease of apoptotic signals. In 

response to the virulent Phdp, methionine was able to induce a reduction of mRNA 

expression of the executioner caspase 3 5. This could be related to methionine ability 

to improve cell response to the bacteria pathogenic mechanisms. In fact, when the 

apoptotic mechanisms of leucocytes were induced by the introduction by Phdp-

secreted AIP56 toxin 13 (Chapter 4), the methionine-mediated improved cell status 

seemed to alleviate the leucocyte apoptotic signals by inducing a lower expression of 

casp3 and, remarkably, the up-regulation of NFKB. The improved inflammatory 

response was also shown by the up-regulation of IL1β. Until now, no previous works 

were done focusing on molecules or mechanistic strategies that could have a direct 

effect on fish cell resilience to AIP56. However, methionine supplementation seems to 

be sufficient to improve cell ability to counteract its toxin effects.  

 

6.1.3. Methionine supplementation could be key for immune support in an 

extreme dietary scenario.  

Methionine is able to improve the immune response allowing fish to increase their 

resistance to a bacterial challenge. Nonetheless, most of the in vivo works performed 

so far have only tested the effect of a methionine surplus in a practical dietary 
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formulation scenario that included both fish and plant-ingredients 16-20. Methionine is 

often the first limiting AA in fish feed formulations based on plant-ingredients 21. Since 

plant-protein based diets may be deficient in essential AA, including methionine, the 

methionine included in the diets may only be enough for normal growth and 

physiological processes but may compromise the immune response once its 

requirement increases. This scenario can easily be reached in extreme feed 

formulations where anti-nutritional factors from plant protein sources can induce 

inflammatory situations in the gut 22-24. For that, the experiment in Chapter 5 was 

conceived to understand if the requirement levels of methionine were enough for 

seabass immune support, or whether its supplementation was in fact necessary after 

a short and a prolonged-feeding period with a extreme diet (0 % fish-meal diet). For 

that purpose, a methionine-deficient diet was also added to the study. The results 

obtained indicate that the required level of methionine could actually be higher in order 

to sustain an optimal immune status. By progressively adding methionine, a gradual 

tendency to obtain values close to those obtained with a fish meal-based diet was 

observed.  

After only two weeks of feeding, and despite most differences were found at the 

transcriptional level, results showed to be in accordance with the previous works 

developed in this Thesis. With the progressive increase of dietary methionine, an up-

regulation of genes coding for pro-inflammatory cytokines (e.g. IL1-β) was observed, 

while genes with a closer relationship with methionine catabolic pathways were also 

modulated. Similar to the results presented in Chapter 2, the expression of sms, gene 

that codes the  enzyme, spermine synthase, responsible for the convertion of the 

polyamine spermindine into spermine 25,  was down-regulated whereas sat1, that 

regulates cellular polyamine conctent 8, expression was augmented. Moreover, the 

expression of gpx, which code for the antioxidant enzyme glutathione peroxidase, was 

down-regulated. Collectively, these results reinforce the role of methionine in 

polyamine biosynthesis as well as in glutathione formation since methionine is the 

precursor of cysteine 26,27. This is also supported by the results observed after 12 

weeks of feeding, since an increase of circulating neutrophils accompanied by a 

reduction of casp3 expression, which is implicated in apoptosis 28-30, was perceived. 

Furthermore, the expression of the methionine-related gene amd1, was also 

decreased. AMD1 is involved in SAM consumption through the aminopropylation 
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pathway 7 and its down-regulation could be the outcome of a negative feedback control 

mechanism to the prolonged methionine availability.  

To conclude, data from Chapter 5 suggests that the methionine requirement could be 

higher in a 0 % fish meal diet than the value recommended by NRC 31 in order to 

sustain the immune mechanisms. This is further supported by the amelioration of the 

described pathways by which methionine contributes to the immune response. 

 

6.2. Immune tolerance role of the tryptophan 

Tryptophan has clearly displayed its role in the attenuation of the inflammatory 

response (overview in Figure 1), inhibiting inflammatory mechanisms, compromising 

cell resilience to induced- apoptosis and, to some degree, decreasing seabass disease 

resistance to Phdp. In this Thesis, both deficiency and surplus of tryptophan showed 

to modulate the immune response despite only slight adjustments of the described 

catabolic pathways were observed.  

 

6.2.1.Effects on leucocyte response and catabolic pathways. 

Tryptophan contribution to the immune system is sustained by the immune inhibitory 

role of its metabolites 32 and data from the present Thesis further suggest that it is key 

in the healing/repair stage of the inflammatory response. When tryptophan 

supplementation was tested in vivo (Chapter 3) an increase of plasma cortisol level 

was observed after 4 weeks of feeding. This was also true in other studies previously 

performed in our lab 33.  In fact, in vitro works failed to show alterations on cell viability 

when HKL was incubated with a tryptophan-rich medium (Chapter 4). Nevertheless, 

as discussed in Chapter 3, the observed increase of cortisol levels by dietary 

tryptophan surplus is not surprising as it is believed that under standard physiological 

situations tryptophan stimulates cortisol production. Tryptophan has the particularity of 

being associated with two major metabolic pathways involved in the immune response, 

the kynurenine shunt and the hypothalamus-pituitary-interrenal axis (HPI) activation 34. 

Only 3 to 10 % of available tryptophan is used for serotonin and melatonin synthesis 

through the neuroendocrine route, while the large majority is used in the kynurenine 

pathway aiming at protein biosynthesis or, upon activation by inflammatory stimuli, for 

cellular homeostasis 35. Therefore, it is proposed that in the absence of a stimulus, and 

since the requirement level for tryptophan is maintained, a dietary surplus leads to a 

consumption of the extra tryptophan available for the formation of the chemical 
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messenger, serotonin, increasing cortisol production. Thus, tryptophan catabolism is 

highly dependent the physiological status in the host. In fact, when fish were fed a diet 

with a tryptophan content below the established requirements and an immune 

challenge was initiated, plasma cortisol levels were augmented. Tryptophan role in 

inflammation was confirmed, both in vivo and in vitro, upon the introduction of 

inflammatory stimuli. On the one hand, dietary tryptophan surplus led to an impaired 

peripheral and peritoneal cellular response and a down-regulation of pro-inflammatory 

genes in response to intraperitoneal injection with Phdp, while ATP production 

(Chapter 4) was reduced in vitro and anti-inflammatory genes were up-regulated 

following stimulation with LPS. On the other hand, tryptophan deficiency increased 

plasma cortisol levels in infected fish  while compromising leucocyte response and 

resistance to Phdp and failing to show any effect on seabass immune status (Chapter 

3).  

Overall, it can be argued that tryptophan may present tolerance effects during 

inflammatory events. This scenario may have practical implications under current fish 

farming conditions since either its dietary supplementation and deficiency could have 

a negative impact on the fish immune response. This is supported by the compromised 

disease resistance to Phdp presented by all fish that were not fed the exact 

requirement level for the species (Chapter 3), while the apoptotic signs of cultured cells 

submitted to the AIP56 toxin and incubated with tryptophan supplementation were 

enhanced (Chapter 4). In response to AIP56, cells cultured in a tryptophan-

supplemented medium showed increased caspase 3 activity and expression of the 

apoptosis-initiator caspase, casp8, while showing a down-regulation of nfkb 

transcription factor and associated activation subunit, the p65 and cell markers 

expression.  

Despite the lack of observations regarding a direct modulation of catabolic pathways 

(e.g. indoleamine 2,3-dioxygenase and arylformidase-like expression), the observed 

effects on cell response and associated innate immune mechanisms seem to indicate 

that tryptophan has a complex role in the immune response to bacteria.  Nevertheless, 

the attenuation and control of several pro-inflammatory signals produced during the 

immune response are essential in order to sustain homeostasis. Likewise, the array of 

mechanisms that compose the immune response have to be equipped with anti-

inflammatory machinery and for that, it can be speculated that tryptophan is key for the 
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provision of those tolerance indicators involved in the healing stage following 

inflammation.  

 

6.3. An integrated view of the different roles of methionine and tryptophan - 

enhancement and tolerance aspects of the immune response.  

As described in Chapter 1, the immune system is composed of initiation and inhibitory 

signals that are carefully orchestrated. For instance, macrophages present plasticity 

regarding their phenotype in order to be more pro- or anti-inflammatory 36. Hence, the 

consumption of specific AA seems to be arranged according to their role in the immune 

response. While methionine positively contributes to the progress of inflammation 

(Chapters 2, 4, and 5), tryptophan presented a clear role in the tolerance process 

responsible for restriction of the pro-inflammatory cluster of the immune response 

(Chapters 3 and 4). The distinct and diverse roles of both AA studied in this Thesis 

confirm their potential as putative additives for functional feed formulations while also 

raising questions concerning their physiological uptake and pathways interaction.  For 

instance, why was methionine surplus able to improve the fish immune status without 

activating the inflammatory response? Or, why tryptophan surplus seemed to have a 

tolerance effect upon an inflammatory insult since its uptake is highly controlled?   

In the case of methionine, despite being characterized throughout this Thesis as an 

immune enhancer, it seems to be in fact an immune-regulator, with key roles in both 

stages of the immune response: i) cell enhancement by the aminopropylation route 

works as a pro-inflammatory mechanism; ii) as precursor of cysteine for glutathione 

formation, methionine has anti-inflammatory properties; and iii) by contributing for DNA 

methylation methionine modulates gene expression in both stages. Hence, in the 

absence of immune stimulation, and with most methionine consumption directed for 

protein biosynthesis/ AA pools, the resident leucocyte team is improved without the 

unnecessary activation of pro-inflammatory mechanisms. An improved cellular 

immune status then allows the mounting of a faster and more efficient inflammatory 

response with methionine being consumed by the distinct routes according to the need 

to recognize, respond or repair 37. Methionine surplus was thus able to enhance 

polyamine biosynthesis for cell proliferation, improving pathogen recognition and 

response, suppressing the pro- or anti-inflammatory genes throughout the whole 

response or even contributing to the production of the antioxidant molecule glutathione 
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as a repair mechanism. Ellis 38 described the ideal inflammatory response as rapid but 

self-limiting, and methionine seems to act accordingly. 

In contrast, most of the tryptophan-dependent pathways associated with the immune 

system are related exclusively to the assemblage of anti-inflammatory machinery. It is 

recognized that tryptophan catabolism is strictly controlled by fish physiological 

conditions and that its supply is key during inflammation, with its catabolism in 

peripheral tissues and immune cells being initiated by proinflammatory cytokines 39. 

Therefore, under unstimulated conditions, a dietary supply above the requirement level 

seems to be consumed through the neuroendocrine route for the production of 

serotonin and the down-stream hormone melatonin, thus increasing cortisol production 

35. It is here hypothesized that the exaggerated cortisol production in unstimulated fish 

leads to an important cell impairment in response to inflammation. This, together with 

the kynurenine pathway–associated consumption of oxidative agents, and the 

production of cell-differentiation regulators, may explain the poor inflammatory 

response observed and the consequent higher susceptibility to Phdp. In fact, in vitro 

signs of M2 macrophages, most found during the resolution phase, were observed 

when the initiation of inflammation was needed. The high expression of the anti-

inflammatory cytokine interleukin 10, il10, and arginase 2, arg2, in response to 

LPSPhdp  is a characteristic of polarized M2 macrophages 40. M2 macrophages  

promotes arginine consumption to the biosynthesis of ornithine and urea, required for 

repair processes and cell proliferation 41. 

Despite the detrimental effects of tryptophan dietary surplus, immune tolerance is of 

great importance, specifically in the limitation of self-damage. Therefore, its absence 

is similarly unfavourable, as confirmed by the negative effects observed in fish fed the 

tryptophan deficient diet. Hence, the practical application of tryptophan dietary surplus 

should be carefully considered. 

 

 

 

 

 



Mediators of inflammation: unravelling the role of methionine and tryptophan during infection 

ICBAS| 191 

 

6.4. Conclusions 

- Dietary methionine supplementation may be key for fish health management since it 

improved European seabass immune status without triggering inflammatory indicators  

- The immune status previously enhanced by methionine surplus allowed the 

development of a better inflammatory response to Phdp, with a higher cellular and 

cellular-associated humoral responses, ultimately improving at some level disease 

resistance to Phdp. 

- In vitro methionine surplus was able to enhance leucocyte viability while increasing 

polyamine production and methionine-related genes expression in response to an 

inflammatory agent.  Additionally, methionine decreased the apoptotic signals induced 

by AIP56. 

- To sustain the immune mechanisms, the dietary methionine requirement in fish fed a 

0 % fish meal diet seems to be increased relative to the established requirement. This 

is further supported by the improvement of the recognized pathways by which 

methionine contributes to the immune system. 

- Tryptophan dietary supplementation was unable to impact seabass immune status, 

while it increased cortisol levels, concomitantly compromising the inflammatory 

response to Phdp and reducing disease resistance. 

- Dietary tryptophan deficiency compromised the inflammatory response to the bacteria 

insult.  

- Cells cultured with graded levels of tryptophan attenuated the inflammatory response 

while lowering cell resilience to the AIP56-induced apoptosis (Chapter 4).  

 

Overall, with this Thesis, it can be concluded that:  

- In European seabass, methionine showed to improve the immune status, 

inflammatory mechanisms, and disease resistance, with the enhancement of apoptotic 

resilience to Phdp, by modulation of methionine-dependent metabolic routes, such as 

the aminopropylation and DNA methylation pathway (see Fig. 2 in Chapter 1). 

- Tryptophan showed a detrimental effect on the inflammatory mechanisms of 

European seabass, possibly related to the suppressing effects of its metabolites. 

Nonetheless, since dietary tryptophan deficiency showed to be equally damaging, the 

tryptophan role in immune tolerance showed to be key for the development of an 

efficient inflammatory response. 
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Figure 1. Methionine and tryptophan immunomodulatory effects observed in both in vivo and in vitro European seabass trials.
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6.5. Future approaches 

The results of the present Thesis bring new insights to methionine and tryptophan role 

in the development of inflammation and their potential as dietary additives. In addition, 

some insights regarding the pathways related to the observed modulatory mechanisms 

were advanced. Likewise, in order to deepen the knowledge regarding AA-related 

pathways, in vitro assessment of the effect of methionine and tryptophan deficiency 

would be needed. One challenge would be to overcome the high AA concentration 

found in most cell-culture media, including the L-15 used in the present Thesis and the 

low fish leucocyte viability found in commercial alternative media with lower-nutrient 

content. Therefore, some work needs to be first done in the development of a more 

specific medium for fish cell types, enabling not only more accurate studies on the role 

of AA in fish cells but also allowing to study the effect of their deficiency.  

In this Thesis, the tryptophan tolerance effect was attributed to the action of the 

metabolites derived from kynurenine pathway activity, but mostly to cortisol 

suppressing effect produced before the inflammatory insult. As a result, several 

questions regarding the effect of tryptophan surplus were raised: i) whether tryptophan 

surplus could have a different outcome if only introduced when the inflammatory 

mechanisms were in fact activated, discarding the previous cortisol effect; ii) if in 

response to stress, tryptophan could have a different effect. In fact, the individual role 

of both methionine and tryptophan in different inflammatory scenarios, such as stress 

and vaccination, could be of greater importance; and iii) if tryptophan inhibitory role 

could have had a direct impact on macrophages polarization, such as inducing the 

regulatory phenotype. 

Taking advantage of the different and somehow opposite roles of both AA, studies 

regarding the effect of simultaneous methionine and tryptophan supplementation in the 

development of inflammation would be of interest. As mentioned in several points of 

this Thesis, homeostasis is achieved via the host capacity to properly respond, control, 

and terminate the immune response, hence the consumption of each AA has to be 

controlled according to the needs. Therefore, it would be interesting to test the effect 

of co-supplementing methionine and tryptophan on the immune-related pathways and 

on their respective consumption dynamics.   

A proteomic approach would be key since it would give more precise information 

regarding the protein profile in response not only to inflammation but also concerning 

proteins produced through the AA-related pathways. Moreover, the analysis of plasma 
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free AA abundance, as well as the levels of AA intermediates (i.e. SAM and SAH, 

serotonin and melatonin), would be instrumental in order to fully understand the AA 

surplus effect at the systemic level. 
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Dietary methionine improves the European seabass 

(Dicentrarchus labrax) immune status, inflammatory response 

and disease resistance 
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Table S1. Forward and reverse primers for real-time PCR. 

Acronym Gene Bank ID Eff1 AT2 Product lenght3 Forward primer sequence Reverse primer sequence 

40s HE978789.1 92.96 55 79 TGATTGTGACAGACCCTCGTG CACAGAGCAATGGTGGGGAT 

il1β AJ311925 96.70 57 105 AGCGACATGGTGCGATTTCT CTCCTCTGCTGTGCTGATGT 

il8 AM490063.1 102.87 55 140 CGCTGCATCCAAACAGAGAGCAAAC TCGGGGTCCAGGCAAACCTCTT 

il6 AM490062.1 134.62 55 81 AGGCACAGAGAACACGTCAAA AAAAGGGTCAGGGCTGTCG 

tgfβ AM421619.1 105.56 55 143 ACCTACATCTGGAACGCTGA TGTTGCCTGCCCACATAGTAG 

tnfα DQ070246.1 108.81 55 112 AGCCACAGGATCTGGAGCTA GTCCGCTTCTGTAGCTGTCC 

cox 2 AJ630649.1 81.30 61 160 CATTCTTTGCCCAGCACTTCACC AGCTTGCCATCCTTGAAGAGTC 

il10 AM268529.1  116.00 55 164 ACCCCGTTCGCTTGCCA CATCTGGTGACATCACTC 

ccr3 DLAgn_00000190 117.69 55 381 GCACTGTATGTGACCCGGAA AGCAGATGTTTTGTTATCAGGACT 

cxcr4 FN687464.1 93.43 57 171 ACC AGA CCT TGT GTT TGC CA ATG AAG CCC ACC AGG ATG TG 

sod CX660893.1 103.03 55 71 GGAGAGTGATTCAGCCCCTG GGAAACCATGCTCACCAGGA 

gpx DT044993 94.17 57 176 GTTTGGACATCAGGAGAACTGC CATCGCTGGGGTATGGAAGC 

hep DQ131605.1 94.17 57 152 CTGGAGGAGCCAATGAGCAA TGGAGAGAGCATCAGAGCAC 

noxin KM225775 106.97 62 72 AGAGGTTGGTGGAGAACTTGGATGGA CGACAGCCTTCATCAACAATGTGGATCT 

mhc II AM113468.1 98.15 55 81 ATCCCTCCATGTTGGTCTGC CTTCCTGTCCGTCTCTGAGC 

c3zeta DLAgn_00052540 131.01 55 819 GCCACCAAAGACACCTACGA GTGTTGAACGCAGGAGGGTA 

cd8 β DLAgn_00090370 113.81 55 651 CGGAACCCAAAAGGCCAAAG TAGGCTGTAGATGCAGTGCT 

tlr 9 KX399289 115.17 55 100 TCTTGGTTTGCCGACTTCTTGCGT TACTGTTGCCCTGTTGGGACTCTGG 

tlr 2 DLAgn_00214290 118.84 55 615 GGCTCCACCACCTACCTAGA AGGTGGATCTTCTGTCAAAAATGG 

mcsf1r1 DLAgn_00109630 125.93 55 807 TTGACCGTGGAGAAGGCAAA AGAATGGACCTCAGCCAGTC 

mmp 9 FN908863.1 98.44 57 166 TGT GCC ACC ACA GAC AAC TT TTC CAT CTC CAC GTC CCT CA 

c3 HM563078.1 111.48 57 165 CAGTGGGAATCTGTGGGCTT GGCAAACACCTTGGCAAC 

mtor DLAgn_00134190 127.25 55 848 CAGAACCAAGGACGTGACGA TGGTAGTAGAGGTCCCAGGC 

casp 3 DQ345773.1 130.10 55 235 CTGATTTGGATCCAGGCATT CGGTCGTAGTGTTCCTCCAT 

casp 1 DQ198377.1 124.32 55 190 GTGTTTCAGATGCGGGAGGA  ATTTAAGTTAACTCACCGGGGG  

stat 3 DLAgn_00192560 110.68 55 275 GACATCAGCGGAAAGACCCA GGGGTGACGCAGATGAACTT 

mc2r FR870225.1 108.68 55 676 GGAACAGGAACCTCCACTCG ACCACGTGTAGCTGGAACAG 

hsp 70 AY423555.2 134.14 55 88 ACAAAGCAGACCCAGACCTTCACCA TGGTCATAGCACGTTCGCCCTCA 

hsp 90 AY395632.1 105.63 55 112 GCTGACAAGAACGACAAGGCTGTGA AGATGCGGTTGGAGTGGGTCTGT 

sat 1 KM225772 97.55 63 55 GCATCATCGCTGAAATCCAAGGAGAGAACA CCAACCACCTTCAGGCCGTCACT 

amd 1 KM225770 118.64 57.2 63 CTGACGGAACTTACTGGACCATC CGAAGCTGACGTAGGAGAACTC 

1 Efficiency of PCR reactions were calculated from serial dilutions of tissue RT reactions in the validation procedure; 2 Annealing temperature (°C); 3 Amplicon (nt) 

https://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nucleotide&id=148472689
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Table S2. Quantitative expression of immune-related genes in the head kidney of 

European seabass fed the dietary treatments during 2 and 4 weeks. 

Parameters 

 Dietary treatments 

 CTRL  MET 0.5  MET 1 

 2 weeks 4 weeks  2 weeks 4 weeks  2 weeks 4 weeks 

il1β 

N
o
rm

a
liz

e
d
 m

R
N

A
 e

x
p

re
s
s
io

n
 

 0.114 ± 0.090 0.021 ± 0.029  0.054±0.043 0.028 ± 0.041  0.020 ± 0.020 0.028 ± 0.041 

il8  0.094 ± 0.103 0.048 ± 0.086  0.020 ± 0.028 0.046 ± 0.060  0.029 ± 0.038 0.051 ± 0.074 

il6  0.008 ± 0.008 0.003 ± 0.004  0.004 ± 0.004 0.003 ± 0.006  0.001 ± 0.002 0.003 ± 0.005 

tgfβ  0.003 ± 0.001 0.003 ± 0.001  0.004 ± 0.002 0.003 ± 0.001  0.003 ± 0.002 0.004 ± 0.003 

tnfα  0.079 ± 0.084 0.079 ± 0.114  0.031 ± 0.030 0.098 ± 0.215  0.017 ± 0.018 0.033 ± 0.051 

cox 2  0.055 ± 0.058 0.134 ± 0.178  0.071 ± 0.080 0.243 ± 0.415  0.024 ± 0.025 0.065 ± 0.094 

il10  0.051 ± 0.059 0.017 ± 0.028  0.020 ± 0.018 0.010 ± 0.014  0.011 ± 0.014 0.008 ± 0.011 

ccr3  0.008 ± 0.008 0.021 ± 0.038  0.005 ± 0.005 0.005 ± 0.007  0.003 ± 0.003 0.004 ± 0.008 

cxcr4  0.121 ± 0.197 0.016 ± 0.023  0.101 ± 0.185 0.061 ± 0.112  0.052 ± 0.074 0.150 ± 0.302 

sod  0.157 ± 0.176 0.194 ± 0.249  0.129 ± 0.090 0.095 ± 0.065  0.054 ± 0.015 0.074 ± 0.070 

gpx  0.276 ± 0.147 0.405 ± 0.250  0.288 ± 0.099 0.212 ± 0.059  0.230 ± 0.093 0.244 ± 0.096 

hep  0.074 ± 0.377 0.726 ± 1.128  0.523 ± 0.888 0.591 ± 0.995  0.080 ± 0.086 1.612 ± 3.026 

noxin  0.024 ± 0.025 0.023 ± 0.037  0.009 ± 0.008 0.012 ± 0.013  0.003 ± 0.005 0.008 ± 0.011 

mhc II  0.688 ± 0.508 0.410 ± 0.354  0.469 ± 0.489 1.205 ± 1.304  0.220 ± 0.177 0.709 ± 0.509 

c3zeta  0.000 ± 0.000 0.021 ± 0.037  0.005 ± 0.005 0.005 ± 0.007  0.003 ± 0.003 0.004 ± 0.008 

cd8 β  0.032 ± 0.028 0.093 ± 0.132  0.013 ± 0.019 0.018 ± 0.029  0.010 ± 0.012 0.016 ± 0.024 

tlr 9  0.020 ± 0.021 0.054 ± 0.074  0.011 ± 0.011 0.015 ± 0.021  0.007 ± 0.008 0.012 ± 0.018 

tlr 2  0.005 ± 0.005 0.007 ± 0.016  0.002 ± 0.001 0.003 ± 0.005  0.003 ± 0.002 0.003 ± 0.005 

mcsf1r1  0.004 ± 0.004 0.020 ± 0.031  0.002 ± 0.002 0.002 ± 0.003  0.001 ± 0.001 0.003 ± 0.004 

mmp 9  0.095 ± 0.087 0.057 ± 0.065  0.055 ± 0.040 0.040 ± 0.029  0.045 ± 0.031 0.061 ± 0.074 

c3  0.091 ± 0.131 0.055 ± 0.123  0.084 ± 0.106 0.044 ± 0.077  0.010 ± 0.013 0.096 ± 0.142 

mtor  0.001 ± 0.001 0.001 ± 0.001  0.000 ± 0.001 0.000 ± 0.001  0.000 ± 0.000 0.001 ± 0.002 

casp 3  0.065 ± 0.079 0.208 ± 0.304  0.081 ± 0.129 0.021 ± 0.024  0.027 ± 0.038 0.019 ± 0.030 

casp 1  0.039 ± 0.046 0.025 ± 0.036  0.031 ± 0.050 0.006 ± 0.009  0.006 ± 0.011 0.019 ± 0.030 

stat 3  0.405 ± 0.393 0.488 ± 0.693  0.410 ± 0.503 0.584 ± 0.737  0.150 ± 0.145 0.199 ± 0.250 

mc2r  0.004 ± 0.003a 0.002 ± 0.002  0.001 ± 0.001b 0.003 ± 0.003  0.001 ± 0.001b 0.001 ± 0.001 

hsp 70  0.026 ± 0.019 0.045 ± 0.069  0.014 ± 0.010 0.011 ± 0.008  0.013 ± 0.009 0.014 ± 0.017 

hsp 90  0.872 ± 0.628 1.190 ± 1.661  0.533 ± 0.375 0.424 ± 0.357  0.373 ± 0.211 0.478 ± 0.555 

sat 1  0.044 ± 0.019 0.025 ± 0.013  0.030 ± 0.012 0.021±0.009  0.023 ± 0.009 0.021 ± 0.011 

amd 1  0.006 ± 0.011 0.004 ±0.007  0.007 ± 0.006 0.002±0.002  0.002 ± 0.002 0.002 ± 0.004 
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Two-way ANOVA 

      Diet 

Parameters  Time Diet Time × Diet  CTRL MET 0.5 MET 1 

il1β  - 0.028 -  A AB B 

il8  - - -  - - - 

il6  - - -  - - - 

tgfβ  - - -  - - - 

tnfα  - - -  - - - 

cox 2  - - -  - - - 

il10  - - -  - - - 

ccr3  - - -  - - - 

cxcr4  - - -  - - - 

sod  - - -  - - - 

gpx  - - -  - - - 

hep  - - -  - - - 

noxin  - 0.047 -  A AB B 

mhc II  - - -  - - - 

c3zeta  - - -  - - - 

cd8 β  - 0.038 -  A B B 

tlr 9  - - -  - - - 

tlr 2  - - -  - - - 

mcsf1r1  - - -  - - - 

mmp 9  - - -  - - - 

c3  - - -  - - - 

mtor  - - -  - - - 

casp 3  - 0.039 -  A AB B 

casp 1  - - -  - - - 

stat 3  - - -  - - - 

mc2r  - - 0.019  - - - 

hsp 70  - - -  - - - 

hsp 90  - - -  - - - 

sat 1  0.008 0.020 -  A AB B 

amd 1  - - -  - - - 

Values are presented as means ± SD (n=9). P-values from two-way ANOVA (p ≤0.05). If interaction was significant, 

Tukey post hoc test was used to identify differences in the experimental treatments. Different lowercase letters 

stand for significant differences among dietary treatments for the same time while different symbols stands for 

significant differences between times for the same diet. Different capital letters indicate differences among times 

regardless diets and among diets regardless time.  
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Table S3. Quantitative expression of immune-related genes in the head kidney of European seabass fed the dietary treatments at 4 

weeks (0 h), 4, 24 and 48 h after infection 

 

Parameters 

  Dietary treatments 

 
CTRL  MET 0.5  MET 1 

  0h 4h 24h 48h   0h 4h 24h 48h   0h 4h 24h 48h 

il1β 

N
o
rm

a
liz

e
d
 m

R
N

A
 e

x
p

re
s
s
io

n
 

 
0.021 ± 0.029 0.178 ± 0.160 0.243 ± 0.107 0.219 ± 0.088  0.028 ± 0.041 0.085 ± 0.077 0.222 ± 0.124 0.118 ± 0.100  0.028 ± 0.041 0.236 ± 0.284 0.186 ± 0.154 0.133 ± 0.122 

il8 
 

0.048 ± 0.086 0.430 ± 0.651 0.199 ± 0.087 0.254 ± 0.099  0.046 ± 0.060 0.128 ± 0.070 0.352 ± 0.243 0.079 ± 0.030  0.051 ± 0.074 0.073 ± 0.046 0.614 ± 0.738 0.226 ± 0.267 

il6 
 

0.003 ± 0.004 0.000 ± 0.000 0.015 ± 0.007 0.007 ± 0.005  0.003 ± 0.006 0.012 ± 0.009 0.009 ± 0.009 0.001 ± 0.001  0.003 ± 0.005 0.004 ± 0.006 0.021 ± 0.026 0.002 ± 0.003 

tgfβ 
 

0.003 ± 0.001 0.002 ± 0.001 0.001 ± 0.000 0.004 ± 0.002b  0.003 ± 0.001 0.003 ± 0.001 0.002 ± 0.002 0.003 ± 0.007b  0.004 ± 0.003* 0.003 ± 0.001* 0.007 ± 0.008*£ 0.013 ± 0.010a£ 

tnfα 
 

0.079 ± 0.114 0.129 ± 0.099 0.156 ± 0.129 0.186 ± 0.124  0.098 ± 0.215 0.125 ± 0.089 0.131 ± 0.082 0.023 ± 0.009  0.033 ± 0.051* 0.017 ± 0.030* 0.355 ± 0.225£ 0.093 ± 0.097£* 

cox 2 
 

0.134 ± 0.178 0.732 ± 0.439 0.974 ± 0.537 0.567 ± 0.703  0.243 ± 0.415 0.632 ± 0.370 0.842 ± 0.649 0.034 ± 0.025  0.065 ± 0.094 0.237 ± 0.250 1.324 ± 0.766 0.146 ± 0.116 

il10 
 

0.017 ± 0.028 0.097 ± 0.072 0.050 ± 0.058 0.099 ± 0.078  0.010 ± 0.014 0.010 ± 0.014 0.080 ± 0.067 0.100 ± 0.103  0.008 ± 0.011 0.021 ± 0.019 0.060 ± 0.076 0.135 ± 0.136 

ccr3 
 

0.021 ± 0.038 0.036 ± 0.033 0.036 ± 0.026b 0.049 ± 0.038  0.005 ± 0.007 0.032 ± 0.025 0.054 ± 0.043ab 0.013 ± 0.009  0.004 ± 0.008* 0.002 ± 0.003* 0.155 ± 0.163a£ 0.025 ± 0.030* 

cxcr4 
 

0.016 ± 0.023 0.470 ± 0.541 3.520 ± 2.830 2.479 ± 1.912  0.061 ± 0.112 0.137 ± 0.100 4.217 ± 3.044 0.382 ± 0.229  0.150 ± 0.302 0.038 ± 0.023 4.123 ± 2.974 0.763 ± 0.926 

hep 
 

0.726 ± 1.128 1.600 ± 2.825 2.809 ± 1.124 2.599 ± 1.118  0.591 ± 0.995 3.117 ± 2.568 3.476 ± 2.873 0.385 ± 0.297  1.612 ± 3.026 0.822 ± 0.479 3.099 ± 1.751 2.321 ± 2.198 

noxin 
 

0.023 ± 0.037 0.034 ± 0.022 0.069 ± 0.045 0.070 ± 0.025  0.012 ± 0.013 0.038 ± 0.028 0.060 ± 0.037 0.014 ± 0.010  0.008 ± 0.011 0.012 ± 0.013 0.069 ± 0.038 0.034 ± 0.029 

mhc II 
 

0.410 ± 0.354 0.231 ± 0.481 2.192 ± 1.276 2.847 ± 1.425  1.205 ± 1.304 1.545 ± 1.397 2.224 ± 1.328 1.014 ± 0.935  0.709 ± 0.509 0.352 ± 0.349 2.310 ± 1.560 1.636 ± 1.521 

tlr9 
 

0.054 ± 0.074 0.071 ± 0.057 0.098 ± 0.099 0.119 ± 0.080  0.015 ± 0.021 0.061 ± 0.036 0.114 ± 0.084 0.016 ± 0.011  0.012 ± 0.018 0.014 ± 0.020 0.146 ± 0.111 0.059 ± 0.064 

tlr2 
 

0.007 ± 0.016 0.032 ± 0.033 0.022 ± 0.012 0.000 ± 0.000  0.003 ± 0.005 0.015 ± 0.012 0.049 ± 0.058 0.002 ± 0.001  0.003 ± 0.005 0.004 ± 0.003 0.094 ± 0.131 0.001 ± 0.002 

mcsf1r1 
 

0.020 ± 0.031 0.022 ± 0.023 0.013 ± 0.012 0.019 ± 0.019  0.002 ± 0.003 0.010 ± 0.009 0.017 ± 0.015 0.016 ± 0.011  0.003 ± 0.004 0.002 ± 0.002 0.036 ± 0.031 0.008 ± 0.009 

mmp9 
 

0.057 ± 0.065 1.498 ± 2.087 0.354 ± 0.155 0.434 ± 0.377  0.040 ± 0.029 0.271 ± 0.208 0.401 ± 0.245 0.179 ± 0.116  0.061 ± 0.074 0.613 ± 0.790 0.401 ± 0.245 0.187 ± 0.151 

c3 
 

0.055 ± 0.123 0.389 ± 0.385 0.286 ± 0.137 0.319 ± 0.216  0.044 ± 0.077 0.236 ± 0.121 0.329 ± 0.187 0.293 ± 0.283  0.096 ± 0.142 0.049 ± 0.054 0.350 ± 0.192 0.174 ± 0.188 

mtor  
 

0.001 ± 0.001 0.007 ± 0.006 0.005 ± 0.002 0.005 ± 0.003  0.000 ± 0.001 0.003 ± 0.002 0.005 ± 0.004 0.001 ± 0.001  0.001 ± 0.002 0.001 ± 0.001 0.004 ± 0.002 0.001 ± 0.000 

casp 3 
 

0.208 ± 0.304 0.331 ± 0.191 0.200 ± 0.087 0.296 ± 0.175  0.021 ± 0.024 0.134 ± 0.095 0.337 ± 0.272 0.092 ± 0.083  0.019 ± 0.030 0.048 ± 0.053 0.175 ± 0.111 0.148 ± 0.166 

casp 1 
 

0.025 ± 0.036 0.061 ± 0.051 0.041 ± 0.024 0.074 ± 0.039  0.006 ± 0.009 0.037 ± 0.028 0.053 ± 0.041 0.019 ± 0.015  0.019 ± 0.030 0.010 ± 0.011 0.075 ± 0.062 0.031 ± 0.031 

stat 3 
 

0.488 ± 0.693 1.466 ± 0.987 1.147 ± 0.547 1.863 ± 0.965  0.584 ± 0.737 0.959 ± 0.659 1.780 ± 1.190 0.732 ± 0.586  0.199 ± 0.250   0.554 ± 0.240 2.121 ± 1.584 1.145 ± 1.116 

m2cr 
 

0.002 ± 0.002 0.002 ± 0.001 0.024 ± 0.029 0.011± 0.009  0.003 ± 0.003 0.006 ± 0.006 0.000 ± 0.000 0.019 ± 0.016  0.001 ± 0.001 0.006 ± 0.0010 0.012 ± 0.018 0.024 ± 0.041 

hsp70 
 

0.045 ± 0.069 0.061 ± 0.057 0.054 ± 0.041 0.052 ± 0.038  0.011 ± 0.008 0.035 ± 0.030 0.054 ± 0.035 0.007 ± 0.003  0.014 ± 0.017 0.010 ± 0.009 0.127 ± 0.122 0.034 ± 0.038 

hsp90 
 

1.190 ± 1.661 1.656 ± 1.327 2.007 ± 1.612 2.648 ± 2.219  0.424 ± 0.357 1.225 ± 0.793 2.360 ± 1.803 0.346 ± 0.159  0.478 ± 0.555 0.296 ± 0.293 3.999 ± 3.368 1.099 ± 1.020 
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sat 1 
 

0.025 ± 0.013 0.004 ± 0.002 0.023 ± 0.012 0.023 ± 0.026ab  0.021±0.009 0.021 ± 0.013 0.034 ± 0.029 0.004 ± 0.003b  0.021 ± 0.011 0.023 ± 0.018 0.034 ± 0.015 0.040 ± 0.020a 

amd 1   0.004 ±0.007 0.113 ± 0.064b 0.054 ± 0.012 0.216 ± 0.196   0.002±0.002* 0.417 ± 0.327ab£ 0.031 ± 0.017£ 0.046 ± 0.040£   0.002 ± 0.004 0.753 ± 0.468a£ 0.081 ± 0.046 0.256 ± 0.180 

 

Two-way ANOVA 

      Time  Diet 

Parameters  Time Diet Time × Diet  0h 4h 24h 48h  CTRL MET 0.5 MET 1 

il1β  0.003 - -  B A A AB  - - - 

il8  0.001 - -  B A AB AB  - - - 

il6  < 0.001 - -  B B A B  - - - 

tgfβ  0.012 < 0.001 0.195  B B AB A  B B A 

tnfα  0.033 - 0.032  B AB A AB  - - - 

cox 2  < 0.001 - -  C B A CB  - - - 

il10  0.013 - -  B AB AB A  - - - 

ccr3  0.001 - 0.021  B B A AB  - - - 

cxcr4  < 0.001 - -  BC C A B  - - - 

hep  0.019 - -  B AB A AB  - - - 

noxin  < 0.001 - -  B BC A C  - - - 

mhc II  < 0.001 - -  B B A A  - - - 

tlr9  < 0.001 - -  B B A AB  - - - 

tlr2  0.008 - -  B AB A B  - - - 

mcsf1r1  - - -  - - - -  - - - 

mmp9  0.019 - -  B A AB AB  - - - 

c3  0.002 - -  B AB A A  - - - 

mtor  < 0.001 0.005 -  B A A AB  A AB B 

casp 3  - 0.024 -  - - - -  A AB B 

casp 1  0.008 - -  B AB A AB  - - - 

stat 3  < 0.001 - -  B AB A A  - - - 

m2cr  0.014 - -  B AB AB A  - - - 

hsp70  0.012 - -  B AB A AB  - - - 

hsp90  0.001 - -  B B A AB  - - - 

sat 1  - - 0.041  - - - -  - - - 

amd 1  < 0.001 0.006 0.003  C A BC B  B AB A 
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Values are presented as means ± SD (n=6). P-values from two-way ANOVA (p ≤0.05). If interaction was significant, 

Tukey post hoc test was used to identify differences in the experimental treatments. Different lowercase letters 

stand for significant differences among dietary treatments for the same time while different symbols stands for 

significant differences between times for the same diet. Different capital letters indicate differences among times 

regardless diets and among diets regardless time.  
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Appendix II 

 

Dietary tryptophan deficiency and its supplementation 

compromises inflammatory mechanisms and disease 

resistance in a teleost fish 
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Table S1. Forward and reverse primers for real-time PCR. 

Acronym Gene Bank ID Eff1 AT2 Product lenght3 Forward primer sequence Reverse primer sequence 

ef1α AJ866727.1 96.45 57 144 AACTTCAACGCCCAGGTCAT  CTTCTTGCCAGAACGACGGT 

il1β AJ311925 96.70 57 105 AGCGACATGGTGCGATTTCT CTCCTCTGCTGTGCTGATGT 

il10 AM268529.1  116.00 55 164 ACCCCGTTCGCTTGCCA CATCTGGTGACATCACTC 

il8 AM490063.1 102.87 55 140 CGCTGCATCCAAACAGAGAGCAAAC TCGGGGTCCAGGCAAACCTCTT 

tgfβ AM421619.1  105.56 55 143 ACCTACATCTGGAACGCTGA TGTTGCCTGCCCACATAGTAG 

sod CX660893.1 103.03 55 71 GGAGAGTGATTCAGCCCCTG GGAAACCATGCTCACCAGGA 

cox 2 AJ630649.1 81.30 61 160 CATTCTTTGCCCAGCACTTCACC AGCTTGCCATCCTTGAAGAGTC 

m2cr FR870225.1 108.68 55 676 GGAACAGGAACCTCCACTCG ACCACGTGTAGCTGGAACAG 

ifn-γ FQ310507.3 118.38 55 194 GTACAGACAGGCGTCCAAAGCATCA CAAACAGGGCAGCCGTCTCATCAA 

c3zeta DLAgn_00052540 131.01 55 819 GCCACCAAAGACACCTACGA GTGTTGAACGCAGGAGGGTA 

mcsf1r1 DLAgn_00109630 125.93 55 807 TTGACCGTGGAGAAGGCAAA AGAATGGACCTCAGCCAGTC 

cd8β DLAgn_00090370 113.81 55 651 CGGAACCCAAAAGGCCAAAG TAGGCTGTAGATGCAGTGCT 

hsp70 AY423555.2 134.14 55 88 ACAAAGCAGACCCAGACCTTCACCA TGGTCATAGCACGTTCGCCCTCA 

hsp90 AY395632.1 105.63 55 112 GCTGACAAGAACGACAAGGCTGTGA AGATGCGGTTGGAGTGGGTCTGT 

mmp9 FN908863.1 98.44 57 166 TGTGCCACCACAGACAACTT TTCCATCTCCACGTCCCTCA 

dicent AY303949.1 89.24 55 70 CTCATGGCTGAACCTGGGG  TGGACTTGCCGACGTGAAC 

gr1 AY549305.1 103.98 55 142 CTTCTACAGCACCAGCACCA  TCTCCTGTTTGACCACACCA 

mif FN582353 123.38 60 76 GCTCCCTCCACAGTATTGGCAAGAT  TTGAGCAGTCCACACAGGAGTTTAGAGT 

casp3 DQ345773.1 130.10 55 235 CTGTGTCGTGACCGCCCT GATCAAACAGCAAACCCGGC 

ido2 DLAgn_00014730 108.20 55 74 TGAAGGTGTGAGCAATGAGC CAAAGCACTGAATGGCTGAA 

afmid DLAgn_00177950 128.26 55 112 CGTTTCCACCTGTTTGACCT  CCTAGCCTGCTGAAGGACTG 

1 Efficiency of PCR reactions were calculated from serial dilutions of tissue RT reactions in the validation procedure; 2 Annealing temperature (°C); 3 Amplicon (nt) 

https://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nucleotide&id=148472689
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Table S2. Quantitative expression of immune-related genes in the head kidney of European seabass fed dietary treatments during 2 

and 4 weeks. 

Parameters 

  Dietary treatments 

 
NTRP  CTRL 

 
TRP 13 

 
TRP 17 

 
2 weeks 4 weeks  2 weeks 4 weeks  2 weeks 4 weeks 

 
2 weeks 4 weeks 

il1β 

N
o
rm

a
liz

e
d

 m
R

N
A

 e
x
p

re
s
s
io

n
 

  0.109 ± 0.110 0.049 ± 0.031  0.073 ± 0.038 0.007 ± 0.007  0.061 ± 0.083 0.020 ± 0.030  0.095 ± 0.074 0.040 ± 0.037 

il10 
 

0.083 ± 0.094 0.038 ± 0.022  0.075 ± 0.061 0.008 ± 0.005  0.085 ± 0.105 0.050 ± 0.091  0.061 ± 0.049 0.034 ± 0.031 

il8 
 

0.252 ± 0.304 0.095 ± 0.061  0.207 ± 0.170 0.017 ± 0.017  0.141 ± 0.123 0.149 ± 0.274  0.145 ± 0.105 0.108 ± 0.097 

tgfβ 
 

0.001 ± 0.001 0.001 ± 0.000  0.001 ± 0.000 0.000 ± 0.000  0.001 ± 0.001 0.001 ± 0.001  0.000 ± 0.000 0.001 ± 0.001 

sod 
 

0.255 ± 0.278 0.154 ± 0.160  0.275 ± 0.280 0.021 ± 0.015  0.214 ± 0.249 0.145 ± 0.234  0.226 ± 0.148 0.067 ± 0.037 

cox 2 
 

3.403 ± 3.583 1.291 ± 0.597  3.241 ± 2.100 0.200 ± 0.158  3.432 ± 3.625 1.531 ± 2.800  2.438 ± 1.785 0.974 ± 0.949 

m2cr 
 

0.010 ± 0.013 0.001 ± 0.001  0.005 ± 0.004 0.000 ± 0.000  0.004 ± 0.005 0.002 ± 0.004  0.003 ± 0.002 0.004 ± 0.003 

ifn-γ 
 

0.631 ± 0.778 0.186 ± 0.137  0.401 ± 0.388 0.022 ± 0.023  0.394 ± 0.462 0.224 ± 0.422  0.395 ± 0.262 0.082 ± 0.071 

c3zeta 
 

0.006 ± 0.008 0.001 ± 0.001  0.004 ± 0.003 0.000 ± 0.000  0.003 ± 0.003 0.002 ± 0.002  0.002 ± 0.001 0.001 ± 0.001 

mcsf1r1 
 

0.003 ± 0.002 0.006 ± 0.005  0.006 ± 0.007 0.002 ± 0.001  0.003 ± 0.004 0.007 ± 0.010  0.002 ± 0.002 0.007 ± 0.008 

cd8β 
 

0.044 ± 0.061 0.006 ± 0.006  0.037 ± 0.025 0.000 ± 0.000  0.032 ± 0.042 0.001 ± 0.002  0.018 ± 0.012 0.032 ± 0.064 

hsp70 
 

0.044 ± 0.060 0.018 ± 0.011  0.038 ± 0.034 0.004 ± 0.002  0.030 ± 0.032 0.013 ± 0.023  0.033 ± 0.023 0.016 ± 0.015 

hsp90 
 

1.768 ± 1.876 0.847 ± 0.582  1.890 ± 1.486 0.140 ± 0.077  1.786 ± 1.804 1.113 ± 1.931  1.529 ± 1.106 0.902 ± 1.005 

mmp9 
 

0.274 ± 0.393 0.092 ± 0.047  0.205 ± 0.188 0.014 ± 0.011  0.199 ± 0.222 0.120 ± 0.204  0.154 ± 0.129 0.087 ± 0.077 

dicent 
 

0.491 ± 0.440a 0.107 ± 0.044  0.518 ± 0.348a* 0.035 ± 0.024  0.107 ± 0.078b 0.242 ± 0.406  0.070 ± 0.036b 0.179 ± 0.182 

gr1 
 

0.124 ± 0.153 0.039 ± 0.024  0.091 ± 0.051 0.012 ± 0.012  0.071 ± 0.069 0.040 ± 0.068  0.072 ± 0.041 0.028 ± 0.024 

mif  0.009 ± 0.009 0.003 ± 0.002  0.007 ± 0.004 0.001 ± 0.000  0.006 ± 0.006 0.004 ± 0.008  0.004 ± 0.002 0.003 ± 0.003 

casp3  0.026  0.034 0.008 ± 0.007  0.009 ± 0.007 0.001 ± 0.001  0.017 ± 0.019 0.019  0.034  0.019 ± 0.013 0.008 ± 0.004 

ido2  0.010 ± 0.010 0.003 ± 0.002  0.006 ± 0.005 0.001 ± 0.001  0.005 ± 0.006 0.005 ± 0.009  0.004 ± 0.002 0.001 ± 0.001 

afmid   0.020 ± 0.024 0.005 ± 0.004   0.017 ± 0.001 0.001 ± 0.001   0.013 ± 0.017 0.008 ± 0.006   0.008 ± 0.006 0.004 ± 0.005 

 

 



Mediators of inflammation: unravelling the role of methionine and tryptophan during infection 

ICBAS| 213 

 

Two-way ANOVA     

Parameters    
Time Diet Time × Diet 

il1β   0.011 ns ns 

il10  0.046 ns ns 

il8 
 

ns ns ns 

tgfβ 
 

ns ns ns 

sod 
 

0.027 ns ns 

cox 2 
 

0.005 ns ns 

m2cr 
 

0.046 ns ns 

ifn-γ 
 

0.012 ns ns 

c3zeta 
 

0.013 ns ns 

mcsf1r1 
 

ns ns ns 

cd8β 
 

ns ns ns 

hsp70 
 

0.017 ns ns 

hsp90 
 

< 0.001 ns ns 

mmp9 
 

0.049 ns ns 

dicent 
 

ns ns 0.014 

gr1 
 

0.009 ns ns 

mif  0.026 ns ns 

casp3  ns ns ns 

ido2  0.033 ns ns 

afmid   0.023 ns ns 

Values are presented as means ± SD (n=6). P-values from two-way ANOVA (p ≤0.05). If interaction was significant, Tukey post hoc test was used to identify differences in the 

experimental treatments. Different lowercase letters stand for significant differences among dietary treatments for the same time while different symbols stands for significant 

differences between times for the same diet.  
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Table S3. Quantitative expression of immune-related genes in the head kidney of European seabass fed dietary treatments prior 

infection (0 h), and at 4, 24, 48 and 72 h after peritoneal injection with Phdp.  

Parameters 

 Dietary treatments 

 NTRP  CTRL 

 0h 4h 24h 48h 72h  0h 4h 24h 48h 72h 

il1β 

N
o
rm

a
liz

e
d
 m

R
N

A
 e

x
p
re

s
s
io

n
 

 0.049 ± 0.031 0.032 ± 0.027 0.023 ± 0.030 0.477 ± 0.600 0.003 ± 0.004  0.007 ± 0.007 0.178 ± 0.149 0.028 ± 0.026 0.423 ± 0.369 0.080 ± 0.076 

il10  0.038 ± 0.022£ 0.045 ± 0.032£ 0.018 ± 0.019£ 0.697 ± 0.845ab* 0.002 ± 0.003£ 0.008 ± 0.005£ 0.096 ± 0.082£ 0.026 ± 0.026£ 0.856 ± 0.712a* 0.096 ± 0.093£ 

il8  0.095 ± 0.061£ 0.080 ± 0.062£ 0.042 ± 0.046£ 1.116 ± 1.362a* 0.008 ± 0.008£ 0.017 ± 0.017£ 0.249 ± 0.222£* 0.051 ± 0.050£ 1.118 ± 0.884a* 0.122 ± 0.104£* 

tgfβ  0.001 ± 0.000£* 0.001 ± 0.001£ 0.001 ± 0.000£ 0.012 ± 0.014ab* 0.001 ± 0.000£ 0.000 ± 0.000 0.001 ± 0.001 0.005 ± 0.011 0.019 ± 0.015a 0.002 ± 0.001 

sod  0.154 ± 0.160£* 0.094 ± 0.051£* 0.067 ± 0.077£ 1.381 ± 1.777ab* 0.021 ± 0.012£ 0.021 ± 0.015£* 0.394 ± 0.293£* 0.060 ± 0.040£ 1.815 ± 1.369a* 0.304 ± 0.264£ 

cox 2  1.291 ± 0.597 0.747 ± 0.506 0.680 ± 0.734 8.627 ± 8.198 7.915 ± 0.174  0.200 ± 0.158 2.708 ± 1.959 0.638 ± 0.601 8.595 ± 7.963 0.883 ± 0.460 

m2cr  0.001 ± 0.001 0.005 ± 0.005 0.040 ± 0.089 0.131 ± 0.172 0.000 ± 0.000  0.000 ± 0.000 0.019 ± 0.019 0.000 ± 0.000 0.109 ± 0.082 0.004 ± 0.003 

ifn-γ  0.186 ± 0.137£ 0.075 ± 0.066£ 0.090 ± 0.114£ 2.547 ± 3.333a* 0.009 ± 0.009£ 0.022 ± 0.023 0.481 ± 0.436 0.114 ± 0.126 1.853 ± 1.683ab 0.396 ± 0.413 

c3zeta  0.001 ± 0.001 0.000 ± 0.000 0.000 ± 0.000 0.026 ± 0.038 0.000 ± 0.000  0.000 ± 0.000 0.002 ± 0.002 0.003 ± 0.006 0.047 ± 0.049 0.005 ± 0.008 

mcsf1r1  0.006 ± 0.005 0.002 ± 0.003 0.002 ± 0.003 0.071 ± 0.094 0.000 ± 0.000  0.002 ± 0.001 0.009 ± 0.007 0.001 ± 0.001 0.050 ± 0.044 0.003 ± 0.003 

cd8β  0.006 ± 0.006 0.058 ± 0.044 0.066 ± 0.071 0.619 ± 0.852 0.005 ± 0.004  0.000 ± 0.000 0.286 ± 0.269 0.078 ± 0.088 0.156 ± 0.160 0.184 ± 0.144 

hsp70  0.018 ± 0.011£* 0.012 ± 0.010£ 0.007 ± 0.006£ 0.433 ± 0.564* 0.003 ± 0.002£ 0.004 ± 0.002 0.034 ± 0.033 0.013 ± 0.013 0.250 ± 0.195 0.045 ± 0.042 

hsp90  0.847 ± 0.582£* 0.338 ± 0.221£ 0.380 ± 0.423£ 6.390 ± 7.639* 0.220 ± 0.148£  0.140 ± 0.077 1.556 ± 1.266 0.434 ± 0.295 5.706 ± 3.944 1.355 ± 1.128 

mmp9  0.092 ± 0.047£ 0.104 ± 0.080£ 0.048 ± 0.057£ 1.060 ± 1.282a* 0.009 ± 0.009£ 0.014 ± 0.011£ 0.325 ± 0.224ab 0.058 ± 0.054£ 0.972 ± 0.728a* 0.140 ± 0.110£* 

dicent  0.107 ± 0.044 0.118 ± 0.065 0.041 ± 0.055 2.240 ± 2.799 0.130 ± 0.116  0.035 ± 0.024 0.434 ± 0.221 0.050 ± 0.017 1.354 ± 0.923 0.108 ± 0.047 

gr1  0.039 ± 0.024£ 0.020 ± 0.014£ 0.016 ± 0.018£ 0.393 ± 0.479a* 0.002 ± 0.002£ 0.012 ± 0.012 0.108 ± 0.093 0.011 ± 0.009 0.303 ± 0.219ab 0.062 ± 0.055 

mif  0.003 ± 0.002 0.004 ± 0.005 0.001 ± 0.001 0.033 ± 0.043 0.013 ± 0.028  0.001 ± 0.000 0.015 ± 0.013 0.001 ± 0.001 0.054 ± 0.052 0.007 ± 0.007 

casp3  0.008 ± 0.007 0.009 ± 0.010 0.006 ± 0.007 0.203 ± 0.288 0.001 ± 0.001  0.001 ± 0.001 0.055 ± 0.042 0.006 ± 0.009 0.074 ± 0.143 0.014 ± 0.019 

ido2  0.003 ± 0.002 0.002 ± 0.002 0.003 ± 0.002 0.005 ± 0.003ab 0.000 ± 0.000  0.001 ± 0.001£ 0.010 ± 0.008£* 0.002 ± 0.002£ 0.041 ± 0.037a 0.006 ± 0.007£ 

afmid  0.005 ± 0.004 0.004 ± 0.004 0.002 ± 0.002 0.055 ± 0.074 0.000 ± 0.000  0.001 ± 0.001 0.018 ± 0.013 0.002 ± 0.003 0.060 ± 0.054 0.007 ± 0.007 

 

 



Mediators of inflammation: unravelling the role of methionine and tryptophan during infection 

ICBAS| 215 

 

Parameters 

  Dietary treatments 

 
TRP 13  TRP  17 

  0h 4h 24h 48h 72h  0h 4h 24h 48h 72h 

il1β 
N

o
rm

a
liz

e
d
 m

R
N

A
 e

x
p
re

s
s
io

n
 

 
0.020 ± 0.030 0.059 ± 0.073 0.018 ± 0.018 0.282 ± 0.325 0.086 ± 0.109  0.040 ± 0.037 0.107 ± 0.127 0.165 ± 0.259 0.022 ± 0.036 0.192 ± 0.171 

il10 
 

0.050 ± 0.091 0.081 ± 0.092 0.027 ± 0.029 0.140 ± 0.145b 0.088 ± 0.105  0.034 ± 0.031 0.079 ± 0.108 0.070 ± 0.044 0.026 ± 0.028c 0.184 ± 0.146 

il8 
 

0.149 ± 0.274 0.202 ± 0.222 0.056 ± 0.044 0.462 ± 0.467ab 0.087 ± 0.126  0.108 ± 0.097 0.210 ± 0.312 0.137 ± 0.090 0.070 ± 0.082b 0.436 ± 0.308 

tgfβ 
 

0.001 ± 0.001 0.001 ± 0.001 0.001 ± 0.000 0.002 ± 0.002b 0.002 ± 0.001  0.001 ± 0.001 0.000 ± 0.000 0.002 ± 0.001 0.001 ± 0.001b 0.004 ± 0.002 

sod 
 

0.145 ± 0.234 0.315 ± 0.381 0.056 ± 0.044 0.750 ± 0.719ab 0.306 ± 0.351  0.067 ± 0.037 0.257 ± 0.265 0.131 ± 0.081 0.140 ± 0.163b 0.681 ± 0.497 

cox 2 
 

1.531 ± 2.800 1.957 ± 2.003 0.512 ± 0.431 11.795 ± 7.027 1.455 ± 0.698  0.974 ± 0.949 2.035 ± 2.444 1.033 ± 0.842 3.941 ± 0.783 0.112 ± 3.397 

m2cr 
 

0.002 ± 0.004 0.010 ± 0.011 0.002 ± 0.002 0.066 ± 0.071 0.005 ± 0.006  0.004 ± 0.003 0.016 ± 0.020 0.007 ± 0.006 0.003 ± 0.003 0.028 ± 0.020 

ifn-γ 
 

0.224 ± 0.422 0.408 ± 0.458 0.103 ± 0.091 0.785 ± 0.836ab 0.351 ± 0.425  0.082 ± 0.071 0.325 ± 0.392 0.157 ± 0.112 0.149 ± 0.192b 1.102 ± 0.904 

c3zeta 
 

0.002 ± 0.002 0.004 ± 0.005 0.001 ± 0.001 0.018 ± 0.027 0.009 ± 0.015  0.001 ± 0.001 0.002 ± 0.001 0.005 ± 0.005 0.001 ± 0.001 0.009 ± 0.008 

mcsf1r1 
 

0.007 ± 0.010 0.008 ± 0.009 0.002 ± 0.002 0.048 ± 0.060 0.003 ± 0.004  0.007 ± 0.008 0.011 ± 0.018 0.006 ± 0.003 0.002 ± 0.004 0.024 ± 0.027 

cd8β 
 

0.001 ± 0.002 0.268 ± 0.314 0.014 ± 0.021 0.190 ± 0.167 0.206 ± 0.354  0.032 ± 0.064 0.246 ± 0.324 0.006 ± 0.005 0.030 ± 0.036 0.019 ± 0.016 

hsp70 
 

0.013 ± 0.023 0.036 ± 0.044 0.011 ± 0.007 0.175 ± 0.194 0.046 ± 0.048  0.016 ± 0.015 0.040 ± 0.061 0.025 ± 0.017 0.015 ± 0.016 0.112 ± 0.082 

hsp90 
 

1.113 ± 1.931 1.039 ± 1.154 0.441 ± 0.305 3.960 ± 3.749 1.955 ± 1.904  0.902 ± 1.005 1.136 ± 1.331 0.857 ± 0.673 0.785 ± 0.907 4.182 ± 3.557 

mmp9 
 

0.120 ± 0.204 0.252 ± 0.270 0.055 ± 0.043 0.493 ± 0.454ab 0.235 ± 0.264  0.087 ± 0.077 0.208 ± 0.295 0.157 ± 0.087 0.060 ± 0.064b 0.311 ± 0.222 

dicent 
 

0.242 ± 0.406 0.388 ± 0.364 0.058 ± 0.034 1.288 ± 1.269 0.121 ± 0.112  0.179 ± 0.182 0.250 ± 0.472 0.216 ± 0.141 0.260 ± 0.201 0.240 ± 0.197 

gr1 
 

0.040 ± 0.068 0.049 ± 0.048 0.010 ± 0.009 0.155 ± 0.168ab 0.073 ± 0.081  0.028 ± 0.024 0.045 ± 0.057 0.025 ± 0.021 0.018 ± 0.019b 0.172 ± 0.132 

mif 
 

0.004 ± 0.008 0.004 ± 0.003 0.001 ± 0.001 0.016 ± 0.017 0.006 ± 0.007  0.003 ± 0.003 0.006 ± 0.010 0.002 ± 0.002 0.003 ± 0.004 0.015 ± 0.013 

casp3 
 

0.019 ± 0.034 0.056 ± 0.086 0.005 ± 0.007 0.121 ± 0.145 0.067  0.090  0.008 ± 0.004 0.027 ± 0.038 0.033  0.053 0.003 ± 0.005 0.094 ± 0.074 

ido2 
 

0.005 ± 0.009 0.007 ± 0.008 0.002 ± 0.001 0.030 ± 0.031ab 0.008 ± 0.010  0.001 ± 0.001 0.009 ± 0.013 0.017 ± 0.024 0.003 ± 0.003b 0.020 ± 0.015 

afmid   0.008 ± 0.016 0.010 ± 0.011 0.003 ± 0.002 0.033 ± 0.039 0.008 ± 0.011  0.004 ± 0.005 0.011 ± 0.016 0.006 ± 0.005 0.006 ± 0.008 0.021 ± 0.015 
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Two-way ANOVA                 

Parameters Time Diet Time × Diet  
Time 

 
0h 4h 24h 48h 72h 

il1β 
 

<0.001 ns ns  B B B A B 

il10 
 

<0.001 ns 0.003  B B B A B 

il8 
 

<0.001 ns 0.022  B B B A B 

tgfβ 
 

<0.001 ns 0.009  B B B A B 

sod 
 

<0.001 ns 0.029  B B B A B 

cox 2 
 

<0.001 ns ns  B B B A B 

m2cr 
 

<0.001 ns ns  B B B A B 

ifn-γ 
 

<0.001 ns 0.044  B B B A B 

c3zeta 
 

<0.001 ns ns  B B B A B 

mcsf1r1 
 

<0.001 ns ns  B B B A B 

cd8β 
 

0.014 ns ns  B AB AB A AB 

hsp70 
 

<0.001 ns ns  B B B A B 

hsp90 
 

<0.001 ns 0.049  B B AB A AB 

mmp9 
 

<0.001 ns 0.041  B B B A B 

dicent 
 

<0.001 ns ns  B B B A B 

gr1 
 

<0.001 ns 0.022  B B B A B 

mif 
 

<0.001 ns ns  B B B A AB 

casp3 
 

0.011 ns ns  B AB B A AB 

ido2 
 

<0.001 ns 0.006  B AB B A AB 

afmid   <0.001 ns ns   B B B A B 

Values are presented as means ± SD (n=6). P-values from two-way ANOVA (p ≤0.05). If interaction was significant, Tukey post hoc test was used to identify differences in the 

experimental treatments. Different lowercase letters stand for significant differences among dietary treatments for the same time while different symbols stands for significant 

differences between times for the same diet. Different capital letters indicate differences among times regardless diets and among diets regardless time.  
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Appendix III 

 

Methionine and tryptophan play different modulatory roles in 

the European seabass (Dicentrarchus labrax) innate immune 

response and apoptosis signalling – an in vitro study 
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 Table S1. Quantitative expression of immune-related gene of head kidney leucocytes subjected to the experimental conditions for 

4 and 24 h. 

Parameters 

L-15 

Ø LPSPhdp 

4h 24h 4h 24h 

il1β 

N
o
rm

a
liz

e
d

 m
R

N
A

 e
x
p
re

s
s
io

n
 

0.045 ± 0.045 0.001 ± 0.001 0.092 ± 0.056 0.018 ± 0.000 

il6 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 

il10 0.004 ± 0.005 0.002 ± 0.003 0.010 ± 0.013 0.001 ± 0.000 

il13r 0.097 ± 0.130 0.009 ± 0.014 0.039 ± 0.058 0.016 ± 0.022b 

tnfα 0.055 ± 0.063 0.074 ± 0.053 0.097 ± 0.070 0.015 ± 0.000 

cox2 0.040 ± 0.033 0.016 ± 0.017 0.179 ± 0.128 0.035 ± 0.024 

infγ 0.605 ± 1.289 0.000 ± 0.001 0.223 ± 0.403 0.003 ± 0.004 

odc 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 

arg2 0.093 ± 0.059 0.075 ± 0.084 0.097 ± 0.113b 0.033 ± 0.022 

mtor 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 

sod 0.047 ± 0.072ab 0.122 ± 0.192 0.007 ± 0.010b 0.018 ± 0.012 

amd1 0.002 ± 0.003 0.001 ± 0.002 0.001 ± 0.001 0.000 ± 0.000 

sms 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.001 

dnmt1 0.229 ± 0.289 0.085 ± 0.104b 0.152 ± 0.225 0.070 ± 0.051b 

dnmt3α 0.031 ± 0.036 0.593 ± 1.022 0.001 ± 0.000 0.022 ± 0.020 

dnmt3β 0.535 ± 0.608 0.053 ± 0.039 0.254 ± 0.384 0.072 ± 0.045 

ido2 0.077 ± 0.137 0.000 ± 0.000 0.019 ± 0.035 0.000 ± 0.000 

afmid1 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 5.746 ± 5.614 
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Parameters 

M1x  M2x 

Ø LPSPhdp  Ø LPSPhdp 

4h 24h 4h 24h  4h 24h 4h 24h 

il1β 
N

o
rm

a
liz

e
d

 m
R

N
A

 e
x
p
re

s
s
io

n
 

0.029 ± 0.056 0.001 ± 0.000 0.006 ± 0.008 0.076 ± 0.094  0.079 ± 0.149 0.001 ± 0.000 0.001 ± 0.001 0.000 ± 0.000 

il6 0.000 ± 0.000 0.000 ± 0.000 0.002 ± 0.003 0.000 ± 0.000  0.003 ± 0.005 0.000 ± 0.000 0.000 ± 0.001 0.000 ± 0.000 

il10 0.000 ± 0.000 0.000 ± 0.000 0.002 ± 0.002 0.001 ± 0.001  0.017 ± 0.033 0.001 ± 0.001 0.000 ± 0.000 0.008 ± 0.010 

il13r 0.009 ± 0.013 0.001 ± 0.001 0.003 ± 0.004 0.018 ± 0.019b  0.077 ± 0.140 0.014 ± 0.011B 0.005 ± 0.006* 0.424 ± 0.372aA  

tnfα 0.107 ± 0.099 0.205 ± 0.210 0.147 ± 0.138 0.075 ± 0.013  0.037 ± 0.027 0.000 ± 0.000 0.013 ± 0.021 0.086 ± 0.102 

cox2 0.011 ± 0.011 0.013 ± 0.009 0.022 ± 0.017 0.030 ± 0.017  0.260 ± 0.323 0.041 ± 0.011 1.602 ± 1.975 0.355 ± 0.503 

infγ 0.056 ± 0.105 0.000 ± 0.000 0.002 ± 0.004 0.003 ± 0.004  0.000 ± 0.001 0.002 ± 0.002 0.002 ± 0.004 0.234 ± 0.280 

odc 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.001 0.004 ± 0.005  0.000 ± 0.000 0.000 ± 0.000 0.003 ± 0.004 0.001 ± 0.001 

arg2 0.028 ± 0.022 0.049 ± 0.046 0.028 ± 0.027b 0.039 ± 0.021  0.150 ± 0.145 0.074 ± 0.046 0.048 ± 0.040b 0.862 ± 0.570 

mtor 0.030 ± 0.067 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000  0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 0.002 ± 0.002 

sod 0.009 ± 0.011b 0.005 ± 0.004 0.018 ± 0.031b 0.012 ± 0.015  0.170 ± 0.205aA 0.033 ± 0.028 0.036 ± 0.064bB 0.078 ± 0.062 

amd1 0.037 ± 0.082 0.001 ± 0.001 0.052 ± 0.104 0.000 ± 0.000  0.001 ± 0.001 0.000 ± 0.000 0.000 ± 0.000 0.014 ± 0.013 

sms 0.006 ± 0.007 0.000 ± 0.000 0.069 ± 0.034 0.117 ± 0.014  0.001 ± 0.001 0.007 ± 0.004 0.061 ± 0.062 0.083 ± 0.000 

dnmt1 2.871 ± 3.528 0.006 ± 0.004bB 4.838 ± 3.939 7.922 ± 11.123aA 1.827 ± 2.651* 20.076 ± 13.447aA 8.116 ± 13.085 1.336 ± 0.830bB 

dnmt3α 0.004 ± 0.003 0.001 ± 0.000 0.022 ± 0.022 0.513 ± 0.478  0.030 ± 0.027 0.021 ± 0.025 0.002 ± 0.003 0.085 ± 0.103 

dnmt3β 0.021 ± 0.012 0.018 ± 0.002 0.026 ± 0.029 0.028 ± 0.031  0.093 ± 0.091 0.101 ± 0.032 0.034 ± 0.043 1.344 ± 1.546 

ido2 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 1.043 ± 1.355  0.001 ± 0.002 0.000 ± 0.000 0.001 ± 0.001 0.005 ± 0.005 

afmid1 4.404 ± 9.789 0.000 ± 0.000 0.059 ± 0.119 0.000 ± 0.000   0.036 ± 0.070 0.000 ± 0.000 0.000 ± 0.000 0.019 ± 0.014 
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Parameters 

T1x  T2x 

Ø LPSPhdp  Ø LPSPhdp 

4h 24h 4h 24h  4h 24h 4h 24h 

il1β 
N

o
rm

a
liz

e
d

 m
R

N
A

 e
x
p
re

s
s
io

n
 

0.000 ± 0.000 0.000 ± 0.000 0.002 ± 0.002 0.002 ± 0.002  0.001 ± 0.000 0.013 ± 0.023 0.042 ± 0.054 0.004 ± 0.006 

il6 0.000 ± 0.000 0.000 ± 0.000 0.001 ± 0.001 0.001 ± 0.001  0.000 ± 0.000 0.000 ± 0.000 0.004 ± 0.005 0.000 ± 0.000 

il10 0.001 ± 0.001 0.000 ± 0.000 0.002 ± 0.003 0.012 ± 0.020  0.000 ± 0.000 0.000 ± 0.000 0.068 ± 0.049 0.042 ± 0.049 

il13r 0.033 ± 0.064 0.004 ± 0.003 0.033 ± 0.029 0.100 ± 0.100b  0.003 ± 0.001 0.002 ± 0.002 0.186 ± 0.307 0.042 ± 0.062b 

tnfα 0.009 ± 0.010 0.001 ± 0.001 0.014 ± 0.021 0.049 ± 0.084  0.001 ± 0.001 0.003 ± 0.002 0.066 ± 0.069 0.019 ± 0.042 

cox2 0.029 ± 0.016 0.018 ± 0.012 0.021 ± 0.006 0.099 ± 0.110  0.006 ± 0.004 0.038 ± 0.046 0.130 ± 0.147 0.128 ± 0.130 

infγ 0.097 ± 0.208 0.232 ± 0.402 0.003 ± 0.003 0.023 ± 0.040  0.010 ± 0.021 0.040 ± 0.079 0.066 ± 0.114 0.413 ± 0.908 

odc 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000  0.000 ± 0.000 0.000 ± 0.000 0.001 ± 0.001 0.000 ± 0.000 

arg2 0.057 ± 0.044 0.065 ± 0.048 0.068 ± 0.058b 0.145 ± 0.165 
 

0.008 ± 0.003B 0.061 ± 0.061 1.718 ± 2.064aA* 0.129 ± 0.087 

mtor  0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000  0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 0.012 ± 0.027 

sod 0.034 ± 0.025b 0.019 ± 0.023 0.026 ± 0.034b 0.070 ± 0.065  0.003 ± 0.006bB 0.009 ± 0.007 0.195 ± 0.179aA* 0.023 ± 0.024 

amd1 0.001 ± 0.001 0.000 ± 0.000 0.001 ± 0.001 0.004 ± 0.004  0.000 ± 0.000 0.000 ± 0.000 0.004 ± 0.007 0.001 ± 0.001 

sms 0.003 ± 0.006 0.005 ± 0.007 0.009 ± 0.015 0.001 ± 0.001  0.002 ± 0.003 0.001 ± 0.002 0.001 ± 0.001 0.000 ± 0.000 

dnmt1 0.038 ± 0.039 0.014 ± 0.015b 0.041 ± 0.029 0.163 ± 0.224b 
 

0.006 ± 0.006 0.007 ± 0.002b 0.423 ± 0.627 0.075 ± 0.074b 

dnmt3α 0.007 ± 0.014 0.002 ± 0.002 0.030 ± 0.061 0.011 ± 0.017  0.000 ± 0.000 0.000 ± 0.000 0.037 ± 0.058 0.021 ± 0.029 

dnmt3β 0.157 ± 0.280 0.046 ± 0.049 0.520 ± 0.967 0.240 ± 0.326  0.007 ± 0.003 0.011 ± 0.003 0.636 ± 0.953 0.353 ± 0.514 

ido2 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 0.001 ± 0.001  0.000 ± 0.000 0.003 ± 0.004 0.003 ± 0.003 0.030 ± 0.044 

afmid1 0.098 ± 0.179 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000   0.000 ± 0.000 0.012 ± 0.020 0.003 ± 0.003 0.001 ± 0.002 
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Multifactorial 
ANOVA                   

        

Parameters AA Stimuli Time 
AA × 

Stimuli 
AA × Time 

Stimuli × 
Time 

AA × Stimuli × 
Time 

 AA 

  L-15 M1x M2x T1x T2x 

il1β - - - - - - -  - - - - - 

il6 
- - 

0.04
6 - - - -  - - - - - 

il10 
<0.00

1 0.008 - <0.001 - - -  b b ab b a 
il13r - 0.03 - - 0.043 - 0.01  - - - - - 
tnfα 0.001 - - - - - -  ab a b b b 
cox2 - - - - - - -  - - - - - 
infγ - - - - - - -  - - - - - 
odc - 0.036 - - - - -  - - - - - 
arg2 - 0.018 - 0.026 0.012 - 0.004  - - - - - 
mtor - - - - - - -  - - - - - 
sod - - - - - - 0.039  - - - - - 

amd1 - - - - - -   - - - - - 

sms 
<0.00

1 
<0.00

1 - <0.001 - - -  b a a b b 
dnmt1 0.001 - - - - - 0.022  bc ab a c bc 

dnmt3α - - - - - - -  - - - - - 
dnmt3β - 0.045 - - - - -  - - - - - 

ido2 - - - - - - -  - - - - - 
afmid1 - - - - - - -   - - - - - 

Parameters 
AA × Stimuli  AA × Time 

L-15 M1x M2x T1x T2x  L-15 M1x M2x T1x T2x 

Ø LPSPhdp Ø LPSPhdp Ø LPSPhdp Ø LPSPhdp Ø LPSPhdp   4h  24h  4h  24h  4h  24h  4h  24h  4h  24h  

il1β - - - - - - - - - -  - - - - - - - - - - 
il6 - - - - - - - - - -  - - - - - - - - - - 
il10 - b - b - b - b B aA   - - - - - - - - - - 
il13r - - - - - - - - - -  - b - ab - a - ab - ab 
tnfα - - - - - - - - - -  - - - - - - - - - - 
cox2 - - - - - - - - - -  - - - - - - - - - - 
infγ - - - - - - - - - -  - - - - - - - - - - 
odc - - - - - - - - - -  - - - - - - - - - - 
arg2 - b - b - ab - ab B aA    b - b - ab - ab - a* - 
mtor  - - - - - - - - - -  - - - - - - - - - - 
sod - - - - - - - - - -  - - - - - - - - - - 

amd1 - - - - - - - - - -  - - - - - - - - - - 
sms - b B aA  B aA  - b - b  - - - - - - - - - - 

dnmt1 - - - - - - - - - -  - - - - - - - - - - 
dnmt3α - - - - - - - - - -  - - - - - - - - - - 
dnmt3β - - - - - - - - - -  - - - - - - - - - - 

ido2 - - - - - - - - - -  - - - - - - - - - - 
afmid1 - - - - - - - - - -   - - - - - - - - - - 
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Values are presented as means ± SD (n=6). P-values from Multifactorial ANOVA (p ≤0.05). If interaction was significant, Tukey post hoc test was 
used to identify differences in the experimental treatments. Different lowercase letters stand for significant differences among amino acids 
treatments while capital letters indicate differences among stimulus. Asterisk indicate significant differences between times.   

 

Table S2. Quantitative expression of immune-related gene of head kidney leucocytes subjected to the experimental conditions for 

1, 3 and 6 h. 

Parameters 

L-15 

Ø AIP56 

1h 3h 6h 1h 3h 6h 

casp3 

N
o
rm

a
liz

e
d

 m
R

N
A

 e
x
p
re

s
s
io

n
 

0.000 ± 0.000 0.000 ± 0.000 B 0.000 ± 0.000 0.000 ± 0.000 # 0.004 ± 0.003 aA* 0.001 ± 0.001*# 

casp8 0.000 ± 0.000 0.019 ± 0.013 0.006 ± 0.012 0.001 ± 0.000 0.013 ± 0.012 0.001 ± 0.001b 

casp9 0.005 ± 0.004 0.028 ± 0.024 0.016 ± 0.026 0.082 ± 0.174 0.028 ± 0.029 0.002 ± 0.002 

mtor  0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 

tnfα 0.007 ± 0.011 0.032 ± 0.019 0.004 ± 0.005 0.072 ± 0.140 0.015 ± 0.015 0.006 ± 0.005 

nfkb 0.000 ± 0.000 0.002 ± 0.002 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 

stat3 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 

sms 0.000 ± 0.001 0.001 ± 0.001 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 

ido2 0.005 ± 0.006 0.000 ± 0.000 0.004 ± 0.009 0.000 ± 0.000 0.001 ± 0.003 0.000 ± 0.000 

afmid1 0.000 ± 0.000 0.001 ± 0.001 0.002 ± 0.003 0.000 ± 0.000 0.001 ± 0.001 0.000 ± 0.000 

amd1 0.000 ± 0.000 0.002 ± 0.001 0.000 ± 0.000 0.000 ± 0.000 0.002 ± 0.002 0.000 ± 0.000 

dnmt1 0.000 ± 0.000 0.001 ± 0.001 0.001 ± 0.001 0.000 ± 0.000 0.001 ± 0.001 0.000 ± 0.000 

dnmt3a 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 

dnmt3b 0.000 ± 0.000 0.001 ± 0.001 0.000 ± 0.000 0.000 ± 0.000 0.001 ± 0.001 0.000 ± 0.000 
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Parameters 

M1x  M2x 

Ø AIP56  Ø AIP56 

1h 3h 6h 1h 3h 6h   1h 3h 6h 1h 3h 6h 

casp3 

N
o
rm

a
liz

e
d
 m

R
N

A
 e

x
p
re

s
s
io

n
 

0.000 ± 0.000 0.001 ± 0.002 0.000 ± 0.000 0.000 ± 0.000 0.001 ± 0.001b 0.000 ± 0.000  0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000b 0.000 ± 0.000 

casp8 0.000 ± 0.001 0.013 ± 0.008 0.001 ± 0.001 0.001 ± 0.001 0.011 ± 0.010 0.002 ± 0.003b  0.000 ± 0.000 0.002 ± 0.002 0.004 ± 0.007 0.007 ± 0.014 0.005 ± 0.005 0.001 ± 0.001b 

casp9 0.008 ± 0.014 0.021 ± 0.017 0.001 ± 0.001 0.002 ± 0.001 0.019 ± 0.021 0.006 ± 0.006 
 

0.001 ± 0.002 0.007 ± 0.007 0.001 ± 0.001 0.000 ± 0.001 0.011 ± 0.010 0.003 ± 0.002 

mtor 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000  0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 

tnfα 0.012 ± 0.018 0.018 ± 0.010 0.009 ± 0.010 0.007 ± 0.008 0.014 ± 0.009 0.003 ± 0.003 
 

0.000 ± 0.000 0.011 ± 0.013 0.002 ± 0.003 0.004 ± 0.007 0.019 ± 0.014 0.004 ± 0.003 

nfkb 0.001 ± 0.001 0.005 ± 0.006 0.001 ± 0.001 0.000 ± 0.000 0.002 ± 0.001 0.000 ± 0.000  0.001 ± 0.000 0.001 ± 0.001 0.000 ± 0.001 0.000 ± 0.000 0.001 ± 0.000 0.000 ± 0.001 

stat3 0.000 ± 0.000 0.001 ± 0.001 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 
 

0.000 ± 0.000 0.000 ± 0.001 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 

sms 0.000 ± 0.000 0.001 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 0.001 ± 0.001 0.000 ± 0.000 
 

0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 0.001 ± 0.001 0.000 ± 0.000 0.000 ± 0.000 

ido2 0.014 ± 0.030 0.000 ± 0.001 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000  0.001 ± 0.001 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 0.003 ± 0.005 

afmid1 0.001 ± 0.001 0.001 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 0.001 ± 0.001 0.000 ± 0.001 
 

0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.001 0.000 ± 0.000 0.000 ± 0.000 

amd1 0.000 ± 0.001 0.001 ± 0.001 0.000 ± 0.000 0.000 ± 0.001 0.002 ± 0.002 0.000 ± 0.000 
 

0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 

dnmt1 0.000 ± 0.001 0.001 ± 0.001 0.000 ± 0.000 0.001 ± 0.002 0.001 ± 0.001 0.001 ± 0.001 
 

0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.001 0.000 ± 0.000 0.001 ± 0.001 

dnmt3a 0.000 ± 0.000 0.001 ± 0.003 0.005 ± 0.006 0.001 ± 0.003 0.000 ± 0.000 0.000 ± 0.000 
 

0.002 ± 0.002 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 0.004 ± 0.008 0.000 ± 0.000 

dnmt3b 0.000 ± 0.000 0.001 ± 0.001 0.000 ± 0.000 0.000 ± 0.000 0.001 ± 0.001 0.000 ± 0.000   0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.001 0.000 ± 0.000 0.000 ± 0.000 
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Parameters 

T1x  T2x 

Ø AIP56  Ø AIP56 

1h 3h 6h 1h 3h 6h   1h 3h 6h 1h 3h 6h 

casp3 

N
o
rm

a
liz

e
d

 m
R

N
A

 e
x
p

re
s
s
io

n
 

0.000 ± 0.000 0.000 ± 0.000 0.001 ± 0.001 0.000 ± 0.000 0.001 ± 0.001b 0.003 ± 0.002  0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.001 0.002 ± 0.003b 0.001 ± 0.000 0.003 ± 0.001 

casp8 0.000 ± 0.000 0.012 ± 0.024 0.012 ± 0.020 0.001 ± 0.001# 0.028 ± 0.047# 0.111 ± 0.090a*  0.000 ± 0.000 0.003 ± 0.005 0.003 ± 0.003 0.016 ± 0.027 0.025 ± 0.038 0.026 ± 0.019b 

casp9 0.000 ± 0.000 0.001 ± 0.001 0.059 ± 0.099 0.015 ± 0.006 0.009 ± 0.006 0.002 ± 0.001 
 
0.001 ± 0.001 0.009 ± 0.018 0.047 ± 0.056 0.051 ± 0.093 0.005 ± 0.007 0.016 ± 0.019 

mtor 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000  0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 

tnfα 0.061 ± 0.061 0.003 ± 0.004 0.039 ± 0.058 0.001 ± 0.000 0.006 ± 0.005 0.002 ± 0.002 
 
0.001 ± 0.001 0.003 ± 0.004 0.023 ± 0.036 0.002 ± 0.003 0.005 ± 0.004 0.001 ± 0.002 

nfkb 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 0.001 ± 0.000 0.000 ± 0.000  0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 

stat3 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 
 
0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 

sms 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 
 
0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.001 0.000 ± 0.000 

ido2 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 0.002 ± 0.003 0.000 ± 0.000 0.002 ± 0.003  0.006 ± 0.008 0.001 ± 0.001 0.000 ± 0.000 0.000 ± 0.000 0.001 ± 0.000 0.002 ± 0.001 

afmid1 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 
 
0.000 ± 0.001 0.000 ± 0.000 0.001 ± 0.001 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 

amd1 0.000 ± 0.000 0.000 ± 0.001 0.000 ± 0.001 0.000 ± 0.000 0.001 ± 0.001 0.000 ± 0.000 
 
0.000 ± 0.000 0.000 ± 0.000 0.001 ± 0.001 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 

dnmt1 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 
 
0.000 ± 0.000 0.000 ± 0.000 0.001 ± 0.002 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 

dnmt3a 0.000 ± 0.000 0.000 ± 0.000 0.002 ± 0.003 0.002 ± 0.004 0.000 ± 0.000 0.000 ± 0.000 
 
0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 

dnmt3b 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000   0.000 ± 0.000 0.000 ± 0.001 0.001 ± 0.002 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 
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Multifactorial ANOVA                          

Parameters AA Stimuli Time 
AA × 

Stimuli 
AA × Time 

Stimuli × 
Time 

AA × Stimuli × 
Time 

 AA  Time 
  

  L-15 M1x M2x T1x T2x  1h 3h 6h 

casp3 - <0.001 0.024 0.004 - - 0.026  - - - - -  # * *# 
casp8 0.003 0.004 - 0.008 0.007 - 0.049  b b b a ab  - - - 
casp9 - - - - - - -  - - - - -  - - - 
mtor - - 0.001 - <0.001 - -  - - - - -  # * * 
tnfα - - - - - - -  - - - - -  - - - 
nfkb 0.003 0.048 0.0029 - 0.017 - -  b a ab b b  # * # 
stat3 - - <0.001 - 0.022 0.045 -  - - - - -  # * # 
sms - - 0.004 0.024 - - -  - - - - -  # * # 
ido2 - - - - - - -  - - - - -  - - - 

afmid1 0.030 - - - - - -  a ab ab b ab  - - - 
amd1 - - <0.001 - 0.004 - -  - - - - -  # * # 
dnmt1 0.042 - - - - - -  ab a ab b ab  - - - 

dnmt3a - - - - - - -  - - - - -  - - - 
dnmt3b - - 0.009 - 0.024 - -  - - - - -  # * # 

Parameters 

AA × Stimuli   AA × Time  Stimuli × Time 
L-15 M1x M2x T1x T2x  L-15 M1x M2x T1x T2x  Ø AIP56 

Ø AIP56 Ø AIP56 Ø AIP56 Ø AIP56 Ø AIP56   1h 3h 6h 1h 3h 6h 1h 3h 6h 1h 3h 6h 1h 3h 6h  1h 3h 6h 1h 3h 6h 

casp3 B aA  b  b  ab B aA  - - - - - - - - - - - - - - -  - - - - - - 
casp8  b  b  ab  a  ab    b   b   b # *# a*   ab  - - - - - - 
casp9 - - - - - - - - - -  - - - - - - - - - - - - - - -  - - - - - - 
mtor - - - - - - - - - -  # * b*# # * b#   b   b # # a*  - - - - - - 
tnfα - - - - - - - - - -  - - - - - - - - - - - - - - -  - - - - - - 
nfkb - - - - - - - - - -   b  # a* #  b   b   b   - - - - - - 
stat3 - - - - - - - - - -   ab  # a* *#  ab   b   b   # * #    

sms a  ab  ab  ab  b   - - - - - - - - - - - - - - -  - - - - - - 
ido2 - - - - - - - - - -  - - - - - - - - - - - - - - -  - - - - - - 

afmid1 - - - - - - - - - -  - - - - - - - - - - - - - - -  - - - - - - 
amd1 - - - - - - - - - -  # a* #  a   b   ab   b   - - - - - - 
dnmt1 - - - - - - - - - -  - - - - - - - - - - - - - - -  - - - - - - 

dnmt3a - - - - - - - - - -  - - - - - - - - - - - - - - -  - - - - - - 
dnmt3b - - - - - - - - - -  # a* #  ab   ab   b   ab   - - - - - - 

Values are presented as means ± SD (n=6). P-values from Multifactorial ANOVA (p ≤0.05). If interaction was significant, Tukey post hoc test was used to 
identify differences in the experimental treatments. Different lowercase letters stand for significant differences among amino acids treatments while capital 
letters indicate differences among stimulus. Different symbols stand for significant differences between times.   

 


