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Aquaculture has become the world's fastest growing sector of aquatic animal production (Figure 

1) with an average annual growth rate of 5.9% (2001−2010) and 4.8% since 2011, respectively 

(FAO, 2019). World production of finfish represented 66.6 % (53.4 million tonnes [t]) in 2017 

of the total aquatic animals produced in aquaculture (FAO, 2019). Accordingly, about 50% of 

the total fish production (capture and aquaculture) in 2017 is supplied by aquaculture. 

 

Figure 1 

Worldwide sea food supply from aquaculture and fisheries between 1950 and 2017 

(FAO, 2019) (modified by V.Fuchs) 

However, the rapid expansion and intensification of aquaculture has simultaneously implicate 

a rising burden of challenges, such as disease outbreaks in fish production (Thrush et al., 2012). 

For example, turbot (Scophthalmus maximus) farms have suffered from high losses due to 

parasitic, viral and bacterial diseases (Fouz et al., 1992; Hellberg et al., 2002; Johansen et al., 

2004; Kim et al., 2005; Novoa et al., 1992). Moreover, stressful culture conditions are also 

harmful for flatfishes affecting physiology, growth, behavior and may encourage the outbreak 

of diseases (Barton, 2002; Costas et al., 2008; Costas et al., 2011; Gonçalves et al., 2010; Min 

et al., 2015; Reiser et al., 2010). Therefore, good health management and disease prevention, 

especially for intensive land-based aquaculture, is of increasing interest and one of the main 
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topics in aquaculture research (Assefa and Abunna, 2018; Segner et al., 2012). Recently, the 

application of functional additives, such as probiotics, prebiotics, nucleotides or organic 

acids/acidifiers, represents a promising method for disease control and growth promoting 

effects in aquatic animals (Dawood et al., 2018). However, further research is needed to assess 

the effect of such additives for more fish species of commercial interest, such as some flatfish 

species. 

1. Flatfish aquaculture development 

Worldwide, various flatfish species are produced in aquaculture, predominantly turbot 

(Scophthalmus maximus) mainly in Spain and China, Bastard halibut (Paralichthys olivaceus) 

in Korea, Japan and China, Atlantic halibut (Hippoglossus hippoglossus) in Norway and 

Senegalese sole (Solea senegalensis) in France, Spain and Portugal (Bergh et al., 2001; FAO, 

2019; Guan et al., 2018; Morais et al., 2016; Person-Le Ruyet, 2002; Sohn et al., 2019). In 

Europe, turbot (Figure 2) is one of the six main cultured finfish species alongside Atlantic 

salmon (Salmo salar), rainbow trout (Oncorhynchus mykiss), gilthead seabream (Sparus 

aurata), European seabass (Dicentrarchus labrax) and common carp (Cyprinus carpio) 

(Janssen et al., 2017).  

 

Figure 2 

Turbot (Scophthalmus maximus). 
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S. maximus represents an important food resource in the Mediterranean area, especially in 

Spain, Portugal and France and is mostly favored due to its low-fat level (2 - 4% fat) and firm, 

white, mild tasting meat. The United Kingdom and France initiated the aquaculture farming of 

turbot in the early 1970s (Person-Le Ruyet et al., 1991). Turbot production then rapidly 

developed in Europe, particular in Spain and Portugal, with increasing yields from 38 t in 1985 

to 11,000 t in 2017 (FAO, 2017b). To date, turbot farming is also present in other countries 

such as in Chile since 1991 (Alvial and Manrı́quez, 1999) and China since 2003. Chinese 

production has been rapidly expanding by an estimated average of 56,000 t per year since 2005 

(FAO, 2017b). In contrast, the starry flounder (Platichthys stellatus) (Figure 3) is an emerging 

newcomer in the aquaculture industry in Korea and in the coastal regions of north China. Since 

2003, an ever-expanding production of starry flounder was realized from 4,000 t in 2003 to 

16,000 t in 2017 (Guan et al., 2018). 

 

Figure 3 

Starry flounder (Platichthys stellatus) (Photo: M. Bögner, AWI). 

2. Intensive flatfish production and its challenges 

Turbot is currently primarily produced in intensive land-based culture systems, either in semi-

circulating flow-through (the most common technique) or recirculating aquaculture systems 

(RAS) (Blancheton, 2000; FAO, 2017a; Person-Le Ruyet, 2002). It has been shown that a 

shallow water depth in ponds or tanks is sufficient for this demersal living species that naturally 
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feeds on other bottom-living fish or invertebrates. Diets for turbots require relatively high 

protein levels, 500 to 550 g kg-1 (dry matter), with fish meal (FM) preferably as the main protein 

source (Cho et al., 2005; Day and Plascencia González, 2000; Lee et al., 2003a). Feed 

conversion efficiency is a crucial factor, because feed represent a minimum of 17% of the total 

production costs (Person-Le Ruyet, 2002) with an increasing tendency due to the rising prices 

of feed ingredients (Rana et al., 2009; Tacon and Metian, 2008). Juvenile turbot (> 40 g) show 

best growth and feed conversion at intermediate salinities (15-27 g L-1) and between 16-19°C, 

rapidly declining above at 20°C (Boeuf et al., 1999; Daniels and Watanabe, 2010; Gaumet et 

al., 1995; Imsland et al., 2001) with increasing disease outbreaks (Marcus Thon, personal 

communication, December, 2012). In contrast, the cultivation of starry flounder is relatively 

new and currently this species is exclusively cultivated in flow-through land based aquaculture 

farms (Mirco Bögner, personal communication, November, 2015). This species is a promising 

candidate for land-based aquaculture due to its acceptable growth rates, wide salinity and 

temperature tolerance and as well as its high marketability (An et al., 2011; Lim et al., 2013; 

Min et al., 2015; Song et al., 2014). Starry flounder is generally reared and bred under the same 

conditions as other commercial interesting pleuronectiformes e.g. Bastard halibut or turbot (An 

et al., 2011). At present only some studies on the dietary demands in terms of protein and lipid 

content (Lee et al., 2003; Wang et al., 2017), FM replacement (Song et al., 2014) and diet 

additives (Park et al., 2016; Schmidt et al., 2017) have been published. More research has been 

published by Korean and Chinese researchers (in Korean or Chinese literature; access is 

difficult/impossible) studying the biology of starry flounder or the requirements for its use in 

aquaculture (Kim et al., 2019; Liu et al., 2008; Shin et al., 2019). 

In general, marine finfish aquaculture has become more intensive over the last years with the 

development of new and improved technologies regarding land-based systems (such as RAS) 

and feed optimization (such as formulation, ingredients, production techniques) (Bendiksen et 

al., 2011; Dalsgaard et al., 2013; Tal et al., 2009). Intensifying fish production in RAS, a 

relatively young production sector, offers a sustainable method for culturing flatfish species 

(Martins et al., 2010). RAS allows the effective management, collection and treatment of 

nutrient wastes to ensure optimal water quality and, therefore, providing the ability to increase 

stocking densities and thus fish production (Blancheton, 2000; Orellana et al., 2014; Tal et al., 

2009). However, the effort to intensify fish production in aquaculture operations is also a 
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challenge for the producer and the fish themselves. Handling, feeding, transport, vaccination, 

inadequate water parameters or quality and high stocking density are potential stressors 

affecting the physiology and health condition of reared fish (Ashley, 2007; Segner et al., 2012). 

Severe or long-lasting stress has profound detrimental effects on fish growth, physiological 

responses and immune functions (Barton, 2002; Barton and Iwama, 1991; Verburg‐Van 

Kemenade et al., 2009), often resulting in outbreaks of infectious diseases in farms (Novoa et 

al., 1992). Assuring optimal physical conditions and an efficient immune system in cultured 

fish is important to reduce the susceptibility to stress and diseases. Therefore, adequate 

nutritional practices, good health management and fish welfare play an important role in 

modern aquaculture (Ashley, 2007; Lall, 2000). This is especially relevant for the aquaculture 

of turbot that are highly susceptible to parasites (mainly Trichodina) and viral pathogens 

(mainly Herpesvirus scophthalmi, Turbot Iridovirus, Nodavirus) or bacterial infections such as 

edwardsiellosis or vibriosis (Castro et al., 2008; Fouz et al., 1992; Sanmartin Durán et al., 1991). 

Vaccines are successful as prophylactic measures, but also have their limitations as treatments 

are not effective against all pathogens that may occur. Vaccination may also be stressful for 

fish, remains costly and labor-intensive for the producer (Lillehaug, 1989; Plant and LaPatra, 

2011). The preventative use of antibiotics as growth and health promoters has been banned in 

animal husbandry and aquaculture (EU regulations 2003: EC No 1831/2003) as a result of 

increasing antibiotic-resistances of microbial strains (Boerlin and Reid-Smith, 2008). In 

general, multidrug resistance is becoming a major concern. For instance, bacteria isolated from 

fish meat have shown resistance to multiple antibiotics, including some highly important 

antibiotics in human medicine (Done et al., 2015). Therefore, it is mandatory to minimize any 

antibiotic treatments focusing on alternative ways to support fish health and to reduce disease 

outbreaks or severity in fish production. Recently, the application of functional additives as a 

preventative measure has been increasingly researched regarding their qualities for disease 

control and as growth promoters in cultured fish. 
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3. Functional additives and their mode of action 

Some reviews summarized the functional additives found in previous literature and their effects 

on different fish species (Hoseinifar et al., 2019; Lauzon et al., 2014; Merrifield et al., 2010; 

Ringø et al., 2010; Ringø et al., 2012). Among them are probiotics, prebiotics, synbiotics, 

immuno-modulators (or -stimulants), nucleotides, organic acids/acidifiers, medicinal herbs and 

other plant derived extracts. Most frequently, functional additives have been incorporated to 

fish feed, which is a simple non-invasive and time-saving method (Dawood et al., 2018). 

Additives included in formulated feed are defined as non-nutritive ingredients that are not direct 

nutrients for the host (Barrows, 2000). The chemical nature of these feed additives is quite 

diverse and their use and functionality in feed varies considerably. Feed additives can modify 

either the physical or chemical properties of the diet, such as binders, preservatives, feed 

attractants, or function as immuno-modulators and growth promoters (Barrows, 2000; Bricknell 

and Dalmo, 2005; Dawood et al., 2018; Ringø et al., 2012; Sakai, 1999). A large variety of feed 

additives from different sources, among them some commercial products, have been tested in 

animal feeds (Abu Elala and Ragaa, 2014; Bagni et al., 2005; Burrells et al., 2001a; Cook et al., 

2001; He et al., 2011; Miest et al., 2016; Spring et al., 2015). Functional additives are assumed 

to have high potential as preventative measure in aquafeeds to promote fish growth (Burrells et 

al., 2001b; Kühlwein et al., 2014; Li et al., 2008) and growth of commensal microbiota in the 

gastrointestinal tract (Dimitroglou et al., 2011; Gildberg and Mikkelsen, 1998; Kühlwein et al., 

2013; Skjermo et al., 2006). As immuno-modulators, they have been found to possess beneficial 

immuno-modulating and anti-stress relieving properties by stimulating the immune system (Ai 

et al., 2011; Li et al., 2008; Peng et al., 2013) and by improving stress and disease resistance in 

fish (Gioacchini et al., 2008; Leonardi et al., 2003; Palermo et al., 2013; Torrecillas et al., 2012). 

3.1 Seaweeds 

Several studies have focused on the potential use of seaweeds as functional food and feed 

supplements (Evans and Critchley, 2014; Makkar et al., 2016; Rupérez, 2002). Seaweeds and 

their extracts are rich in polysaccharides (e.g. alginates, laminarins, fucoidans) and contain 

bioactive compounds (e.g. vitamins or polyphenols) that are known to affect animal health 

(Fleurence, 1999; Gupta and Abu-Ghannam, 2011; Holdt and Kraan, 2011; MacArtain et al., 

2007). Alginic acid is a polysaccharide that is extracted from brown seaweeds such as 
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Ascophyllum nodosum and various types of Laminaria. Alginates, the salts of alginic acid, are 

currently used in commercial products, marketed as binders for human and animal food 

products and, more recently, as functional additive in animal feed (Evans and Critchley, 2014; 

Holdt and Kraan, 2011; Jalali et al., 2009). The positive effect of dietary alginate on the immune 

status of fish has been already shown for Atlantic salmon (Gabrielsen and Austreng, 1998). 

Likewise, sodium alginate was found to enhance the non-specific defense system of common 

carp and its resistance against Edwardsiella tarda (Fujiki et al., 1994; Fujiki and Yano, 1997). 

Bagni et al. (2005) reported that the commercial product Ergosan®, an alginic acid product 

containing 99% Laminaria digitata and 1% Ascophyllum nodosum, improves the innate 

immune system of sea bass particularly under conditions of immuno-suppression related to 

environmental stress. The dietary intake of Ergosan® was also found to promote growth, feed 

conversion and lysozyme activity in Beluga sturgeon (Huso Huso) (Heidarieh et al., 2011; Jalali 

et al., 2009). Likewise, the commercial additive increased growth, intestinal goblet cell number, 

lysozyme and antibacterial activity of skin mucus against pathogenic bacteria and improved 

feed conversion in rainbow trout (Heidarieh et al., 2012; Sheikhzadeh et al., 2012a). 

3.2 Nucleotides 

The nucleotides represent another potential feed additive for immuno-stimulatory use in fish. 

Nucleotides and their related metabolic products play key roles in many biological processes. 

They consist of a purine or a pyrimidine base, a ribose or 2V-deoxyribose sugar and one or 

more phosphate groups (Rudolph, 1994) and are naturally present in all animal feed and 

vegetable origin as free nucleotides and nucleic acids. Although nucleotides can be synthesized 

endogenously, dietary nucleotides can have beneficial effects on fish (Leonardi et al., 2003; 

Meng et al., 2016; Palermo et al., 2013) as their endogenous synthesis is a metabolically costly 

process (Carver and Walker, 1995). The dietary uptake of exogenous nucleotides may 

accelerate cell proliferation for rapid growth or become essential under stressful conditions to 

increased signal transduction or immune cell proliferation for improved responses (Carver, 

1999; Li and Gatlin III, 2006). Burrells et al. (2001a) and Burrells et al. (2001b) proved that 

dietary nucleotides (0.03%) increased resistance to different challenge infections (bacterial, 

viral and rickettsial diseases, ectoparasitic infestation) and enhanced efficacy of vaccination by 

supporting the immune function and survival in vaccinated Atlantic salmon. The authors used 
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a commercial product of purified yeast nucleotides (Cytidine-5V-monophosphate (CMP), 

disodium uridine-5V-mono-phosphate (UMP), adenosine-5V-monophosphate (AMP), 

disodium inosine-5V-monophosphate (IMP), disodium guanidine-5V-monophosphate (GMP)) 

and ribosomal RNA (named Optimûn, today known under the name Vannagen®; Chemoforma 

Ltd., Augst, Switzerland). The inclusion of yeast derived nucleotides (0.15 and 0.2%) in diets 

showed a positive influence on growth and immune response (superoxide anion (O2
-) 

production) in malabar grouper (Epinephelus malabaricus) (Lin et al., 2009). Likewise, 

improved growth and resistance against handling and crowding stress was observed in rainbow 

trout (Tahmasebi-Kohyani et al., 2012). 

3.3 Organic acids and their salts 

As a group of chemicals, organic acids are considered to be any organic carboxylic acid of the 

general structure (R–COOH) whose acidity is associated with their carboxyl group. Organic 

acids, such as formic acids, lactic acids, citric acids, are widely distributed in nature as natural 

constituents of plants or animal tissue and blood. Many organic acids are also available as 

sodium, potassium or calcium salts, for example potassium formate (HCO2K), the potassium 

salt of formic acid. The advantage of salts over free acids is that they are generally odorless and 

easier to handle in the feed manufacturing process due to their solid and less volatile form (Khan 

and Iqbal, 2016). Organic acids (also called acidifiers) and their salts, or their blends have been 

used for decades as preservatives in feed ingredients and animal feed, including aquafeeds, to 

prevent the growth of bacteria, yeast or molds and to improve the shelf life of these products 

(Khan and Iqbal, 2016; Lim et al., 2015; Ng and Koh, 2017). Additionally, in animal nutrition, 

acidifiers and their salts are also considered as potentially improving growth, feed utilization, 

and health for pigs, poultry (Partanen and Mroz, 1999; Ragaa and Korany, 2016) and lately for 

some fish species (Abu Elala and Ragaa, 2014; Ng and Koh, 2017). Their performance-

promoting effects can be exerted via three different ways: feed, intestinal tract, and metabolism 

(Freitag, 2007). Included in feed, acidifiers lowered the pH and buffering capacity of the diets 

and reduced the microbial growth, which improves feed quality resulting in a lower uptake of 

pathogenic organisms by the animals. Inside the animal’s gastrointestinal tract, acidifiers and 

their salts also decreased pH and thus inhibited the proliferation of detrimental bacteria 

(Lückstädt, 2008; Partanen and Mroz, 1999), improved protein and mineral digestibility and 
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feed/protein efficiency (Abu Elala and Ragaa, 2014; Vielma and Lall, 1997). Most organic acids 

contribute a considerable amount of energy, which is completely available for the animal’s 

metabolism. They can be absorbed through the intestinal epithelia by passive diffusion, while 

short chain acids can be used for ATP generation in the citric cycle. Despite the reported 

beneficial effects in swine and poultry diets (Khan and Iqbal, 2016; Partanen and Mroz, 1999; 

Ragaa and Korany, 2016), limited research has been done on the use of organic acids/ acidifiers 

or their salts in diets of aquaculture species, in particular marine fish species (Abu Elala and 

Ragaa, 2014; Baruah et al., 2005; Hossain et al., 2007; Ng et al., 2009; Pandey and Satoh, 2008; 

Sarker et al., 2012). To date, dietary citric acid and potassium diformate showed improved 

growth and feed utilization in rainbow trout, Nile tilapia (Oreochromis niloticus) (Abu Elala 

and Ragaa, 2014), Labeo rohita (Baruah et al., 2007), and red sea bream (Pagrus major) 

(Hossain et al., 2007), as well as strong antimicrobial effects and higher disease resistance in 

tilapia (Ng et al., 2009). 

3.4 Probiotics: Bacillus spp. 

Sustainable aquaculture practices have seen the introduction of beneficial bacteria, such as 

probiotics, in the last two decades. Probiotics are increasingly becoming accepted as an 

alternative prophylactic measure for humans and animals, either to be used in preventive 

treatments or to treat pathogen-related diseases. There are several definitions of the term 

“probiotic”, for instance: probiotics are live microorganisms, which when consumed in 

adequate amounts, confer a health benefit for the host (Hotel and Cordoba, 2001). Possible 

benefits of probiotics applied to aquatic animals have been described as (1) a modulation of the 

host-associated or ambient microbial community, (2) an improved use of the feed or 

enhancement of its nutritional value, (3) an enhanced immune response and (4) greater 

resistance of the host towards diseases, (5) or an improved quality of its ambient environment 

(Carnevali et al., 2014; Kesarcodi-Watson et al., 2008; Verschuere et al., 2000). Aquatic 

animals have a close relationship with their external environment and, therefore, are more 

exposed to potential pathogens that appear in the surrounding waters (Hansen and Olafsen, 

1999). These pathogens are taken up constantly through the processes of osmoregulation and 

feeding, which showed to modify the microbial flora inside an aquatic animal (Bergh et al., 

1994). In general, the probiotic strains used for treatments have been isolated from indigenous 
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and exogenous microbiota of aquatic animals. The dominant members of the indigenous 

microbiota in a variety of marine fish consists of gram-negative facultative anaerobic bacteria, 

including Vibrio and Pseudomonas (Blanch et al., 1997; Onarheim et al., 1994; Sohn et al., 

2019; Verner-Jeffreys et al., 2003). The use of probiotics in human and animal nutrition is well 

documented (Liao and Nyachoti, 2017; Martín et al., 2013; Nava et al., 2005; Ross et al., 2010; 

Sanders, 2000) and recently, to some extent applied in aquaculture (Gatesoupe, 1999; Gomez-

Gil et al., 2000; Irianto and Austin, 2002; Iribarren et al., 2012; Kesarcodi-Watson et al., 2008; 

Ninawe and Selvin, 2009; Verschuere et al., 2000; Wang et al., 2008). According to Sakai et 

al. (1995), oral administration of Clostridium butyricum bacteria enhanced the resistance in 

rainbow trout to vibriosis, by increasing the phagocytic activity of leucocytes. B. subtilis 

supplementation in diets revealed positive effects on growth and disease resistance in L. rohita 

(Kumar et al., 2006) and, likewise, improved growth, feed efficiency, lysozyme activity and 

disease resistance in yellow croaker (Larimichthys crocea) (Ai et al., 2011). However, the 

mechanisms of action of probiotics can only be partially explained because of methodological 

and ethical limitations of animal studies. 

3.5 Mannan oligosaccharides 

Mannan oligosaccharides (MOS), glucomannoprotein complexes derived from the cell wall of 

yeast (Saccharomyces cerevisiae), are widely used as diet ingredients in animal nutrition. The 

mannan and mannoproteins represent 25-50% of the yeast cell wall determining the cell surface 

properties (Moran, 2004). They are non-digestible, meaning the enzymes of the host or of the 

intestinal bacteria are unable to cleave these bonds, and have, therefore, no direct nutritive value 

to the host. Nielsen et al. (1999) reported increased presence of mannan-binding proteins in 

chickens during virus infections. The effect of MOS as immune modulator is probably based in 

the activation of pattern recognition receptors and proteins, triggering the innate immune 

system in response to a non-self-substance. MOS-protein conjugates have the ability of binding 

to various receptors within the digestive tract and on the surface of bacterial membranes to 

mannose specific lectins (Type 1 fimbriae) (Spring et al., 2015). This allows MOS to effectively 

bind on pathogenic bacteria blocking their activities and subsequently preventing their 

colonization and multiplication to disease-causing levels (Bavington and Page, 2005). The α-

1,3 and α-1,6 branched mannans present in the cell wall of S. cerevisiae are particularly 
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effective at binding pathogens (Spring et al., 2015). Some studies have proven that mannans 

potentially affect the intestinal microbiota (Fernandez et al., 2002), morphology of gut tissue, 

and thus the digestibility of nutrients and immune response of farmed animals (Halas and 

Nochta, 2012). White et al. (2002) observed in weanling pigs that colonization of enteric 

pathogens was reduced due to their attachment to yeast mannan compounds in the gut lumen. 

Feeding MOS to fish has resulted in the modulation of some immune-related parameters in sea 

bass (Torrecillas et al., 2011b; Torrecillas et al., 2013; Torrecillas et al., 2007; Torrecillas et al., 

2011a), rainbow trout (Staykov et al., 2007), L. rohita (Andrews et al., 2009) and Japanese 

flounder (Ye et al., 2011). Additionally, dietary MOS improved growth and/or feed utilization 

in sea bass (Torrecillas et al., 2013; Torrecillas et al., 2007; Torrecillas et al., 2012; Torrecillas 

et al., 2011a), sea bream (Gültepe et al., 2011), rainbow trout (Staykov et al., 2007; Yilmaz et 

al., 2007), and Japanese flounder (Ye et al., 2011). 

3.6 ß-Glucans 

One of the most successful and commonly used feed additive in animal nutrition is the 

polysaccharide β-glucan (Dalmo and Bøgwald, 2008). ß-glucan is a naturally occurring and 

widespread polysaccharide that can be found in cell walls of plants (oat or wheat), algae, 

bacteria, yeast (baker’s and brewer’s yeast) and mushrooms. In yeast (Saccharomyces 

cerevisiae) cell wall, two different types of β‐D‐glucans are found: these are β‐1,3‐D‐glucan, a 

main component (85%) representing more than 50–55% of cell wall and β‐1,6‐D‐glucan 

amounts (15%) (Varelas et al., 2016). ß(1,3)-D-glucans consists of D-glucose monomers linked 

by ß(1,3)-D-glycosidic bonds, and may also possess ß-D-glycosidic linkages at position 6 in 

different, often repeating units (branches) (Meena et al., 2013). Numerous research studies have 

been conducted into the beneficial effects of β-glucan on the immune system, mainly innate 

immune functions, in different fish species revealing increased activity of ß-glucan. Previous 

studies have demonstrated that ß-glucans exhibit antitumor, antibacterial, antiviral, and 

anticoagulatory effects in humans and animals (Bohn 1995). Apparently, ß-glucans are able to 

bind to different mammalian receptors. They are called scavenger receptors (SR) and 

complement receptor 3 (CD11b/CD18), being involved in innate immune responses, and 

dectin-1 and TLR2/6 (toll-like receptors), being involved in adaptive responses (Brown et al., 

2002; Dennehy and Brown, 2007). (Dalmo and Bøgwald, 2008; Meena et al., 2013). Dectin-1 



General introduction 

 

 

 

- 19 - 
 

has been considered to be the major ß-glucan receptor, which mediates its own signaling 

inducing the respiratory burst in macrophages and neutrophils (Dennehy and Brown, 2007). ß-

glucan receptors have also been found on Atlantic salmon macrophages (Engstad and 

Robertsen, 1994) and channel catfish neutrophils (Ainsworth, 1994b). However, a clear 

homologue of Dectin-1 could not be identified in fish genomes yet (Petit et al., 2019). Different 

studies have shown the beneficial influence of β-glucan on growth and feed conversion in 

mirror carp and Olive Flounder (Kühlwein et al., 2014; Yoo et al., 2007), on the immune system 

in turbot and carp (Castro et al., 1999; Miest et al., 2016; Santarém et al., 1997; Vera-Jimenez 

et al., 2013), against pathogens in carp (Selvaraj et al., 2005), and as a vaccine adjuvant in 

rainbow trout and turbot (Figueras et al., 1998a; Skov et al., 2012). 

4. Trends in feed formulations 

Apart from the formulation of species-specific functional diets, the reduction of FM in fish feed 

is another urgent topic for sustainable aquaculture productions (Martinez-Porchas and 

Martinez-Cordova, 2012). Today, still 11 percent (19 million tonnes) of total fishery 

production, mostly food-grade fish, was destined for non-food products, mainly for the 

manufacture of FM and fish oil (Cashion et al., 2017; FAO, 2019). Traditionally, high levels of 

FM were used in fish feed to cover nutrient requirements in fish in order to achieve high growth 

rates and productivity. In particular diets for S. maximus and P. stellatus require relatively high 

protein levels, 500 to 550 g kg-1 (dry matter), with FM preferably as the main protein source 

(Cho et al., 2005; Day and Plascencia González, 2000; Lee et al., 2003a; Lee et al., 2006; Wang 

et al., 2017). Recently, there has been some effort to find ingredients with comparable protein 

sources that can partly or completely substitute FM in fish diets. However, the use of alternative 

protein sources, e.g. from plant materials, in fish diets implicates some modifications in the 

nutritional status, growth performance and health condition in fish (Hansen et al., 2007; 

Mambrini et al., 1999; Sitjà-Bobadilla et al., 2005; Xu et al., 2016). Turbot accepted FM 

replacement by wheat gluten, soybean meal and soy protein concentrate only to some extent 

without growth reduction or immuno-suppression (Bonaldo et al., 2014; Day and Plascencia 

González, 2000). The observed performance loss and reduced feed intake in turbots with 

increasing dietary plant proteins (PP) may be caused by poor palatability, deficiency of nutrients 

or poor nutritional digestibility of plant components (Francis et al., 2001; Gatlin III et al., 2007). 
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Interestingly, pre-processing of plant meals and inclusion of chemical attractants/feeding 

stimulants or functional additives have shown potential to increase the nutritional value of plant 

derived ingredients for fish (Gatlin III et al., 2007). A possible reduction or even complete 

replacement of FM in aquafeeds would provide opportunities for aquaculture to reduce its 

dependence on capture fisheries. 

5. Aims, research questions and outline of the thesis 

Fish nutrition and health are key aspects to consider in order to achieve high yields of good 

quality and sustainable fish products. Therefore, fish aquaculture requires the formulation of a 

species-specific functional diet that assures optimal physical and health conditions to maintain 

efficient defense mechanisms against infection diseases and resistibility to stress. This could be 

achieved by the use of functional feed additives. Some additives are commercially available for 

the use in fish feeds (MacroGard®, Biorigin, ProEnMune, ProEn GmbH, Brazil; Bio-Mos®, 

Alltech Inc, USA; Vannagen®, Chemoforma Ltd., Switzerland, Aquaform®, ADDCON/Nordic 

AS, Norway). The additives previously mentioned have shown high potential as dietary 

immuno-modulators and growth enhancers in some fish species, for instance common carp or 

rainbow trout. However, information about their effect on juvenile turbot and starry flounder 

cultured in RAS is missing or insufficient. Therefore, one of the aims of this thesis was to 

investigate the effects of the above mentioned additives on turbot and starry flounder in RAS 

production. At present, only few studies cover the interaction of functional feed additives with 

increased plant ingredients with regard to novel fish feed formulations and possible changes in 

productivity and fish health (Dimitroglou et al., 2010; Peng et al., 2013; Salze et al., 2010; 

Torrecillas et al., 2018; Yun et al., 2011). The second aim was to investigate the effects of 

functional feed additives on both flatfish species when high dietary levels of soy protein 

concentrate (SPC) and wheat gluten (WG) were fed in RAS production. 
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In order to achieve the research aims, the following research questions and hypotheses were 

formulated: 

1. (a) Do functional feeds including additives of different active ingredients affect the growth 

and feed utilization in S. maximus and P. stellatus cultured in RAS? 

(b) How does a diet rich in SPC and WG modify growth and feed utilization of S. maximus 

and P. stellatus? Can dietary additives compensate possible performance deficiencies in 

fish caused by high PP inclusion? 

Hypothesis: The active ingredients of functional feed additives are beneficial for the fish 

organism to improve growth and feed utilization in turbot and starry flounder. 

Five commercially available additives were selected according to their active ingredients: (i) 

yeast ß-glucan and mannan oligosaccharides (BG/MOS), (ii) alginic acid from brown algal 

extracts, (iii) purified yeast nucleotides and ribosomal RNA, (iv) probiotic bacteria strains 

Bacillus subtilis and B. licheniformis and (v) acidifier potassium diformate (Figure 4).  

 

 

Figure 4 

Functional additives i-v selected for the feeding experiments. 
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In experiment one, additives i - v were included in high quality FM-based (77%) diets and fed 

to juvenile turbots (50 – 300 g). The effects of feed additives on growth and feed conversion of 

turbots were analyzed (Chapter 2). In experiment two, additives i - iv were added to FM-

reduced (32%) diets and fed to juvenile turbots (95 - 300 g). A FM-based (58.5%) and FM-

reduced (32%) diet without supplements were used as controls. The effects of feed additives on 

growth and feed conversion in turbots were investigated (Chapter 3). In experiment three, three 

basal diets were formulated with decreasing FM levels of 55, 40 and 25% diet-1 and substituted 

with increasing levels of SPC and WG. Each basic diet were supplemented with BG/MOS at 

two different concentrations of 0.6% (55/0.6, 40/0.6, 25/0.6) and 1.5% (55/1.5, 40/1.5, 25/1.5) 

diet-1, respectively. The effects of BG/MOS on growth and feed conversion in starry flounder 

were examined (Chapter 4). 

2. (a) Do functional feeds including additives of different active ingredients affect 

physiological parameters and innate immune activities in S. maximus and P. stellatus 

cultured in RAS? 

(b) How does a diet rich in SPC and WG modify physical conditions and innate immune 

activities of S. maximus and P. stellatus? Can dietary additives compensate a possible 

impairment of the physical conditions and immune activities in the two fish species? 

Hypothesis: The active ingredients of functional feed additives are beneficial for the fish 

organism to improve the physical condition and innate immune activity in turbot and starry 

flounder. 

In experiment two, the effects of feed additives (i-iv) on physiological parameters and immune 

activities in turbots were investigated (Chapter 3). In experiment three, the effects of BG/MOS 

on physiological parameters and immune activities in starry flounder were examined (Chapter 

4). 

3.  (a) Are juvenile turbot and starry flounder susceptible to typical short-term (< 1 day) 

handling stress induced by capture, transfer and crowding in fish farms? 

(b) Can feed additives of different active ingredients reduce the stress response to physical 

short-term stress situations? 
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Hypothesis: Active ingredients of functional feed additives improve the resistance to acute 

stress in turbot and starry flounder producing lower plasma cortisol levels compared to 

levels in stressed fish. 

Turbot and starry flounder were subjected to typical aquaculture handling treatments, which 

consisted of capturing from the rearing tanks and transfer into small tanks to increase the 

stocking density (crowding effect). The physical stress response to this short-term (< 1 day) 

handling procedure was evaluated by analyzing the plasma cortisol levels in fish at pre- and 

post-stress conditions (Chapter 3 and 4). In experiment two, the effects of feed additives (i-iv) 

on stress resistance in turbots were investigated (Chapter 3). In experiment three, the effects of 

BG/MOS on stress resistance in starry flounder were examined (Chapter 4). 
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Abstract 

The investigation and application of a wide range of dietary supplements, such as probiotics, 

prebiotic and other additives, is increasingly popular in aquaculture research and practice. To 

date few studies have attempted to quantify the value of commercially available additives in 

improving growth performance of juvenile turbot (Scophthalmus maximus) and in 

compensating potential growth reduction resulting from high levels of plant protein (PP) in 

carnivorous fish diets. Two experiments were conducted to investigate the effect of different 

active ingredients in diet additives on turbot. I) Five diets supplemented with (1) yeast b-glucan 

and mannan oligosaccharides (GM), (2) alginic acid from brown algal extracts (AC), (3) yeast 

nucleotides and RNA (NR), (4) potassium diformate (PDF) and (5) bacteria strains Bacillus 

subtilis and B. licheniformis (BS), containing fish meal (FM) as the only protein source, were 

fed to turbots (initial weight 48.8 g ± 5.2 g) over 112 days. II) Four diets supplemented with (1) 

GM, (2) AC, (3) NR and (4) BS, containing soy protein concentrate (SPC) and wheat gluten 

(WG) as a partial replacement of FM, were fed to turbots (initial weight 95.8 g ± 17.7 g) over 

84 days. A non-supplemented FM diet (exp. I) and a FM- and PP- based diet (exp. II), 

respectively, were used as control diets. Diet additives did not promote additional weight gain, 

specific growth rate (SGR), daily feed intake (DFI) and feed conversion ratio (FCR) in turbot 

fed FM- or PP- based diets (P>0.05) when compared to isocaloric control diets in both 

experiments. Growth of turbots fed the high FM content control diet (II) was significantly 

higher than all other treatments (p<0.01). Body proximate composition, condition factor (K) 

and liver index (HSI) remained unaffected by additive supplementation in fish fed either FM or 

PP diets (P>0.05). Results indicate that reported benefits for specific diet additives cannot be 

assumed to function or applied across species boundaries and age classes. In addition, dietary 

additive application may not be economically valid for larger animals and/ or animals not 

exposed to specific culture-related stressors. The benefits of popular additives to high value 

species such as S. maximus remains to be tested under specific immune or physical stress 

situations and at crucial larval and early juvenile stages.  
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1 Introduction 

Efforts to intensify aquaculture of valuable finfish, such as turbot (Scopthalmus maximus) can 

lead to increased stress, limited growth performance and poor welfare (Dalsgaard et al., 2013; 

Tal et al., 2009). Managing and avoiding outbreaks of infectious diseases is a challenge, 

particularly, since EU regulations banned the use of antibiotics as growth and health promoters 

in livestock production (EU 2003; EC No 1831/2003). Animal health and nutritional conditions 

are of particular importance to fish farmers to ensure a high quality and sustainable product for 

the consumer. A proper diet is essential to improve fish health and reduce susceptibility of fish 

to diseases. Turbot diets are recommended to have 500 up to 650 g kg−1 protein (dry matter) 

with fish meal (FM) as the main protein source (Cho et al., 2005; Lee et al., 2003a). For the 

growing production of turbot, 5.5 kt to 12.7 kt (2002 to 2012), in Europe, a rising demand for 

fish meal is evident (FAO, 2014). 

However, rising demand and limited supply (due to the sustainable use of fish stocks and 

therefore reduced fishery production, El Niño events, etc.) of high quality fishmeal have 

increased prices and forced the feed industry to partly substitute FM with alternative protein 

sources, mainly protein-rich plant ingredients (Rana et al., 2009; Tacon and Metian, 2008; 

Watanabe, 2002). Soy protein concentrate (SPC) and wheat gluten are popular alternative 

protein sources in aquafeeds due to their favorable profile of essential amino acids (EAAs), 

competitive price and availability (Gatlin III et al., 2007; Hardy, 2010; Storebakken et al., 

2000). Substitution with plant protein (PP) can, however, reduce growth performance, feed 

utilization and fish health due to diminished palatability, EAA deficiency, reduced energy 

content, antinutritional factors and lower nutrient digestibility compared to fish meal (Bakke-

McKellep and Refstie, 2008; Bonaldo et al., 2011; Francis et al., 2001; Krogdahl et al., 2010). 

An alternative approach to reduce adverse factors of PPs may be the inclusion of diet additives 

that can improve growth performance in fish and, possibly, compensate performance loss in 

low FM diets. 

A range of diet additives, including probiotics, prebiotics, acidifiers and plant or animal derived 

extracts, are commercially available for aquatic animals. Previous studies have evaluated 

several of these additives on their effect on growth performance, immune response and disease 

resistance, as well as intestinal microbial communities for various fish species (Balcázar et al., 
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2006; Kesarcodi-Watson et al., 2008; Merrifield et al., 2010; Ringø et al., 2010). The 

polysaccharides beta-1,3/1,6-glucans (BG) and mannan oligosaccharides (MOS), isolated from 

cell walls of yeasts, plants, algae, fungi or bacteria, are widely accepted as diet ingredients with 

positive effects on growth and health (Bohn and BeMiller, 1995; Meena et al., 2013; Zeković 

et al., 2005). Treatments with BG and MOS proved to promote growth performance in fish (Ai 

et al., 2007; Andrews et al., 2009; Kühlwein et al., 2014; Li et al., 2008; Misra et al., 2006; 

Staykov et al., 2007; Torrecillas et al., 2012; Yoo et al., 2007).  

Among the many other substances and extracts investigated as diet additives, macroalgae and 

macroalgal extracts are rich in polysaccharides (e.g. alginic acid, laminarin, fucoidan) and 

contain bioactive substances (e.g. vitamins or polyphenols) that are known to affect animal 

health (Buchholz et al., 2012; Fleurence, 1999; Gupta and Abu-Ghannam, 2011; Holdt and 

Kraan, 2011; MacArtain et al., 2007). Macroalgae extracts containing alginic acids are reported 

to enhance growth performance in a variety of fish species (Ahmadifar et al., 2009; Heidarieh 

et al., 2012; Heidarieh et al., 2011; Sheikhzadeh et al., 2012b). Dietary uptake of exogenous 

nucleotides, isolated from yeast, may optimize cell proliferation in order to promote rapid 

growth, as the synthesis of nucleotides is a metabolically costly process (Sanderson and He, 

1994). Particularly under stressful conditions additional nucleotides can be needed, for instance, 

for further signal transduction or immune cell proliferation (Carver and Walker, 1995; Li and 

Gatlin III, 2006). The application of nucleotides has demonstrated a positive influence on 

growth performance when added to formulated fish diets (Burrells et al., 2001b; Lin et al., 2009; 

Tahmasebi-Kohyani et al., 2012).  

Furthermore, acidifiers consisting of organic acids and their salts, used for instance as 

preservatives, are considered as promising growth promoters in animals (Lückstädt, 2008). 

Dietary supplementation of citric acid and potassium diformate showed improved growth and 

feed utilization in some fish species (Abu Elala and Ragaa, 2014; Baruah et al., 2007; Hossain 

et al., 2007). In addition, probiotics or beneficial bacteria are known to control pathogens 

through a variety of mechanisms and affect intestinal microbial communities (Kesarcodi-

Watson et al., 2008). In some fish species the dietary inclusion of Bacillus subtilis and B. 

licheniformis strains had a positive effect on growth performance (Bairagi et al., 2004; He et 

al., 2011; Kumar et al., 2006; Raida et al., 2003).  
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Despite the progress made with various fish species, the effect of the above-mentioned feed 

additives on growth performance and feed utilization of commercially important turbot remains 

limited (Li et al., 2008; Peng et al., 2013; Yun et al., 2011). Few studies have investigated the 

effectiveness of diet additives on performance and health in fish comparing FM- and PP- based 

diets (Dimitroglou et al., 2010; Peng et al., 2013; Salze et al., 2010; Yun et al., 2011). Applied 

research, such as the current study, is needed to fill the knowledge gaps regarding feed 

additives’ potential to support the increased use of plant proteins in diets for carnivorous fish 

species. The current study aims to determine the effect of selected feed additives on growth 

performance of turbot fed FM- and PP- based diets. 

2 Materials and methods 

Two trials were carried out to test the capacity of commercially available feed additives with 

the active ingredients, (1) yeast b-glucan and mannan oligosaccharides (GM), (2) alginic acid 

from brown algal extracts (AC), (3) purified yeast nucleotides and ribosomal RNA (NR), (4) 

acidifier potassium diformate (PDF; only used in trial I) and (5) probiotic bacteria strains 

Bacillus subtilis and B. licheniformis (BS), to improve growth performance (I) and/ or to 

compensate performance loss in juvenile turbots (Scophthalmus maximus) resulting from 

dietary fish meal reduction (II). The growth performance and feed utilization of fish fed (I) a 

high quality diet with 77% fish meal content and (II) a fish meal reduced diet with 32% fish 

meal were determined. Feeding experiments were conducted in two separate trials I (January to 

May 2013) and II (October 13 to January 14) as the experimental set-up and high number of 

treatments did not allow a simultaneous performance of both trials in one experiment. 

2.1 Trial I: Experimental setup 

Juvenile turbot, approx. 15 g in weight, were obtained from Maximus A/S (Bedsted Thy, 

Denmark). Fish were examined for infectious diseases at the beginning and at the end of the 

experiments to confirm suitability as experimental animals. Prior to the experiment, fish were 

acclimatized for 10 weeks in a recirculating aquaculture system (RAS) in the Center for 

Aquaculture Research (ZAF) at the Institute for Marine Resources (IMARE) in Bremerhaven 

(Germany). During acclimatization turbot were fed in the morning and the afternoon at a rate 

of 2.0% BW-1 day-1 of a commercial dry feed with 55% crude protein and 16% crude fat (R 
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Europa 15, 2 mm diameter; Skretting ARC, Stavanger, Norway). The system had a total water 

volume of 40 m3 and was equipped with drum filter, protein skimmer, moving bed biofilter and 

disinfection unit (Ozon generator; Sander Aquatec GmbH, Uetze-Eltze, Germany). The 

experiments were performed under the guidelines of the local authority (Department of Food 

Safety, Veterinary Affairs and Plant Protection) in Bremen with the permission to carry out 

animal experiments (522-27-11/02-00(112)). 

The photoperiod was maintained at a 12h light: 12h dark cycle throughout. Water parameters, 

such as dissolved oxygen (8.8 ± 0.3 mg l-1), temperature (16.7 ± 0.5 °C) and salinity (30.8 ± 

3.3 g l-1) were monitored constantly with a SC 1000 Multiparameter Universal Controller (Hach 

Lange GmbH, Düsseldorf, Germany). Ammonia, nitrite and nitrate were measured daily before 

feeding (0.05 ± 0.09 mg l-1 NH4-N, 0.33 ± 0.18 mg l-1 NO2-N, 390.9 ± 92.1 mg l-1 NO3-N; 

photometer DR 2800; Hach Lange GmbH, Düsseldorf, Germany).  

A total of 1,440 turbot with an initial mean body weight of 48.8 g (± 5.2 g) and initial mean 

standard length of 13.7 cm (± 0.6 cm) were randomly allocated to 36 experimental tanks 

(0.8 m2 bottom surface, 500 L water volume; 40 individuals tank-1; stocking density 50 fish m-

2 or 2.4 kg m-2). Six feeding groups were assigned to the tanks allowing six replicates per 

treatment. Over the entire experimental period of 16 weeks fish were hand-fed with floating 

pellets to apparent satiation twice a day (10:00 and 14:00). All uneaten feed was netted (mash 

size = 500 µm) out of the tanks 30 minutes after start of the feeding, dried at 50 °C for 24 hours 

and weighed. The weights of daily recovered pellets were corrected for soluble losses using a 

factor which was calculated from the difference between dry weight of pellets before and after 

recovering. Therefore, pellets (approximately 5 g) of each diet were soaked in system water for 

15 min, dried at 50 °C for 24 hours and weighed. 

 2.2 Trial I: Experimental diets 

A control diet (CT) was formulated with 77% FM to contain 61% crude protein and 22 MJ kg-

1 gross energy. The composition and concentration of nutrients (moisture, crude protein, crude 

fat, ash, phosphorus and calcium) and gross energy of the six formulated diets are presented in 

Table 1. The other six experimental diets were formulated with regards to an isonitrogenous 

and isocaloric content and were supplemented with active ingredients of commercially  
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Table 1 

Ingredients, nutrient composition in g∙kg−1 dry matter (DM) and gross energy in MJ∙kg−1 DM of the experimental 

diets in trial 1.  

 Diets      

 CT GM AC NR PDF BS 

Ingredients [g kg-1]       

Fish meala 777.0 777.0 777.0 777.0 777.0 777.0 

Wheat glutenb 30.0 29.5 29.5 28.0 30.0 30.0 

Wheat starchb  110.0 104.5 105.5 110.0 107.0 109.4 

GM  0.0 6.0 0.0 0.0 0.0 0.0 

AC  0.0 0.0 5.0 0.0 0.0 0.0 

NR  0.0 0.0 0.0 2.0 0.0 0.0 

PDF 0.0 0.0 0.0 0.0 3.0 0.0 

BS 0.0 0.0 0.0 0.0 0.0 0.6 

Fish oilc 74.0 74.0 74.0 74.0 74.0 74.0 

Vitamin/mineral mixtured 7.0 7.0 7.0 7.0 7.0 7.0 

Titanium dioxidee 2.0 2.0 2.0 2.0 2.0 2.0 

       

Nutrient compositionf [g kg-1]       

Moisture 34 29 34 34 33 35 

Crude protein 614 621 611 617 618 604 

Crude fat 149 147 146 148 152 149 

Crude ash 136 134 137 134 139 138 

Calcium 30 29 29 29 29 31 

Phosphorus 21 21 21 21 21 22 

Gross energy [MJ kg-1]g 22 22 22 22 22 22 

CT = control, GM = b-glucan/ MOS, AC = alginic acid, NR = nucleotides/ RNA, PDF = potassium diformate and 

BS = Bacillus spp. Additive concentrations were recommended by manufacturers and literature (Burrells et al., 

2001a; Burrells et al., 2001b; Lückstädt, 2008; Merrifield et al., 2011). 

a Köster Marine Proteins GmbH, Hamburg, Germany. 
b Kröner Stärke, Ibbenbüren, Germany. 
c Vereinigte Fischmehlwerke Cuxhaven GmbH & Co KG, Cuxhaven, Germany. 
d Spezialfutter Neuruppin GmbH & Co. KG, Neuruppin, Germany. 
e Kronos Titan GmbH & Co.OHG, Nordenham, Germany. 
f Weender analysis (Dumas): moisture (VDLUFA Bd. III 3.1), crude protein (VDLUFA Bd. III 4.1.2), crude fat 

(VDLUFA Bd. III 5.1.1), ash (VDLUFA Bd. III 8.1); ICP-mass spectrometry: calcium and phosphor (PM 

DE01_018). 
g Bomb calorimeter (6100, Parr Instrument GmbH, Frankfurt a. M., Germany). 
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available feed additives: (1) a yeast (Saccharomyces cerevisiae) product consisting of 20% 

beta-1,3/1,6 glucans and 17% mannan oligosaccharides (ProEnMune, ProEn Protein and 

Energie GmbH, Soltau, Germany) (GM), (2) an alginic acid product of brown algal extracts 

containing 99% Laminaria digitata and 1% Ascophyllum nodosum (Ergosan®, 

Intervet/Schering-Plough Aquaculture, Saffron Walden, UK) (AC), (3) a product of purified 

yeast nucleotides (Cytidine-5V-monophosphate (CMP), disodium uridine-5V-mono-phosphate 

(UMP), adenosine-5V-monophosphate (AMP), disodium inosine-5V-monophosphate (IMP), 

disodium guanidine-5V-monophosphate (GMP)) and ribosomal RNA (Vannagen®, 

Chemoforma Ltd., Augst, Switzerland) (NR), (4) an acidifier product of potassium diformate 

containing 35% free formic acid, 35% formate and 30% potassium (Aquaform®, ADDCON/ 

Nordic AS, Porsgrunn, Norway) (PDF) and (5) a probiotic product of bacteria strains Bacillus 

subtilis and B. licheniformis (Probiotic-plus.ru, Russia) (BS). The ingredients were mixed using 

a spiral mixer (WP Kemper President 75 AF-V, Emil Kemper GmbH, Rietberg, Germany) and 

extruded to floating pellets of 3 mm in diameter using a twin-screw extruder (Bühler 2-Wellen-

Extruder DNDL-44, Bühler AG, Uzwil, Schweiz) at temperature of 95 - 110 °C. Subsequently, 

pellets were dried (Bühler OTW-25/50, Schweiz) and coated with oil under constant mixing 

using a wendel mixer (WV 240a, DIOSNA Dierks & Söhne GmbH, Osnabrück, Germany). All 

diets were sieved at the end to discard fractions below 3 mm. 

2.3 Trial II: Experimental setup 

The experimental set-up was identical to trial 1 (see 2.1). Water parameters, such as dissolved 

oxygen (9.3 ± 0.5 mg l-1), temperature (17.3 ± 0.5 °C) and salinity (28.6 ± 1.4 g l-1) were 

monitored constantly. Ammonia, nitrite and nitrate were measured in a three days interval 

before feeding (0.01 ± 0.02 mg l-1 NH4-N, 0.04 ± 0.03 mg l-1 NO2-N, 80.6 ± 16.7 mg l-1 NO3-

N; photometer DR 2800). 900 turbot individuals with an initial mean body weight of 95.8 g 

(± 17.7 g) and initial mean standard length of 18.0 cm (± 1.1 cm) were used for this experiment 

and randomly placed into the experimental tanks (25 individuals tank-1; stocking density 

31.3 fish m-2 or 3.0 kg m-2). Each of the six feeding groups contained six replicates (n = 36 

tanks). Feeding was done as described for trail 1 (see 2.1) over a period of 12 weeks.  
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2.4 Trial II: Experimental diets 

Table 2 

Ingredients, nutrient composition in g∙kg−1 dry matter (DM) and gross energy in MJ∙kg−1 DM of the experimental 

diets in trial 2.  

 Diets      

 C-HF C-LF GM AC NR BS 

Ingredients [g kg-1]       

Fish meala 585.0 320.0 320.0 320.0 320.0 320.0 

Soy protein concentratesa 125.0 250.0 250.0 250.0 250.0 250.0 

Corn glutenb 30.0 40.0 40.0 40.0 40.0 40.0 

Wheat glutenc 20.0 147.0 146.7 146.8 146.9 147.0 

Wheat starchc 184.0 160.0 154.3 155.2 158.1 159.4 

GM 0.0 0.0 6.0 0.0 0.0 0.0 

AC 0.0 0.0 0.0 5.0 0.0 0.0 

NR 0.0 0.0 0.0 0.0 2.0 0.0 

BS 0.0 0.0 0.0 0.0 0.0 0.6 

Fish oild 45.0 72.0 72.0 72.0 72.0 72.0 

Vitamin/mineral mixturee 10.0 10.0 10.0 10.0 10.0 10.0 

Titanium dioxidef 1.0 1.0 1.0 1.0 1.0 1.0 

       

Nutrient compositiong [g kg-1]       

Moisture 72 70 66 65 74 64 

Crude protein 553 567 571 569 562 571 

Crude fat 117 112 112 112 118 113 

Crude ash 108 76 75 77 71 77 

Calcium 18 11 11 11 11 11 

Phosphorus 15 10 10 10 10 10 

Gross energy [MJ kg-1]h 21 22 22 21 22 22 

C-HF = high fish meal control, C-LF = low fish meal control, GM = b-glucan/ MOS, AC = alginic acid, NR = 

nucleotides/ RNA and BS = Bacillus spp. Additive concentrations were recommended by manufacturers and 

literature (Burrells et al., 2001a; Burrells et al., 2001b; Merrifield et al., 2011).  
a Köster Marine Proteins GmbH, Hamburg, Germany. 
b Cargill Deutschland GmbH, Krefeld, Germany. 
c Kröner Stärke, Ibbenbüren, Germany. 
d Vereinigte Fischmehlwerke Cuxhaven GmbH & Co KG, Cuxhaven, Germany. 
e Spezialfutter Neuruppin GmbH & Co. KG, Neuruppin, Germany. 
f Kronos Titan GmbH & Co.OHG, Nordenham, Germany. 
g Weender analysis (Dumas): moisture (VDLUFA Bd. III 3.1), crude protein (VDLUFA Bd. III 4.1.2), crude fat 

(VDLUFA Bd. III 5.1.1), ash (VDLUFA Bd. III 8.1); ICP-mass spectrometry: calcium and phosphor (PM 

DE01_018). 
h Bomb calorimeter (6100, Parr Instrument GmbH, Frankfurt a. M., Germany). 
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A high FM control diet with 58% FM (C-HF) and a low FM control diet with 32% FM (C-LF) 

were formulated to contain 56% crude protein and 22 MJ kg-1 gross energy (Tab. 2). Protein 

content in C-LF was partly replaced with soy bean concentrate and wheat gluten with an 

inclusion of 56% PP. The reduction of FM to 32% was chosen as studies showed that growth 

performance in turbot was significantly decreased with a FM content below 40% and a PP level 

above 30%, respectively (Bonaldo et al., 2011; Day and Plascencia González, 2000). The other 

four experimental diets were formulated on the basis of control diet C-LF and were 

supplemented with commercially available feed additives: (1) GM, (2) AC, (3) NR and (4) BS 

(for details see 2.2). All diets were formulated with regards to an isonitrogenous and isocaloric 

content. Composition and concentration of crude nutrients, minerals and gross energy of the six 

formulated diets are presented in Table 2. The preparation of the diets was identical to trial 1 

(see 2.2). Diets were extruded to floating pellets of 5 mm in diameter. 

 2.5 Sampling, measurements and calculations 

All fish were individually weighed and the total length was measured at the beginning and the 

end of the experiment as well as at 4-week intervals. Prior to weighing fish were starved for 24 

hours. Deriving from weight and length measurements weight gain, specific growth rate (SGR) 

and body condition factor (K) were determined for each fish according to the formulae:  

(1) Weight gain (g) = final weight – initial weight, 

(2) SGR (% body weight day-1) = [ln(final weight) – ln(initial weight)]/ feeding days x 100, 

(3) K (%) = 100 x final body weight x final body length-3. 

The actual total feed intake (FItotal) was determined by subtracting the dried feed remnants 

(Funeaten) from feed offered (Foffered) after correcting for soluble losses during feeding: 

(4) FItotal (g) = Foffered – (Funeaten x factorsoluble loss). 

Daily feed intake (DFI) and feed conversion ratio (FCR) were calculated according to the 

formulae: 

(5) DFI (% BW day-1) = 100 x FItotal/ [(initial weight + final weight)/ 2]/ feeding days, 

(6) FCR = FItotal/ weight gain. 
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For a determination of the hepatosomatic index (HSI) in trial I, livers of 72 individuals (two 

fish per tank = 12 fish per treatment) were sampled after 16 weeks and, in trial II, livers of 108 

individuals (three fish per tank = 18 fish per treatment) were sampled after 12 weeks of feeding. 

Before sampling, fish were killed with an overdose (500 mg/L-1) of the anesthetic tricaine 

methane sulfonate (MS 222; Sigma-Aldrich Co. LLC., Munich, Germany). Liver weight and 

fish weight were recorded and the HSI was calculated for each fish according to the formula: 

(7) HSI (%) = (liver weight/ final body weight) x 100.  

2.6 Whole body composition 

At experimental outset 10 fish and at the end of the experiment six fish per dietary treatment 

(n = 6), respectively, were freeze-dried (Alpha 1-4 LSC, Martin Christ GmbH, Osterode a. H., 

Germany) and homogenized (grinder GRINDOMIX GM 200, Retsch GmbH, Haan, Germany) 

for an analysis for their respective proximate composition. The gross energy was determined 

using a bomb calorimeter (6100, Parr Instrument GmbH, Frankfurt a. M., Germany). Analysis 

for moisture, crude lipid (CL) and ash were carried out by Intertek Food Services GmbH 

(Bremen, Germany) following the VDLUFA protocols (Bd. III 3.1, Bd. III 5.1.1 and Bd. III 

8.1). Total nitrogen content was determined by the Kjeldahl method (L 06.00-7 (mod.)). CP 

content of the fish body was calculated by multiplying N by 6.25. 

2.7  Statistics 

Data are presented as mean ± standard deviation (S.D.) for each treatment. The Sigma plot 11 

for Windows (Systat Software Inc., San Jose, CA, USA) software package was used for 

statistical evaluations. Data of growth parameters, feed utilization, whole body composition and 

condition parameters (K, HSI) were tested for normality distribution by Shapiro-Wilk test. If 

normality or homogeneity of variances was confirmed, multiple comparisons were done by 

one-way analysis of variance (ANOVA) followed by the post hoc Tukey’s Honestly Significant 

Difference (HSD) test or Dunn test. The non-parametric Kruskal-Wallis test was used when the 

normality assumption was not met. Differences between set of comparisons were considered 

significant at a probability of error at p<0.05. 
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3 Results 

Trial I 

 3.1 Mortalities, growth performance and body composition 

Mortality was low (0.4 to 2.2%, p>0.05; Tab. 3) and turbot remained otherwise healthy 

throughout the experiment. Mean initial weight (by treatment) ranged from 48.6 ± 0.6 g to 49.0 

± 0.3 g. Final fish weight (g) and weight gain (g) ranged from 231.8 ± 50.2 (PDF) to 251.5 ± 

52.1 (GM) and 183.2 ± 12.1 (PDF) to 202.9 ± 12.2 (GM), respectively (Tab. 3). SGR (%) of 

fish ranged from 1.39 ± 0.04 (PDF) to 1.47 ± 0.04 (GM). No significant differences in growth 

performance were detected between dietary treatments (p>0.05). Fish DFI (% BW d−1) ranged 

from 0.86 ± 0.02 (PDF) to 0.90 ± 0.03 (BS) across all treatments (Tab. 3). FCR of fish ranged 

from 0.73 ± 0.01 (CT) to 0.76 ± 0.02 (BS). Results of DFI and FCR showed no significant 

differences among all dietary treatments (p>0.05). Fish K (%) ranged from 2.16 ± 0.10 (AC) to 

2.21 ± 0.04 (CT) and fish HSI (%) ranged from 1.07 ± 0.13 (AC) to 1.32 ± 0.14 (GM) across 

all treatments (Tab. 3). K and HSI did not significantly differ between dietary treatments 

(p>0.05). 

Table 3 

Growth performance and feed utilization of turbot fed experimental diets for 112 days in trial 1.  

 CT GM AC NR PDF BS 

Initial weight, g 49.0 ± 0.3 48.6 ± 0.6 48.9 ± 0.5 49.0 ± 0.2 48.6 ± 0.6 48.8 ± 0.2 

Final weight, g 251.4 ± 53.7 251.5 ± 52.1 240.7 ± 63.9 242.3 ± 53.9 231.8 ± 50.2 249.2 ± 60.3 

Weight gain, g 202.4 ± 20.9 202.9 ± 12.2 191.5 ± 29.4 193.4 ± 19.2 183.2 ± 12.1 200.5 ± 27.6 

SGR, % day-1 1.46 ± 0.07 1.47 ± 0.04 1.42 ± 0.11 1.42 ± 0.08 1.39 ± 0.04 1.45 ± 0.10 

DFI, % day-1 0.88 ± 0.03 0.89 ± 0.01 0.88 ± 0.03 0.88 ± 0.02 0.86 ± 0.02 0.90 ± 0.03 

FCR 0.73 ± 0.01 0.74 ± 0.01 0.75 ± 0.03 0.74 ± 0.02 0.74 ± 0.01 0.76 ± 0.02 

Mortality, % 0.0 0.0 2.2 0.4 0.9 0.9 

       

K, % 2.21 ± 0.04 2.18 ± 0.02 2.16 ± 0.10 2.18 ± 0.07 2.17 ± 0.07 2.20 ± 0.07 

HSI, % 1.25 ± 0.22 1.32 ± 0.14 1.07 ± 0.13 1.15 ± 0.14 1.11 ± 0.24 1.14 ± 0.21 

CT = control, GM = b-glucan/ MOS, AC = alginic acid, NR = nucleotides/ RNA, PDF = potassium diformate and 

BS = Bacillus spp. SGR = Specific growth rate, DFI = Daily feed intake, FCR = Feed conversion ratio, K = 

Condition factor, HSI = Hepatosomatic index. Each value is mean ± S.D. (n = 6). No significant differences were 

identified (p>0.05). 
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Crude protein (% dry matter (DM)) of the whole body composition ranged from 69.7 ± 1.1 (BS) 

to 72.3 ± 2.0 (PDF) (Tab. 4). Crude lipid (% DM) ranged from 11.2 ± 4.4 (CT) to 13.7 ± 0.8 

(BS) (Tab. 4). Gross energy (MJ kg-1 DM) ranged from 20.0 ± 1.4 (CT) to 21.5 ± 0.8 (BS) (Tab. 

4). All results were not significantly different among dietary treatments (p>0.05). 

 

Table 4 

Proximate whole body composition in % dry matter basis and gross energy in MJ kg−1 dry matter of initial fish 

samples and turbot fed the control and experimental diets over 112 days in trial 1.  

 Initial fish 

(n=10) 

CT GM AC NR PDF BS 

Proximate body composition 

Dry matter 21.2 20.3 ± 1.5 21.1 ± 0.4 23.3 ± 3.3 22.9 ± 1.3 24.2 ± 0.3 24.3 ± 0.3 

Crude protein 65.4 72.2 ± 3.9 71.9 ± 3.3 70.5 ± 2.5 71.6 ± 3.0 72.3 ± 2.0 69.7 ± 1.1 

Crude lipid 14.5 11.2 ± 4.4 13.4 ± 3.7 13.5 ± 3.8 12.1 ± 0.8 12.2 ± 3.4 13.7 ± 0.8 

Crude ash 17.6 17.6 ± 1.0 14.7 ± 0.9 16.7 ± 1.9 15.7 ± 1.0 16.7 ± 2.7 16.2 ± 0.1 

Gross energy (MJ kg−1) 21.3 20.0 ± 1.4 20.9 ± 1.4 21.3 ± 0.9 20.5 ± 0.2 20.5 ± 1.7 21.5 ± 0.8 

CT = control, GM = b-glucan/ MOS, AC = alginic acid, NR = nucleotides/ RNA, PDF = potassium diformate 

and BS = Bacillus spp. Each value is mean ± S.D. (n = 6). No significant differences were identified (p>0.05). 

 

Trial II 

3.2  Mortalities, growth performance and body composition 

Turbot were healthy throughout the experiment and mortality rates were low (maximum 0.7%, 

p>0.05; Tab. 5). Weight (g) at experimental outset ranged between 95.7 ± 0.1 and 95.9 ± 0.8. 

Highest final weight (299.5 ± 92.0 g), weight gain (203.7 ± 21.8 g) and SGR (1.35 ± 0.09%) 

were observed in fish fed the high FM- diet (C-HF) (Tab. 5). Growth performance of fish was 

significantly different compared to fish fed the low FM- diets (p<0.01). Final weight, weight 

gain and SGR of fish fed the low FM- diets ranged from 246.3 ± 71.1 (NR) to 257.5 ± 70.4 

(AC), 150.3 ± 15.3 (NR) to 161.4 ± 16.7 (AC) and 1.12 ± 0.08 (NR) to 1.17 ± 0.08 (AC), 

respectively (Tab. 5). No significant differences were achieved between the low FM treatments 

(p>0.05). DFIs (% BW d−1) ranged from 0.85 ± 0.08 (AC) to 0.95 ± 0.05 (C-HF) (Tab. 5). The 

differences between fish DFIs of all treatments were not significant (p>0.05). FCRs of all 
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dietary treatments ranged from 0.83 ± 0.08 (GM) to 0.78 ± 0.01 (C-HF) (Tab. 5). No significant 

differences were found among all treatments (p>0.05). Fish K (%) ranged from 1.97 ± 0.08 

(BS) to 2.07 ± 0.04 (C-HF) and fish HSI (%) ranged from 1.19 ± 0.14 (C-HF) to 1.40 ± 0.19 

(BS) across all treatments (Tab. 5). K and HSI showed no significant differences between all 

dietary treatments (p>0.05). 

Table 5 

Growth performance and feed utilization of turbot fed experimental diets for 84 days in trial 2. 

 C-HF C-LF GM AC NR BS 

Initial weight, g 95.8 ± 0.1 95.8 ± 0.1 95.9 ± 0.8 95.9 ± 0.2 95.9 ± 0.3 95.7 ± 0.1 

Final weight, g 299.5 ± 92.0a 254.2 ± 77.9b 251.9 ± 69.6b 257.5 ± 70.4b 246.3 ± 71.1b 254.0 ± 72.0b 

Weight gain, g 203.7 ± 21.8a 158.4 ± 32.2b 156.1 ± 19.7b 161.4 ± 16.7b 150.3 ± 15.3b 158.6 ± 20.8b 

SGR, % day-1 1.35 ± 0.09a 1.15 ± 0.15b 1.15 ± 0.09b 1.17 ± 0.08b 1.12 ± 0.08b 1.16 ± 0.10b 

DFI, % day-1 0.95 ± 0.05 0.86 ± 0.07 0.88 ± 0.06 0.85 ± 0.08 0.86 ± 0.05 0.89 ± 0.05 

FCR 0.78 ± 0.01 0.81 ± 0.04 0.83 ± 0.08 0.79 ± 0.09 0.82 ± 0.03 0.83 ± 0.07 

Mortality, % 0.0 0.0 0.7 0.0 0.7 0.0 

       

K, % 2.07 ± 0.04 2.01 ± 0.07 2.00 ± 0.06 1.99 ± 0.10 2.03 ± 0.05 1.97 ± 0.08 

HSI, % 1.19 ± 0.14 1.25 ± 0.17 1.36 ± 0.20 1.28 ± 0.26 1.21 ± 0.19 1.40 ± 0.19 

C-HF = high fish meal control, C-LF = low fish meal control, GM = b-glucan/ MOS, AC = alginic acid, NR = 

nucleotides/ RNA and BS = Bacillus spp. SGR = Specific growth rate, DFI = Daily feed intake, FCR = Feed 

conversion ratio, K = Condition factor, HSI = Hepatosomatic index. Each value is mean ± S.D. (n = 6). Different 

superscript letters within a line denote significant differences (p<0.05). 

 

Crude protein (% DM) of the whole body composition ranged from 67.2 ± 5.1 (NR) to 72.5 ± 

0.4 (BS) (Tab. 6). Crude lipid (% DM) ranged from 12.0 ± 2.6 (C-HF) and 12.0 ± 4.8 (AC) to 

15.6 ± 2.3 (NR). Gross energy (MJ kg-1 DM) ranged from 20.8 ± 1.1 (C-LF) to 21.8 ± 0.9 (BS) 

(Tab. 6). All results were not significantly different among dietary treatments (p>0.05).  
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Table 6 

Proximate whole body composition in % dry matter basis and gross energy in MJ kg−1 dry matter of initial fish 

samples and turbot fed the control and experimental diets over 84 days in trial 2. 

 Initial fish 

(n=10) 

C-HF C-LF GM AC NR BS 

Proximate body composition 

Dry matter 20.4 25.1 ± 6.3 20.4 ± 1.7 21.5 ± 0.4 20.7 ± 1.8 22.0 ± 1.0 19.0 ± 5.2 

Crude protein 72.8 68.3 ± 2.3 69.7 ± 2.7 71.6 ± 1.8 72.0 ± 3.3 67.2 ± 5.1 72.5 ± 0.4 

Crude lipid 4.4 12.0 ± 2.6 12.4 ± 2.3 13.1 ± 3.1 12.0 ± 4.8 15.6 ± 2.3 13.8 ± 1.6 

Crude ash 23.4 18.1 ± 2.4 17.7 ± 2.4 15.4 ± 1.0 16.5 ± 1.2 16.6 ± 3.2 15.0 ± 1.2 

Gross energy  

(MJ kg−1) 
17.5 20.9 ± 0.6 20.8 ± 1.1 21.7 ± 0.6 21.6 ± 1.2 21.5 ± 1.0 21.8 ± 0.9 

C-HF = high fish meal control, C-LF = low fish meal control, GM = b-glucan/ MOS, AC = alginic acid, NR = 

nucleotides/ RNA and BS = Bacillus spp. Each value is mean ± S.D. (n = 6). No significant differences were 

identified (p>0.05). 

 

4. Discussion 

Diet additives, classified as functional feeds, have recently attracted extensive attention and 

investment within the aquaculture industry. However, the cost of most additives and the 

challenge of incorporating them into extruded feeds have to be considered by evaluating 

benefits against investment. This study has for the first time shown that growth and feed 

utilization is not positively influenced by either of the five types of diet additives in growing 

turbot from 50 g weight up to 300 g in a recirculating system. Additive inclusion in extruded 

diets failed to improve performances of turbots fed either FM- based diets or diets containing 

partial FM replacement by soy and wheat proteins. 

The current results stand in contrast to much of the literature. Li et al. (2008) reported improved 

growth in turbot, which had an initial weight of 151.3 ± 11.3 g, when fed a pelleted diet 

supplemented with a commercial yeast product (containing 20% b-glucan and 20% MOS, 1.3 g 

kg-1 in diet) for 72 days. However, SGR results (0.75 - 0.84% day-1) were in general low 

compared to values (1.39 – 1.46% day-1) in this study. Yoo et al. (2007) also observed a positive 

effect on weight gain, SGR and feed efficiency ratio in olive flounder (Paralichthys olivaceus) 

which was fed diets containing yeast b-glucan, derived from Saccharomyces cerevisiae, for 7 

weeks. Growth performance was highest at 1 and 1.5 g kg-1 b-glucan inclusion which is similar 
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to the concentration of 6 g kg-1 GM (20% b-glucan/ 17% MOS) applied in this study in one of 

the diets. However, fish had an initial weight of 9.2 g and were much smaller compared to 

turbots in this study. Likewise, improved weight gain, SGR and FCR were reported in mirror 

carp (Cyprinus carpio) fed a diet with levels of 10 and 20 g kg-1 yeast b-glucan (Kühlwein et 

al., 2014). Dietary yeast MOS (2 and 4 g kg-1 diet) enhanced growth performance in European 

sea bass (Dicentrarchus labrax) and promoted growth, FCR and survival in rainbow trout 

(Oncorhynchus mykiss) (Staykov et al., 2007; Torrecillas et al., 2012).  

Further investigations observed growth enhancing properties using extracts of brown algae or 

yeast derived nucleotides as diet additives. Dietary inclusion of algae extracts (5 g kg-1 diet) 

and yeast nucleotides (1.5 and 2 g kg-1 diet) had a positive effect on performances in beluga 

(Huso huso), malabar grouper (Epinephelus malabaricus), Atlantic salmon (Salmo salar) and 

rainbow trout (Ahmadifar et al., 2009; Burrells et al., 2001b; Heidarieh et al., 2012; Heidarieh 

et al., 2011; Lin et al., 2009; Tahmasebi-Kohyani et al., 2012). Other studies demonstrated that 

inclusion of potassium diformate (2 and 3 g kg-1 diet) and probiotic Bacillus strains (B. subtilis 

and/or B. licheniformis) stimulated growth in nile tilapia (Oreochromis niloticus), rohu (Labeo 

rohita), carp and trout (Abu Elala and Ragaa, 2014; Bagheri et al., 2008; He et al., 2011; Kumar 

et al., 2006). 

In contrast, some investigations could not confirm a positive performance of diet additives in 

other fish species. Research demonstrated that b-glucan or MOS enriched diets did not improve 

growth in dentex (Dentex dentex), tilapia, Asian catfish (Clarias batrachus), channel catfish 

(Ictalurus punctatus), hybrid tilapia (O. niloticus ♀×O. aureus ♂) and Atlantic salmon 

(Efthimiou, 1996; Grisdale-Helland et al., 2008; He et al., 2009; Kumari and Sahoo, 2006; Lara-

Flores et al., 2003; Welker et al., 2007; Whittington et al., 2005). Moreover, supplementation 

with brown algae extracts, yeast nucleotides and potassium diformate did not support growth 

compared to the unsupplemented diets in red drum (Sciaenops ocellatus) and tilapia (Li et al., 

2005; Merrifield et al., 2011; Zhou et al., 2009).  

Refstie et al. (2010) proved that supplementation with MOS (2 g kg-1 diet) in a FM reduced 

diet, containing soy bean and sunflower meal (SBM+SFM) as substitutes, improved growth 

performance in salmon. However, the same MOS concentration in a SBM diet and b-glucan 

(0.5 and 1 g kg-1 diet) inclusion in both SBM+SFM and SBM diets fail to increase the potential 
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of both PP- based diets. Similarly, growth performance and feed utilization of turbot and 

gilthead sea bream (Sparus aurata) remained unaffected by nucleotide (0.3 and 1 g kg-1 diet) 

and MOS (2 and 4 g kg-1 diet) supplementation in a FM- and SBM- based diet (Dimitroglou et 

al., 2010; Peng et al., 2013). 

In the present study, turbots have fed on high quality diets in trial I and have been reared under 

optimal conditions during the experiment. Although diet additives did not improve growth 

performance under favorable rearing conditions, these additives may have beneficial impacts 

on fish in challenging situations, for instance under conditions of immunodepression related to 

environmental stress, as demonstrated in previous studies (Burrells et al., 2001b; El-Boshy et 

al., 2010; Kumar et al., 2006; Santarém et al., 1997; Tahmasebi-Kohyani et al., 2012; 

Torrecillas et al., 2012; Yeh et al., 2008). Some authors hypothesize that these functional 

additives are able to enhance mechanism of the immune system that in turn leads to resistance 

against pathogens and diseases (Dalmo and Bøgwald, 2008; Merrifield et al., 2010; Ringø et 

al., 2012).  

Survival, achieved SGR and FCR of turbots feeding FM- based diets and PP- based diets were 

higher or similar compared to those observed in other studies (Árnason et al., 2009; Bonaldo et 

al., 2011; Regost et al., 1999; Schram et al., 2009; Van Ham et al., 2003a). Decreased growth 

may be caused by a deficiency of phosphorous in diets or by poor utilization of plant proteins 

offered and a limitation of essential amino acids. In general, reduced DFI for diets high in plant 

proteins indicate that these are less attractive and palatable than diet treatments containing a 

high level of FM. Further investigations can confirm performance loss and reduced feed intake 

in turbots with increasing PP content in diets containing overall crude protein levels of 50 - 

54% (Regost et al., 1999), 53 - 51% (Bonaldo et al., 2011), 50% (Day and Plascencia González, 

2000), 57 - 62% (Fournier et al., 2004) and 59% (Nagel et al., 2012). 

Researchers suggest that palatability (Arndt et al., 1999; Freitas et al., 2011; Kissil et al., 2000), 

lack of nutrients (Gatlin III et al., 2007), unfavorable amino acid profiles (Li et al., 2008) and 

antinutritional factors (ANFs) (Francis et al., 2001) of plant meals or concentrates are 

responsible for reduced feed intake and poor feed conversion in fish species. This may explain 

performance loss of turbots fed PP- based diets in this study. Previous studies already revealed 

negative effects of diets containing soy bean meal (SBM) or soy protein concentrate (SPC) on 
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feed consumption and growth performance in turbot (Bonaldo et al., 2011; Day and Plascencia 

González, 2000) and other fish species (Davis et al., 2005; Kasper et al., 2007; Kaushik et al., 

1995; Kissil et al., 2000). However, during the process of SPC production most antinutritional 

factors should be destroyed, only phytate may be concentrated with the protein fraction (Gatlin 

III et al., 2007). High phytate concentrations reduce the availability of phosphorus as it is bound 

in or by phytic acid. It seems possible that a limitation of phosphorus and/ or essential amino 

acids (EAAs, e.g. lysine) is responsible for reduced growth rates in turbots (Kaushik, 1998; 

Peres and Oliva-Teles, 2008; Riche and Brown, 1996). 

Whole body composition of turbots remained unaffected by additive inclusions in both, high 

and low FM diets as in earlier studies comparing FM- or PP- based diets supplemented with 

some additives (Dimitroglou et al., 2010; Heidarieh et al., 2012; Kühlwein et al., 2014; 

Merrifield et al., 2011; Ng et al., 2009). The observed growth decline of fish fed high levels of 

soy bean and wheat proteins cannot be explained by reduced development of fillet muscles 

caused by lower protein retention or reduced fat storage. In contrast, other authors observed an 

influence of additives on crude lipid (Baruah et al., 2007; Li et al., 2005) or crude protein and 

lipid content (Abdel-Tawwab et al., 2008; Bagheri et al., 2008; Bairagi et al., 2004; Lara-Flores 

et al., 2003) in whole body composition. Additive and PP inclusion also did not influence HSI 

values and, consequently, did not seem to promote an increased or decreased fat retention in 

liver. Liver index of Senegalese sole (Solea senegalensis) was higher in fish fed a PP- based 

diet compared to FM- based diets, although HSI decreased with reduced fat content in FM diets 

(Valente et al., 2011). However, no evidence of increased fat storage in liver was found in other 

fish species feeding high levels of PP (Chatzifotis et al., 2008; Dimitroglou et al., 2010; Hansen 

et al., 2013; Lekva et al., 2010).  

At present, there is no single definite mode of action and explanation of why or how dietary 

supplementation with the examined additives causes improved growth in aquatic animals and 

it is not clear why they affect growth in some species and not in others. Besides, additives that 

have been successful at improving growth performance in one study proved to be ineffective 

for the same species in another investigation. The potential effect may depend on the dosage of 

additives applied and the method of administration, short- or long-term and oral, immersion or 

injection (Anderson and Siwicki, 1994; Dalmo and Bøgwald, 2008; Jeney and Anderson, 1993; 
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Nikl et al., 1993; Peddie et al., 2002; Selvaraj et al., 2005). In addition, culture conditions, for 

instance physical and chemical water parameters, stocking density and feeding rate, as well as 

size and age class have an influence on performances in turbot and have to be considered when 

comparing results (Blanquet and Oliva-Teles, 2010; Foss et al., 2009; Imsland et al., 2001; 

Irwin et al., 1999; van Bussel et al., 2012; Van Ham et al., 2003a). Under optimal holding 

conditions, diet additives probably do not have beneficial impacts in turbot during the grow-out 

phase. However, additives may be valuable growth and immunity promoters, especially in 

earlier life stages of fish, to improve survival during critical life phases and to overcome 

environmental stressors in fish farms. In particular, there is still a dearth of information about 

the effects of diet additives on performances in fish of size classes above 200 g and in fish that 

have been offered additives over a long-term period more than 4 months. 

In conclusion, diet additives (yeast BG/ MOS, yeast nucleotides/ RNA, alginic acid, potassium 

diformate and strains of Bacillus spp.) failed to improve growth performance and feed 

utilization in turbots, weighing between 50 and 250 g, fed FM- based diets (78% FM) in RAS 

holding. Likewise, yeast BG/ MOS, yeast nucleotides/ RNA, alginic acid and strains of Bacillus 

spp. failed to improve growth and feed conversion in turbots (100 – 250 g) offering PP- based 

diets which contain 25% SPC and 15% wheat gluten. Reduced growth performance due to 45% 

FM protein substitution can partially be explained by a deficiency of calcium and phosphorus 

and some EAAs in PP- based diets resulting in decreased protein turnover. Results indicate that 

these additives are not economically viable for inclusion in commercial turbot on-growing diets 

when culturing turbots under optimal conditions. Further research is required to determine the 

size and level of optimal conditions where additives become superfluous. 

Acknowledgements 

This study was supported by the Federal Ministry of Food, Agriculture and Consumer 

Protection (BMELV, “Programm Innovationsförderung”) via the Federal Office for Agriculture 

and Food (BLE). 

 

 



The effect of supplementation with polysaccharides, nucleotides, acidifiers and Bacillus strains in fish meal and 

soy bean based diets on growth performance in juvenile turbot (Scophthalmus maximus) 

 

- 44 - 
 

 

 

 



Influence of immunostimulant polysaccharides, nucleic acids and Bacillus strains on the innate immune and 

acute stress response in turbots (Scophthalmus maximus) fed soy bean and wheat based diets 

 

- 45 - 
 

Chapter 3 
 

 

Influence of immunostimulant polysaccharides, nucleic 

acids and Bacillus strains on the innate immune and acute 

stress response in turbots (Scophthalmus maximus) fed soy 

bean and wheat based diets 

 

 

V. I. Fuchs a,b*, J. Schmidt b, M. J. Slater b, B. H. Buck b,c, D. Steinhagen a 

 

Fish Physiology and Biochemistry, 43, 1501-1515 (2017) 

 

 

 

 

 

 

 

 

 

a Fish Disease Research Unit, University of Veterinary Medicine Hannover, Buenteweg 17, 30559 Hannover, 

Germany 

b Alfred Wegener Institute, Helmholtz Center for Polar and Marine Research, Am Handelshafen 12, 27570 

Bremerhaven, Germany 

c University of Applied Sciences Bremerhaven, An der Karlstadt 8, 27568 Bremerhaven, Germany 



Influence of immunostimulant polysaccharides, nucleic acids and Bacillus strains on the innate immune and 

acute stress response in turbots (Scophthalmus maximus) fed soy bean and wheat based diets 

 

- 46 - 
 

Abstract 

Immunostimulants are widely applied in aquaculture practice and may have beneficial effects 

on immune system and physical functions allowing higher tolerance to stress. In the current 

study the impact of four (i - iv) dietary active ingredients on the immune and stress response of 

turbot was examined in two experiments (I and II). A basal low fish meal (FM; 32%) diet was 

formulated and supplemented with (i) yeast ß-glucan and mannan oligosaccharide (GM), (ii) 

alginic acid (AC), (iii) yeast nucleotides and RNA (NR) or (iv) Bacillus strains (BS). The basal 

diet (C-LF) and a high FM (59%) control (C-HF) were maintained. All six diets were fed to 

juvenile turbots for 84 days in experiment I and for an additional 28 days prior to experiment 

II. Immunological and hematological parameters were determined in experiment I. In 

experiment II, physical stress response to a typical short-term (<1 day) aquaculture handling 

procedure (combination of capture, netting/ transfer and crowding) was investigated. For this, 

turbot blood was sampled before and at 0.5, 1, 4 and 24 h post-stress. Plasma lysozyme activity, 

neutrophils reactive oxygen production (ROS) and total plasma protein levels did not 

significantly differ between treatment groups, however plasma cholesterol increased 

significantly in fish fed GM, AC, NR and C-HF compared to C-LF (I). A significant increase 

in plasma glucose and triglyceride was observed in GM and NR treatments, while glucose levels 

were significantly higher in C-HF compared to C-LF. Moreover, the immuostimulant-

supplemented diets exhibited significantly lower cortisol levels compared to controls C-LF at 

0.5 and C-HF at 1 h post-stress, respectively (II). According to our findings, FM substitution 

did not modulate the innate immune response but was associated with reduced levels of 

cholesterol. Dietary immunostimulants were not effective enough to boost the immune 

response, but we believe they might be helpful to trigger metabolic advantages during stressful 

handling events on fish farms. 

1 Introduction 

Fish health and welfare in aquaculture is a key issue in the provision of high quality, consumer 

orientated and sustainable fish products (Ashley, 2007; Focardi et al., 2005; Huntingford et al., 

2006; Kiron, 2012; Naylor et al., 2000). Handling, feeding, transport, vaccination, water quality 

and high stocking densities in aquaculture are potential stressors affecting physiology and 

health condition of fish (Ashley, 2007; Barton, 2002; Segner et al., 2012). Severe or long-lasting 
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stress is found to be detrimental to animal health and welfare, affecting the physiology and 

performance in fish such as energy metabolism, oxygen uptake, immune function, growth, 

disease resistance and survival (Barton, 2002; Gregory and Wood, 1999; Laiz-Carrión et al., 

2003; Mugnier et al., 1998; Verburg‐Van Kemenade et al., 2009). The organism has to deal 

with an energy-demanding process by synthesizing stress-related proteins and other compounds 

to fuel cellular processes (Segner et al., 2012; Tort, 2011). Assuring an optimal nutritional status 

and efficient immune system in farmed fish can help to reduce susceptibility to stress and 

diseases. At present, the use of preventative measures is central to disease control in aquaculture 

production. Vaccinations are known to be effective prophylactic methods, but as earlier 

mentioned can be stressful for fish and remain costly and labor-intensive for the producers 

(Gudding et al., 1999; Horne, 1997; Lillehaug, 1989; Thorarinsson and Powell, 2006). The 

application of immunostimulants to countering stress and diseases has been increasingly 

promoted in aquaculture (Anderson, 1992; Merrifield et al., 2010; Sakai, 1999). Injection of 

immunostimulating compounds seemed to be an effective method, however, bath immunization 

and oral administration showed to be less invasive and stressful for fish, in particular the dietary 

uptake is a simple and time-saving way (Anderson, 1992; Peddie et al., 2002; Sakai et al., 2001; 

Selvaraj et al., 2005). 

Immunostimulants can be synthetic compounds or biological extracts derived from bacteria, 

fungi or plants commonly in the form of polysaccharides. Alginic acids, ß-glucans, mannan 

oligosaccharides (MOS), nucleotides and probiotic bacteria have essential physiological and 

biochemical functions in mediating energy metabolism, cell signaling, encoding and 

deciphering genetic information or modifying intestinal microbial communities (Carver and 

Walker, 1995; Dalmo and Bøgwald, 2008; Holdt and Kraan, 2011; Jung-Schroers et al., 2015; 

Kesarcodi-Watson et al., 2008). They are reported to strengthen the immune system protecting 

fish against physiological stress and susceptibility to infections (Ai et al., 2011; Bagni et al., 

2005; Peng et al., 2013; Staykov et al., 2007; Yoo et al., 2007). The fish’s innate immune system 

is the first line of defense against disease vectors and is considered a fundamental mechanism 

in fighting all kind of pathogens (Magnadóttir, 2006; Whyte, 2007). 

Dietary inclusion of β-glucans, MOS, algal derivates, nucleic acids and probiotics has been 

shown to modulate immune defense, stress response and survival in various fish species 
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(Balcázar et al., 2006; Ringø et al., 2010; Ringø et al., 2012). Immunostimulants can promote 

the production of anti‐bacterial peptides, such as lysozyme, and the phagocytic activity of 

macrophages. Elevation in serum lysozyme activity has been found in various fish species, such 

as sea bass Dicentrarchus labrax (Bagni et al., 2005), Nile tilapia Oreochromis niloticus (El-

Boshy et al., 2010), sturgeon Huso huso (Heidarieh et al., 2011) and rainbow trout 

Oncorhynchus mykiss (Staykov et al., 2007), which were fed on ß-glucan, MOS or alginic acid 

supplemented diets. Dietary uptake of ß-glucan in combination with a feed stimulant (BAISM) 

was able to improve the lysozyme activity in juvenile olive flounder, Paralichthys olivaceus 

(Yoo et al., 2007). Phagocyte respiratory burst was enhanced with dietary ribonucleic acid in 

rohu Labeo rohita (Choudhury et al., 2005) and ß-glucan in sea bass (Bonaldo et al., 2007). 

Dietary supplementation of ß-glucan and MOS enhanced respiratory burst and survival of 

juvenile turbot Scophthalmus maximus (Li et al., 2008). However, Ogier de Baulny et al. (1996) 

observed no effect of ß-glucan on the lysozyme activity in turbot. Information on the effect of 

immunostimulants on stress response in fish is scarce. Alginic acid (Gioacchini et al., 2008) 

and nucleic acid enriched diets (Leonardi et al., 2003; Palermo et al., 2013; Tahmasebi-Kohyani 

et al., 2012) can suppress stress response (expressed as plasma cortisol levels) in rainbow trout 

and sole (Solea solea) exposed to different stressors (vaccination, virus disease, handling and 

crowding). Recent attempts to minimize the fish meal (FM) content in formulated finfish feeds 

due to economic and environmental concerns may increase susceptibility to stress and 

infections potentially as a result of the reduction of high quality animal proteins and lipids in 

diets (Bonaldo et al., 2014; Burrells et al., 1999; Khosravi et al., 2015; Urán et al., 2008). 

Diets for carnivorous fish species, such as turbot (Scophthalmus maximus), are yet to be 

optimized. In particular, the adverse effects of dietary plant substitutes and stressful husbandry 

conditions must be overcome. The interaction of immunostimulants and plant proteins acting 

as FM substitutes as regards immune and stress response remains, however, poorly studied. The 

influence of immunostimulant supplementation in FM reduced diets on plasma cortisol levels 

after an acute stress challenge remains unstudied for turbot. Therefore, the current study aims 

to evaluate the effect of commercially applied and piloted immunostimulants with the active 

ingredients, (i) yeast b-glucan and mannan oligosaccharide (GM), (ii) alginic acid from brown 

algal extracts (AC), (iii) purified yeast nucleotides and ribosomal RNA (NR) and (iv) probiotic 
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bacteria strains Bacillus subtilis and B. licheniformis (BS), on the immune and stress responses 

in juvenile turbot fed low fish meal content diets. 

2. Materials and methods 

2.1 Fish species and experimental setup 

The feeding experiment was conducted at the aquaculture facilities Zentrum für 

Aquakulturforschung (ZAF) at the Alfred Wegener Institute Helmholtz Center for Polar and 

Marine Research (AWI) in Bremerhaven, Germany. Juvenile turbot were obtained from 

Maximus A/S (Bedsted Thy, Denmark). Fish were examined for infectious diseases before and 

at the end of the experiment to monitor health conditions of experimental animals. The 

experiment was performed under the guidelines of the local authority (Department of Food 

Safety, Veterinary Affairs and Plant Protection) in Bremen with the permission to carry out 

animal experiments (522-27-11/02-00(112)). 

The rearing system consisted of 36 tanks (0.8 m2 bottom surface, 500 l total water volume). 

Tanks were connected to a recirculating aquaculture system (RAS; total water volume 40 m3) 

and equipped with drum filter, protein skimmer, moving bed biofilter and disinfection unit 

(Ozon generator; Sander Aquatec GmbH, Uetze-Eltze, Germany). The photoperiod was 

maintained at a 12h light: 12h dark cycle throughout. Physical water parameters were monitored 

constantly (temperature: 17.3 ± 0.5 °C, salinity: 28.6 ± 1.4 g l-1, dissolved oxygen: 9.3 ± 

0.5 mg l-1; SC 1000 Multiparameter Universal Controller, Hach Lange GmbH, Düsseldorf, 

Germany). Chemical water parameters ammonia, nitrite and nitrate were determined in a three 

days interval before feeding (NH4-N: 0.01 ± 0.02 mg l-1, NO2-N: 0.04 ± 0.03 mg l-1, NO3-N: 

80.6 ± 16.7 mg l-1; photometer DR 2800; Hach Lange GmbH, Germany). 

2.2 Experimental diets 

Six diets were formulated with regards to an isonitrogenous (565 ± 7 g CP kg-1) and isocaloric 

(22 ± 0.5 g MJ kg-1 DM) content (Table 1). Four experimental diets were supplemented with 

active ingredients of commercially applied or piloted feed additives: (1) a yeast (Saccharomyces 

cerevisiae) product consisting of 20% beta-1,3/1,6 glucan and 17% mannan oligosaccharide 

(ProEnMune, ProEn Protein and Energie GmbH, Soltau, Germany) (GM), (2) an alginic acid  
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Table 1 

Ingredients (in g∙kg−1 dry matter (DM)), proximate composition (g∙kg−1 DM/ MJ∙kg−1 DM) and amino acid 

composition g 16 g-1 N) of the experimental diets 

  Diets           

  C-HF C-LF GM AC NR BS 

Ingredients [g kg-1]       

Fish meala 585 320 320 320 320 320 

Soy protein concentratea 125 250 250 250 250 250 

Corn glutenb 30 40 40 40 40 40 

Wheat glutenc 20 147 146.7 146.8 146.9 147 

Wheat starchc 184 160 154.3 155.2 158.1 159.4 

GM 0 0 6 0 0 0 

AC 0 0 0 5 0 0 

NR 0 0 0 0 2 0 

BS 0 0 0 0 0 0.6 

Fish oild 45 72 72 72 72 72 

Vitamin/mineral mixturee 10 10 10 10 10 10 

Titanium dioxidef 1 1 1 1 1 1 

Nutrient compositiong [g kg-1]      

Moisture 72 70 66 65 74 64 

Crude protein 553 567 571 569 562 571 

Crude fat 117 112 112 112 118 113 

Crude ash 108 76 75 77 71 77 

Calcium 18 11 11 11 11 11 

Phosphorus 15 10 10 10 10 10 

Gross energy [MJ kg-1]h 21 22 22 21 22 22 

Essential amino acids (g 16 g-1 N)      

Arginine 4.5 4.3 4.4 4.4 4.3 4.4 

Cystine 1.2 1.5 1.5 1.6 1.5 1.5 

Histidine 3.0 2.7 1.9 2.6 2.4 2.7 

Isoleucine 3.3 3.2 3.4 3.4 3.2 3.5 

Leucine 5.9 6.2 6.2 6.1 6.0 6.2 

Lysine 5.9 4.8 4.8 4.8 4.5 4.6 

Methionine 2.1 1.9 1.9 1.9 1.9 1.8 

Phenylalanine 3.4 3.8 2.6 3.8 3.7 3.8 

Threonine 3.2 3.0 3.0 3.0 3.0 2.9 

Valine 3.7 3.5 3.7 3.7 3.5 3.8 

Non-essential amino acids (g 16 g-1 N)      
Alanine 4.5 4.0 3.9 3.8 3.7 3.9 

Aspartic acid 6.7 6.2 6.3 6.4 6.2 6.2 

Glutamic acid 7.9 10.4 10.7 10.4 10.1 10.6 

Glycine 4.3 3.8 3.8 3.7 3.5 3.8 

Proline 4.1 5.9 6.1 5.6 5.5 5.8 

Serine 3.3 3.8 3.8 3.7 3.7 3.6 

Tyrosine 2.5 2.6 2.7 2.6 2.7 2.5 

C-HF = high fish meal control, C-LF = low fish meal control, GM = b-glucan/ MOS, AC = alginic acid, NR = nucleotides/ 

RNA and BS = Bacillus spp. Additive concentrations were recommended by manufacturers and literature (Burrells et al., 

2001a; Burrells et al., 2001b; Merrifield et al., 2011) 
a Köster Marine Proteins GmbH, Hamburg, Germany; b Cargill Deutschland GmbH, Krefeld, Germany 
c Kröner Stärke, Ibbenbüren, Germany; d Vereinigte Fischmehlwerke Cuxhaven GmbH & Co KG, Cuxhaven, Germany 
e Spezialfutter Neuruppin GmbH & Co. KG, Neuruppin, Germany; f Kronos Titan GmbH & Co.OHG, Nordenham, Germany 
g Weender analysis (Dumas): moisture (VDLUFA Bd. III 3.1), crude protein (VDLUFA Bd. III 4.1.2), crude fat (VDLUFA 

Bd. III 5.1.1), ash (VDLUFA Bd. III 8.1); ICP-mass spectrometry: calcium and phosphor (PM DE01_018) 
h Bomb calorimeter (6100, Parr Instrument GmbH, Frankfurt a. M., Germany) 
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product of brown algal extracts containing 99% Laminaria digitata and 1% Ascophyllum 

nodosum (Ergosan®, Intervet/Schering-Plough Aquaculture, Saffron Walden, UK) (AC), (3) a 

product of purified yeast nucleotides (Cytidine-5V-monophosphate (CMP), disodium uridine-

5V-mono-phosphate (UMP), adenosine-5V-monophosphate (AMP), disodium inosine-5V-

monophosphate (IMP), disodium guanidine-5V-monophosphate (GMP)) and ribosomal RNA 

(Vannagen®, Chemoforma Ltd., Augst, Switzerland) (NR) and (4) a probiotic product of 

bacteria strains Bacillus subtilis and B. licheniformis (Probiotic-plus.ru, Russia) (BS). Two 

control diets, a FM based diet (C-HF; 585 g FM protein kg−1 feed) and a FM reduced diet (C-

LF; 320 g FM kg−1 feed), were additionally investigated. The protein content in C-LF and the 

supplemented diets (GM, AC, NR and BS) was partly replaced with soy protein concentrate 

(SPC) and wheat gluten (WG) including 56% protein from plants. All diets were extruded to 

floating pellets of 5 mm in diameter, manufactured by the Institute of Food Technology and 

Bioprocess Engineering (BILB- ttz Bremerhaven, Germany). 

 2.3 Experiment I: Feeding trials 

During the acclimatisation period, fish were fed with a commercial dry feed with 55% crude 

protein and 16% crude fat (R Europa 15, 2 mm diameter; Skretting ARC, Stavanger, Norway). 

For the experiment, 900 turbot individuals were weight (initial mean body weight: 95.8 g 

± 17.7 g) and measured in total body length (initial mean length: 18.0 cm ± 1.1 cm) and 

randomly stocked in the 36 experimental tanks (25 individuals tank-1; 3.0 kg m-2 stocking 

density). Fish starved 24 h prior to weighing. The feeding trial was designed to contain six fish 

groups consisting of six replicates each. The turbots were hand-fed until apparent satiation twice 

a day (10:00 and 14:00) over a 84 days period. The effect of fish meal substitution and feed 

addtivives on feed conversion and growth performance was reported in a previous 

communication (Fuchs et al., 2015). 

At the end of the experiment, 108 individual fish (3 fish tank-1) were selected randomly and 

placed into a 500 mg/L-1 solution of tricaine methanesulfonate (MS 222; Sigma-Aldrich Co. 

LLC., Munich, Germany) until death (Neiffer and Stamper, 2009). Subsequently, blood was 

drawn from the caudal vein into disposable syringes pre-filled with a lithium-heparin bead 

(Sarstedt AG & Co. KG, Nümbrecht, Germany), centrifuged at 2.000 g for 15 min to collect 

the supernatant plasma. Plasma was stored at - 80°C for biochemical analysis. Furthermore, 
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head kidneys of another fish per tank (6 fish treatment-1, 36 fish in total) were isolated and 

placed in centrifuge tubes (50 ml, Sarstedt AG & Co. KG, Germany) filled with 15 ml wash 

medium (RPMI medium mixed with 10,000 IU sodium heparin; Sigma-Aldrich Co. LLC., 

Germany). Head kidney samples were processed immediately to measure the production of the 

reactive oxygen species (ROS). 

 2.4 Experiment II: Handling simulation (capture, netting/ transfer, crowding) 

Prior to experiment II, the remaining turbots from all six tanks of the six treatment groups were 

restocked in three replicate tanks (35 fish tank-1, 630 in total). Turbots were kept in 500 l tanks 

and feeding (twice a day) was continued for an additional 28 days with the before mentioned 

experimental diets. In this experiment the influence of a typical short-term (<1 day) aquaculture 

handling procedure (combination of capture, netting/ transfer and crowding) on physical stress 

response in turbot was determined. After 28 days, mean initial stocking density of fish was 

16.1 kg m-2 (C-HF), 13.5 kg m-2 (C-LF), 13.3 kg m-2 (GM), 13.3 kg m-2 (AC), 12.6 kg m-2 (NR) 

and 13.3 kg m-2 (BS), respectively. Fish were starved 24 h prior to sampling as feeding has 

shown to influence plasma cortisol levels (Arends et al., 1999). As a pre-treatment control, three 

fish were simultaneously taken from each tank (9 fish per treatment), immediately anaesthetized 

with a lethal dose of MS 222 and bled using lithium-heparinized syringes (Sarstedt, Germany). 

Subsequently, all other fish were subjected to handling treatment, which consisted of netting 

from the rearing tanks, transfer into aerated 90 l tanks (0.3 m-2 bottom surface, 72 cm length x 

42 cm width x 30 cm depth) at a stocking of 39.4 kg m-2 (C-HF), 32.9 kg m-2 (C-LF), 32.4 kg m-

2 (GM), 32.4 kg m-2 (AC), 30.8 kg m-2 (NR) and 32.5 kg m-2 (BS). Fish were kept there in 

crowded conditions for 5 min before relocating them into the rearing tanks. At 0.5, 1, 4 (11:30 

a.m., 12:00 a.m., 3:00 p.m.) and 24 h after the end of the handling simulation, three fish per 

tank (9 fish per treatment and time point) were simultaneously captured, while ensuring 

minimal disturbance to other tank occupants, placed into anasthetic and bled as described 

above. Only three treatment groups (C-HF, GM, AC) were subjected to handling stress on the 

same day to allow equal timing for blood sampling (11:30 a.m., 12:00 a.m., 3:00 p.m.) during 

this narrow time frame. All samples (pre-treatment control and post-stress) of the three 

treatments were taken directly before stress and within 24 hours. The following day, the same 

procedure was applied to the other three groups (C-LF, NR, BS). Blood samples were stored 
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on ice and centrifuged at 2.000 g for 15 min at 4°C. The supernatant plasma was frozen for 

storage at -80°C to determine the cortisol and glucose concentrations in fish at resting condition 

and after handling. 

2.5 Immunological analysis 

Generation of reactive oxygen species (ROS) by head kidney leucocytes (HKL) was measured 

by a nitro blue tetrazolium salt (NBT) reduction assay (Pick et al., 1981; Verburg-van 

Kemenade et al., 1996) as described before by Skouras and Steinhagen (2003). Leucocytes were 

collected by pressing and washing the HK tissue though a 100 μm nylon mesh with 3 times 5 

ml of wash medium (RPMI medium with 10,000 IU l-1 sodium heparin; Sigma-Aldrich Co. 

LLC., Germany). The isolated cells in medium were centrifuged at 580 g for 10 min at 4°C. 

After decanting the supernatant, cell pellets were resuspended with 15 ml wash medium and 

centrifuged a second time. Subsequently, pellets were resuspended with culture medium (RPMI 

medium supplemented with 10% fetal bovine serum; Sigma-Aldrich Co. LLC., Germany). The 

viable cell concentration was determined by trypan blue staining and cell counting using a 

haemocytometer. Cells were adjusted to 106 cells mL-1 in culture medium. To measure ROS 

generation, cell suspensions were incubated in 96-well flat-bottom microtitre plates (106 cells 

per well in a final volume of 175 µl medium) in triplicate with and without stimulator. 

Therefore, culture medium, the indicator NBT (1 g l-1; Sigma-Aldrich), the stimulator phorbol 

myristate acetate (PMA, 0.15 mg l-1; Sigma-Aldrich) and cell suspension were added per well 

to induce ROS production. Additionally, cells were incubated without stimulator to determine 

spontaneous ROS generation of cells. The solutions were discarded after 2 h of incubation at 

22°C. Cells were fixed for 10 min with 125 µl of 100% methanol (Carl Roth GmbH & Co. KG, 

Karlsruhe, Germany) and, subsequently, wells were washed twice with 125 µl of 70% 

methanol. Plates were stored in the dark to allow air-drying of the fixed cells for 24 h at room 

temperature. On the following day, the reduced NBT (formazan) was solubilized in 125 µl 2M 

KOH and 150 µl DMSO (Carl Roth) per well (Rook et al., 1985). The optical densities were 

recorded immediately at 650 nm in a microplate reader (TriStar LB 941, Berthold 

Technologies, Germany) at 22 ± 0.5 °C. 
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2.6  Plasma biochemical analysis 

Plasma lysozyme (LZY) activity was analyzed by a turbidimetric assay according to Parry et 

al. (1965), adapted for the measurement in microtitre plates (Skouras et al., 2003). A 0.2 g l-1 

suspension of Micrococcus lysodeikticus was prepared with 0.05 M sodium phosphate buffer 

(pH 7.4) (chemicals: Sigma-Aldrich Co. LLC., Munich, Germany). The bacterial cell 

suspension was added to a 96-well microtitre plate and mixed with 25 µl plasma to receive a 

total volume of 200 µl per well. The optical density (OD) was measured after 0.5 min and 

4.5 min at 530 nm in a microplate reader (TriStar LB 941, Berthold Technologies GmbH & Co. 

KG, Bad Wildbach, Germany) at a temperature of 23 ± 1°C. The lysozyme activity was 

calculated according to the decrease in absorbance, defining one unit of lysozyme activity as 

the amount of sample causing a decrease in absorbance of 0.001 OD min-1. As an external 

standard, hen egg-white lysozyme (Sigma-Aldrich Co. LLC., Germany) was used (Hutchinson 

and Manning, 1996). Analysis of total protein (TP), cholesterol (CHO), glucose (GC) and 

triglyceride (TG) were performed using an automatic biochemical analyzer (Pentra 400, Horiba 

Medical, Kyoto, Japan). 

Plasma cortisol levels were measured by solid-phase enzyme-linked immunosorbent assay 

(ELISA; RE52611, IBL International, Hamburg), which was already used for turbot (Reiser et 

al., 2010). Before ELISA, plasma samples were treated with heat denaturation: 200 µl of plasma 

was denatured at 80 °C for 1 h, subsequently vortexed for 20 s, diluted with phosphate buffered 

saline (PBS), vortexed for 20 s and centrifuged at 13,000 g for 20 min for separation of the 

supernatant. Duplicate aliquots (50 µl) of diluted plasma were then used in the assay. The 

accuracy of heat treatment was evaluated by cold-spiking with cortisol (40 ng ml−1) to 

determine the recovery (Recovery = 94%). 

2.7 Statistics 

Data are presented as mean ± standard deviation (SD) for each treatment. The Sigma plot 11 

for Windows (Systat Software Inc., San Jose, CA, USA) software package was used for 

statistical evaluations. All data were tested for normal distribution by Shapiro-Wilk test. If 

normality and homogeneity of variances was confirmed, multiple comparisons for the immune 

and hematological data were done by one-way analysis of variance (ANOVA). A non-
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parametric Kruskal-Wallis test was used when the normality assumption was not met. Data 

from acute stress measurements were analyzed by two-way ANOVA with two independent 

variables, treatment (diet) and time (hours), and cortisol or glucose concentration as dependent 

variables. Tukey’s post hoc (HSD) or Dunn tests were carried out to identify significantly 

different groups. Differences between set of comparisons were considered significant at a 

probability of error at p<0.05. 

3 Results 

Overall survivorship during the experimental period was high with a total of 0% and 0.7% 

mortalities in treatments C-HF, C-LF, AC, BS and treatments GM and NR, respectively 

(p<0.05; One-way ANOVA). No sign of infections were observed during the experiments. Final 

weight (299.5 ± 92.0 g) of fish fed the high FM- diet (C-HF) was significantly higher (p<0.01) 

compared to low FM- groups (NR = 246.3 ± 71.1 g, GM = 251.9 ± 69.6 g, BS = 254.0 ± 72.0 

g, C-LF = 254.2 ± 77.9 g, AC = 257.5 ± 70.4) (Fuchs et al., 2015). Feed additives had no 

significant influence (p>0.05) on growth performance. 

3.1 Experiment I: Plasma biochemistry and immunology 

The mean lysozyme activity (Units ml-1 plasma) did not differ significantly (p>0.05) between 

treatments (Tab. 2). However, all fish treated with dietary immunostimulants or high FM (C-

HF) showed a tendency towards increased lysozyme activities between 1,006 ± 133 (BS) and 

1,108 ± 106 (AC), compared to an activity of 971 ± 118 in fish fed the low FM control diet (C-

LF) (Tab. 2). 

The values of the baseline reactive oxygen species production (OD = optical density), 0.02 ± 

0.01, indicated no significant differences (p>0.05) among all treatments (Tab. 2). Head kidney 

phagocytes from turbots could be stimulated by phorbol-ester (PMA) and cells responded with 

a high NBT reduction. Stimulated ROS activities were measured between 0.53 ± 0.19 (NR) and 

0.78 ± 0.38 (C-HF)/ 0.78 ± 0.53 (BS), while phagocytes in fish fed the low FM control diet (C-

LF) showed a mean activity of 0.66 ± 0.34 (Tab.2). However, upon cell stimulation the mean 

production of ROS was not significantly different (p>0.05) between all fish groups. 
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Table 2  

Immunological and physiological parameters measured in blood plasma or head kidney of turbot juveniles fed 

the six experimental diets 

Parameters Diets           

  C-HF C-LF GM AC NR BS 

Immunological parameters       

LSZ (Units ml-1 plasma) 1034 ± 93 971 ± 118 1009 ± 117 1108 ± 106 1080 ± 132 1006 ± 133 

ROS (OD) 0.02 ± 0.01 0.02 ± 0.01 0.02 ± 0.01 0.02 ± 0.01 0.02 ± 0.01 0.02 ± 0.01 

PMA stimulated ROS 

(OD) 
0.78 ± 0.38 0.66 ± 0.34 0.74 ± 0.39 0.71 ± 0.17 0.53 ± 0.19 0.78 ± 0.53 

       

Physiological parameters       

TP (mg ml-1) 30.8 ± 2.8 29 ± 2.7 31.1 ± 2.4 31.7 ± 3.3 29.7 ± 1.9 31.1 ± 2.1 

CHO (mg dl-1) 58.6 ± 7.4a 36.8 ± 2.8b 49.4 ± 4.4a 43.7 ± 3.1a 55.0 ± 6.5a 41.3 ± 3.2ab 

GLC (mg dl-1) 45.4 ± 7.3a 34.8 ± 2.4b 44.4 ± 3.8a 39.9 ± 4.2ab 43.7 ± 5.4a 37.4 ± 3.7ab 

TG (mol dl-1) 
69.9 ± 

34.1ab 

38.3 ± 

10.2b 

100.5 ± 

15.3a 

80.0 ± 

46.3ab 

90.6 ± 

19.2a 

61.2 ± 

18.3ab 

LSZ = Lysozyme, ROS = Reactive oxygen species, OD = Optical density, TP = Total protein, CHO = Total 

cholesterol, GLC = Glucose, TG = Triglycerides. Data are presented as mean ± SD (n = 6). Different superscript 

letters within a line denote significant differences (p<0.05) 

 

Mean concentrations of total plasma protein (mg ml-1) ranged between 29.0 ± 2.7 (C-LF) and 

31.7 ± 3.3 (AC) and did not significantly differ between dietary treatments (Tab. 2). However, 

plasma cholesterol (mg dl-1) was significantly higher, between 43.7 ± 3.1 (AC) and 58.6 ± 7.4 

(C-HF), in fish fed diets supplemented with GM, AC, NR and the high FM control diet (C-HF) 

compared to the low FM control diet, 36.8 ± 2.8 (C-LF) (Tab. 2). Significant increases in plasma 

glucose (mg dl-1), 44.4 ± 3.8 and 43.7 ± 4.5, and triglyceride (mol dl-1), 105.5 ± 15.3 and 90.6 

± 19.2, were recorded under GM and NR supplementation compared to C-LF, 34.8 ± 2.4 and 

38.3 ± 10.2, while glucose levels were significantly higher in C-HF, 45.4 ± 7.3. 

3.2 Experiment II: Stress indicators 

Plasma cortisol concentrations (ng ml-1) in unstressed turbots ranged between 4.9 ± 3.6 (NR) 

and 16.5 ± 14.9 (C-HF) (mean 10.0 ± 5.4) and can be defined as baseline levels (Fig. 1). At 

experimental outset, cortisol levels were not significantly different (p>0.05) among dietary 

treatments. Cortisol levels in fish rose rapidly after handling, peaked by 0.5 and 1 h and returned  
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Figure 1  

Plasma cortisol concentrations in ng ml-1 after stress treatment collected from turbots of the six dietary 

treatments. Data are presented as mean ± SD (n = 6). Different letters denote significant differences within the 

same treatment, * and § denote significant differences between treatments at the same time point (p<0.05) 

 

to basal concentrations in fish plasma 4 h after handling (Fig. 1). Fish fed the low fish meal 

control diet C-LF showed significantly higher levels (60.1 ± 10.0; p<0.05) at 0.5 h post-

handling compared to all other fish groups (Fig. 1). In contrast, fish of the high fish meal control 

group C-HF exhibited significantly higher levels (59.4 ± 7.8; p<0.05) at 1 h post-handling. All 

other groups treated with supplemented diets showed highest plasma cortisol concentrations 

between 23.7 ± 8.1 (BS) and 32.6 ± 13.5 (NR) 0.5 and 1 h after handling procedure (Fig. 1). At 

4 and 24 h post-handling, cortisol levels were not significantly different (p>0.05) in turbot  



Influence of immunostimulant polysaccharides, nucleic acids and Bacillus strains on the innate immune and 

acute stress response in turbots (Scophthalmus maximus) fed soy bean and wheat based diets 

 

- 58 - 
 

Figure 2  

Plasma glucose concentrations in ng ml-1 after stress treatment collected from turbots of the six dietary 

treatments. Data are presented as mean ± SD (n = 6). Different letters denote significant differences within the 

same treatment, * and § denote significant differences between treatments at the same time point (p<0.05) 

 

plasma among all fish groups. Plasma glucose concentrations (mg dl-1) ranged between 31.8 ± 

2.3 (AC) and 38.4 ± 4.8 (C-HF) (mean 34.9 ± 1.4) under initial resting condition (Fig. 2). 

Glucose concentrations were significantly increased up to 50.0 ± 5.0 in fish group C-HF 

following handling stimuli at 1 h post-stress (Fig. 2). Only a trend towards elevated glucose 

concentrations was visible in fish of the other groups at 0.5, 1 and 4 h post-stress, although 

changes were not significant. 
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4. Discussion 

The use of immunostimulating substances in fish and shellfish feeds has been widely accepted 

in the aquaculture industry despite their exact modes of action inside the organism remaining 

far from fully understood. Any prophylactic measures that have nutritional value and can 

support stress tolerance and defense mechanisms against pathogens are likely to be of 

commercial interest for producers of feed and fish. The current results provides new insight into 

the immunostimulant activity among common diet supplements and their effect on stress 

response in juvenile turbot maintained on reduced fish meal (FM) diets. 

A FM reduction to 320 g kg-1 diet (44% protein derived from FM) did not affect innate immune 

activity in turbot, indicating that dietary soy protein concentrate (SPC) and wheat gluten (WG) 

do not compromise the potential of lysozyme and leucocytes ROS production to fight 

pathogens. Similar trends were observed in immune activities of Atlantic salmon (Salmo salar), 

gilthead sea bream (Sparus aurata) and turbot feeding on plant protein (PP)-rich diets 

(Bransden et al., 2001; Kokou et al., 2012; Sitjà-Bobadilla et al., 2005; Zheng et al., 2013). 

Stimulated respiratory burst of head kidney leucocytes did not show any changes in sea bream 

fed diets reduced to 350 and 110 g kg-1 FM, respectively (Kokou et al., 2012; Sitjà-Bobadilla 

et al., 2005). In general, plasma lysozyme activities between 971 and1108 U ml-1 reveal 

relatively high values compared to activities between 8.8 and 9.4 U mL-1 (Zheng et al., 2013), 

500 and 900 U mL-1 (Sun et al., 2016) and 900 and 1500 U mL-1 (Ogier de Baulny et al., 1996) 

in turbots, indicating an intact function of innate immune response in fish. No sign of 

inflammation was observed in the current study, unlike previous studies where high inclusion 

of PP in diets also increased immune responses in fish, an effect interpreted as either 

immunostimulating or inflammatory effects (Gabrielsen and Austreng, 1998; Krogdahl et al., 

2000). 

Previous investigations proved capabilities of seaweed extracts and ß-glucan products to 

enhance respiratory burst activity of phagocytes in turbot, gilthead seabream, Atlantic cod 

(Gadus morhua) and Atlantic salmon, after in vitro stimulation (Bridle et al., 2005; Caipang et 

al., 2011; Castro et al., 1999; Castro et al., 2004), although positive findings were not confirmed 

in vivo, feeding salmon ß-glucan for one week. A short term administration of dietary ß-glucan 

and alginic acid (15 to 30 days) and of oligonucleotides (42 to 56 days) improved some innate 
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immune responses in fish (Dicentrarchus labrax, Morone chrysops x Morone saxatilis hybrid) 

(Bagni et al., 2005; Li et al., 2004). However, increased immune activities did not last for 112 

weeks after long-term feeding of hybrid sea bass. Similarly, dietary supplementation with 

immunostimulating substances did not have any significant effects on lysozyme and ROS 

activities in turbot after an apparent long term feeding of 84 days in this study, although a clear 

tendency towards increased activities is observable. In accordance with this finding, nucleotides 

in low fish meal diets (400 g kg-1 FM) did not affect activities of serum superoxide dismutase 

and catalase in juvenile turbot, although improved the antioxidative capacity after 60 days 

(Meng et al., 2016). Only tendencies of higher serum lysozyme activity and neutrophil oxidative 

radical anion production were found in red drum (Sciaenops ocellatus) with increasing 

nucleotide levels, 0.5% and 1%, in diets of 580 g kg-1 FM (Cheng et al., 2011). Similarly, dietary 

fructooligosaccharide (FOS) supplementation did not significantly improve turbot's innate 

humoral parameters, like lysozyme, and hematology when fed at 50% PP diets for 63 days at 

15 and 20°C water temperature (Guerreiro et al., 2014). On the other hand, dietary 

supplementation with yeast (S. cerevisae) did improve the immune response in RAS reared 

turbot (151 g mean initial weight) after 72 days (Li et al., 2008). Recent investigations on the 

effect of nucleotides and B. subtilis supplementation, respectively, in FM reduced diets revealed 

positive effects on some immune parameters, either lysozyme or respiratory burst activity, in 

turbot and yellow croaker (Larimichthys crocea) (Ai et al., 2011; Peng et al., 2013). However, 

turbot individuals of another age/size class (9.2 g vs. 96 g mean initial weights in present study) 

were used and fed diets with increasing soy bean meal content for 60 days. Stressful farming 

conditions, e.g. vaccination, can impair physiological conditions and immune response. As an 

example, a ß-glucan administration showed no effect in turbot, but combined with a vaccine, 

adjuvants increased immune activities compared to single vaccination (Figueras et al., 1998b; 

Ogier de Baulny et al., 1996). Burrells et al. (2001b) confirmed this finding for vaccinated 

salmon whose immunity and survival was supported by a combined inclusion of 0.03% 

nucleotides that significantly enhanced the efficacy of vaccination. Obviously, the value of 

certain feed supplements may vary from species to species, method of application and are 

highly dependent on the nutritional and physiological status of fish. Therefore, the influence of 

immunostimulants on fish has to be interpreted carefully, because many factors can change 

physical reactions to stimulants. Researchers assume that active compounds of dietary 
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immunostimulants, like ß-glucans, act as a ligand and may bind to specific ß-glucan receptors 

on macrophages and neutrophils in fish influencing the functional status of phagocytes 

(Ainsworth, 1994a; Engstad and Robertsen, 1993). At present, however, an uptake of 

particulate compounds, e.g. yeast ß-glucans, in intestinal cells and the blood system of fish to 

stimulate immune cells and components has not been proved yet (Dalmo and Bøgwald, 2008). 

A balance of essential amino acids (EAA) in diets with high PP content, meeting the 

requirements of turbot, is essential for optimal growth and likely immune response in fish. 

Previous studies have shown high substitution with SPC and WG reduces growth performance 

in juvenile turbot (Bonaldo et al., 2011; Fuchs et al., 2015). However, these alternative 

ingredients did not affect turbot’s immune capacity in the current study. Therefore, turbots 

tolerate relatively high contents of dietary SPC and WG associated with a balanced EAA profile 

to maintain normal immune function. It can however be assumed that gross energy demand for 

maintenance increases with dietary PP inclusion as indicated by Dietz et al. (2012) and, hence, 

affects the capacity to regulate immune responses. 

In contrast of the unchanged immune functions, turbot’s physiological status declined with FM 

replacement in terms of reduced plasma cholesterol levels. However, dietary supplementation 

of NR, GM and AC showed a positive physiological change of juvenile turbot, as indicated by 

elevated cholesterol and triglyceride (NR, GM) concentrations. Plasma protein levels were not 

found to be modified with reduced FM content. Similar findings were reported for turbot and 

sea bream fed diets high in corn, wheat or soy proteins (Bonaldo et al., 2014; Regost et al., 

1999; Sitjà-Bobadilla et al., 2005). 

At present little has been published on the influence of dietary PP inclusion on stress response 

in fish (Bonaldo et al., 2014). High blood cortisol levels, above 50 ng ml-1, are accepted as 

indicators of stress in fish (Barton and Iwama, 1991; Wendelaar Bonga, 1997). Base cortisol 

levels (4.9 – 16.5 ng ml-1) of most turbots in the current study were similar to reported values 

for turbots at resting condition (Mugnier et al., 1998; Waring et al., 1996). Individual turbots in 

all replicate tanks of the six treatments exhibit higher base cortisol levels (> 8 ng ml-1) resulting 

in high variability in tanks (coefficient of variation: C-HF = 11, 36 and 75%; C-LF = 71, 87 

and 118%; GM = 65, 78 and 84%; AC = 40, 70 and 71%; NR = 33, 61 and 61%, BS = 73, 117 

and 125%). Discrepancies in basal cortisol levels between different studies may be the result of 
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differential methods of killing, capture or differences in overall holding conditions. In other 

studies turbots were either killed using ice water (Reiser et al., 2010) and a blow to the head 

(Van Ham et al., 2003b) or were kept alive and cannulated (Mugnier et al., 1998; Waring et al., 

1996). Holding conditions, e.g. temperature, stocking rate or feeding, can modify cortisol 

resting values in fish and incidences of a stress response (Davis, 2004; Van Ham et al., 2003b). 

It is also possible that a visual contact with the sampler elicited a slight cortisol elevation in 

some fish, perhaps in anticipation of feeding in the morning. Among dietary treatments, 

stocking density was highest in C-HF which might have caused higher base cortisol levels in 

fish and higher variances between tanks. 

A primary stress reaction induced by capture, netting and crowding was clearly evidenced by 

significantly elevated cortisol values at 0.5 and 1 h. These were comparable to post-stress 

cortisol levels in turbot and gilthead sea bream (Ganga et al., 2011; Tahmasebi-Kohyani et al., 

2012; Van Ham et al., 2003b). Although, cortisol levels in turbots remained quite low, in 

particular for the immunostimulant- treated fish. Only “unsupplemented” fish fed the control 

diets reached cortisol levels (59 and 60 ng ml-1) above the 50 ng ml-1 threshold. During the 

repeated sampling at 0.5, 1, 4 and 24 h post-stress, care was taken that all turbot from a 

particular tank were collected quickly to avoid further handling disturbance that may raise 

cortisol levels of the remaining tank occupants. According to Van Ham et al. (2003) and 

Mugnier et al. (1998), turbot are relatively insensitive to repeated handling disturbances. The 

peak stress responses, though, with differences between the low fish meal groups C-LF and 

GM, AC, NR and BS were already recorded at 0.5 h post-stress when no further disturbances 

had occurred. Cortisol levels returned to resting levels within 4 h indicating an acute stress 

reaction after a short term stress incidence. Post exercise recovery was faster than the 24 h 

reported following capture and 9 min net confinement for turbot (Waring et al., 1996). 

However, concentrations of blood cortisol can vary between fish species, time of sampling 

depending on fish’ circadian rhythm, type and severity of stress (Barton and Iwama, 1991; 

Pickering and Pottinger, 1989). To our knowledge, no studies evaluating the influence of 

daytime on cortisol and glucose levels in turbot have been published. Compared to circadian 

rhythms of fish species, our data detected no similar pattern of stress response affected by these 

rhythms (Cerdá-Reverter et al., 1998; Montoya et al., 2010; Oliveira et al., 2013). In general, 

fluctuations of cortisol values due to a circadian rhythm show to be marginal during the course 
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of the day when fish were not fed. Ferrari et al. (2015) also observed differences in individual 

behavior of fish held in groups identified as divergent coping styles that affects the intensity of 

stress response and release of corticosteroids. 

Blood glucose level, a typical secondary stress response (Barton and Iwama, 1991), increased 

parallel to those of cortisol in fish of the high FM control diet. In contrast, tendencies of 

increased blood glucose levels in low FM groups after 0.5, 1 and 4 h of handling exposure were 

apparent, but did not reflect pattern of cortisol release as physiological stress response. 

Differences in magnitudes of the secondary stress response may be due to higher stocking 

density of the high FM group due to higher individual weight at the end of the previous feeding 

trial. However, previous studies have detected that turbot did not exhibit a strong plasma 

glucose response when compared to other finfish, which may represent a fundamental 

difference in turbot stress physiology (Van Ham et al., 2003b; Waring et al., 1992; 1996). 

Apparently plasma cortisol is a more sensitive indicator of handling stress for turbot than 

plasma glucose changes. 

All additives proved beneficial in suppressing stress response modifying the metabolism in 

turbot. Similarly, positive effects were noted in mannan oligosaccharide (MOS)-, Ergosan- and 

nucleotide-treated European sea bass (D. labrax), rainbow trout and sole (Solea solea) 

subjected to stressors such as vaccination, bacterial or viral infection and handling/ crowding, 

respectively (Gioacchini et al., 2008; Leonardi et al., 2003; Palermo et al., 2013; Tahmasebi-

Kohyani et al., 2012; Torrecillas et al., 2012). 

Repeated stressors in routine husbandry procedures can affect strong physiological stress 

responses in turbot associated with impaired homeostasis and immunosuppression and changes 

in the energy metabolism (Costas et al., 2013; Mommsen et al., 1999). Particularly, stress 

response is associated with energetic costs to cope with stress, while consequently less energy 

is available for other biological functions, including defense mechanisms (immune system) and 

physiological processes (e.g. growth) (Wendelaar Bonga, 1997). Therefore, preventive methods 

and technologies have to be developed to ensure fish welfare and health to maintain profitable 

fish production. 
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In conclusion, juvenile turbot diets containing 320 g kg-1 FM and mixed PP (SPC and WG; 560 

kg-1 diet) for juvenile turbots did not significantly affect the important innate immune 

mechanisms (lysozyme activity and reactive oxygen production of neutrophils). Dietary 

supplementation of immunostimmulants (ß-glucan/MOS, alginic acid, nucleotides/RNA, 

Bacillus strains) failed to enhance immunity, however, all effectively diminished an increase of 

blood cortisol levels in turbot subjected to handling stress. Further studies are required to 

determine an optimal inclusion level of PP that enables immunostimulants to activate immune 

responses in fish. 
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Abstract 

The application of functional additives such as yeast ß-glucans (BG) and mannan 

oligosaccharides (MOS) in industrial aquafeeds as growth and health booster has become very 

successful recently. This study assesses the feasibility of dietary BG and MOS to strengthen 

growth, immune activity and stress resistance of juvenile starry flounder (Platichthys stellatus) 

fed fish meal (FM) reduced diets. Three basal diets were formulated with decreasing FM level 

of 55, 40 and 25% diet-1 and substituted with increasing levels of soy protein concentrate (SPC) 

and wheat gluten (WG). Each basic diet was supplemented with a commercial yeast product 

(BG+MOS; ProEnMune) at two different concentrations: 0.6% (55/0.6, 40/0.6, 25/0.6) and 

1.5% (55/1.5, 40/1.5, 25/1.5), respectively. Three unsupplemented diets (C55, C40, C25) were 

maintained as controls. Growth, feed conversion, whole body composition, immunological and 

hematological parameters were investigated after 70 days. Additionally, the physical stress 

respone to a typical short-term (< 1h) handling procedure (combination of capture, transfer, and 

crowding) were examined. Results showed that all 25% FM diets significantly reduced growth 

in starry flounders (p < 0.05). BG/MOS did not enhance growth, immunological or 

physiological parameters in fish. However, the feed additive improved feed conversion ratio 

(FCR) in fish fed the 25% FM diet (p < 0.05). Moreover, crude lipid (CL), crude ash (CA) and 

gross energy (GE) were significantly affected by dietary FM and BG/MOS levels in treatment 

55/1.5 and 25/1.5 (p < 0.05). All fish groups showed increased plasma cortisol levels (p < 0.05) 

at 0.5 and/or 1.0 h post-stress conditions. BG/MOS did not inhibit cortisol elevation in fish in 

either of the three treatments. However, cortisol was signifiantly incrased in treatment 40/1.5 

at 0.5 hrs compared to C40 and 40/0.6 (p < 0.05). In conslusion, starry flounders accepted 33% 

SPC and 24% WG without suffering from reduced physiological conditions or immune 

activities. Best growth was achieved with high (55% FM, 15% SPC and 11% WG) and 

moderate FM (40% FM, 24% SPC and 17% WG) diets. Dietary BG/MOS may have a beneficial 

effect on the digestive system as the additive supported the feed utilization in starry flounder 

fed the 25% FM diets with 33% SPC and 24% WG inclusion. BG/MOS, at levels of 0.6 and 

1.5%, in diets showed to be inefficient as immuno-modulator or growth and health promoter 

for farmed P. stellatus. 
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1 Introduction 

Nutrition is one of the main issues in fish aquaculture, in particular the substitution with 

adequate protein sources comparable to fish meal (FM) and the use of nutraceuticals to improve 

not only production but also physiological conditions, disease and stress resistance of farmed 

fish. Minimizing the proportion of wild fish inputs in aquaculture feeds is of urgent interest 

based on the decline of fishery resources, the often unfavorable proportionality in FCR, 

increased demand and price development (McClanahan et al., 2015; Merino et al., 2010; Olsen 

and Hasan, 2012; Tidwell and Allan, 2001) and negative ecological impacts, e.g. phosphorous 

excretion, on the natural ecosystem (Amirkolaie, 2011; Martinez-Porchas and Martinez-

Cordova, 2012; Naylor et al., 2000; Ottinger et al., 2016). In particular plant proteins (PP), such 

as from soy and wheat products, seem to be promising source for inclusion in fish diets due to 

their high protein content, bioavailability of the proteins and favorable profile of essential amino 

acids (Day and Plascencia González, 2000; Gatlin III et al., 2007; Storebakken et al., 2000). 

Nevertheless, PP inclusion remained limited due to reduced palatability by anti-nutritional 

substances (e.g. glycoalkaloids) (Francis et al., 2001; Kissil et al., 2000) and inadequate amino 

acid (AA) compositions (Hansen et al., 2007) in fish diets. Still, soy and wheat proteins can 

successfully replace fish meal in diets, partly with supplementation of essential nutrients, 

without any impairment of performance and health in different fish species (Aragão et al., 2003; 

Berge et al., 1999; Bonaldo et al., 2014; Bonaldo et al., 2006; Day and Plascencia González, 

2000; Freitas et al., 2011; Kissil et al., 2000; Kroeckel et al., 2013; Li et al., 2015; Mambrini et 

al., 1999; Storebakken et al., 2000; Tusche et al., 2012). Discrepancies in literature regarding 

the success of PP substitution reveal that every single species has different nutritional 

requirements and therefore, has to be studied individually. 

Besides an adequate nutritional composition of the diet, functional additives (e.g. prebiotics or 

probiotics), also called immuno-stimulants or immuno-modulators, are widely used in animal 

husbandry as nutraceutical which have been reported to boost the immune system, protecting 

animals` against physiological stress and susceptibility to infections. Numerous natural 

substances with promising qualities as feed additives have been investigated and reviewed by 

scientists (Irianto and Austin, 2002; Merrifield et al., 2010; Ringø et al., 2010). Among the most 

well studied functional feed additives are yeast cell wall derived ß-glucans (BG), in particular 



Effect of dietary ß-glucans and MOS on growth, feed conversion, immune and stress response in strarry flounder 

(Platichthys stellatus) fed soy and wheat proteins as fish meal substitutes 

 

- 68 - 
 

β-1,3/1,6-glucans, and mannan oligosaccharides (MOS) (Ferreira et al., 2010; Gatesoupe, 2007; 

Vohra et al., 2016) and both are used in the present study. BG and MOS are known to indirectly 

activate immune functions, inhibit stress responses and improve digestion and gut health in 

some fish species and other animals (Dalmo and Bøgwald, 2008; Novak and Vetvicka, 2009; 

Sweetman et al., 2010; Yamabhai et al., 2016). Schmidt et al. (2017)  previously presented an 

enhanced growth performance and physiological condition of juvenile starry flounders that 

were fed with a BG and MOS supplemented diet (55% diet-1), while hold in a flow through 

rearing system. Grisdale-Helland et al. (2008) showed an effect of MOS inclusion in fish diet 

(60% FM diet-1) on the innate immune response, neutrophil oxidative radical production and 

serum lysozyme activity in Atlantic salmon (Salmo salar). Moreover, dietary MOS improved 

the growth, feed utilization, survival and immune status in sea bass fed a diet with 50% FM and 

19% soybean meal (SBM) (Salem et al., 2016) and in rainbow trout (Oncorhynchus mykiss) fed 

a commercial diet (Staykov et al., 2007). Similarly, increased growth, innate immune response, 

higher gut mucus production and disease resistance against a bacterial infection have been 

observed in European sea bass (Dicentrarchus labrax) after MOS supplementation in a 

formulated (52% FM diet-1) diet (Torrecillas et al., 2007; Torrecillas et al., 2012; Torrecillas et 

al., 2011a; Torrecillas et al., 2015). 

High substitution of plant ingredients, in particular SBM, as protein source in feed often induce 

pathological symptoms in fish species such as Atlantic salmon showing diarrhea or SBM-

induced enteritis along with poor performance of the fish (Refstie et al., 2010). However, the 

same study reported that supplementing MOS to a diet with 14% sunflower meal (SFM) and 

14% SBM improved feed efficiency, growth and protein retention, reduced the susceptibility 

to diarrhea and eliminated the SBM-induced enteritis. BG, in contrast, showed to strengthen 

the salmon lice preventing effect of the dietary SFM. Fuchs et al. (2017) observed in a previous 

study that the susceptibility to acute stress was reduced in turbots (Scophthalmus maximus) 

when BG and MOS were included in a diet with soy protein concentrate (SPC) and wheat gluten 

(WG) as additional protein sources. Therefore, it seems that functional feed additives may 

overcome some detrimental properties of plant materials in formulated fish feeds by supporting 

growth performance, feed utilization, disease and stress resistance of farmed fish. 
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Starry flounder (Platichthys stellatus) is an emerging aquaculture species in Korea and in the 

coastal regions of north China FAO (FAO, 2019) with expanding production in the last years 

due to its fast growth, wide salinity and temperature tolerance and high marketability (Lim et 

al., 2013; Min et al., 2015). Therefore, this flatfish species is an interesting candidate also for 

cultivation in land-based systems in other temperate regions. At present, only some information 

have been published respective the nutritional requirements such as carbohydrates (Lee and 

Lee, 2004), proteins (Lee et al., 2006; Wang et al., 2017), lipids (Ding et al., 2010), essential 

fatty acids (Lee et al., 2003b) and DHA/EPA ratio (Ma et al., 2014) but also about the effect of 

fishmeal replacement (Li et al., 2015; Song et al., 2014) and functional feed additives (Park et 

al., 2016; Schmidt et al., 2017; Wang et al., 2016) in feed of starry flounders. However, the 

effect of acute stress impacts on blood cortisol levels in starry flounders have not been evaluated 

until now. Therefore, this study was carried out to determine the effect of the dietary additives 

b-glucan and mannan oligosaccharides on growth, feed conversion, physiological conditions 

and stress resistance of the juvenile starry flounder (Platichthys stellatus) with regard to 

improved quality of fish meal reduced diets. Results were analyzed to assess the feasibility of 

BG and MOS to overcome some detrimental properties of plant materials by supporting growth, 

feed utilization and the immune activity and to reduce the susceptibility to short-term handling 

related stressful conditions in farmed fish. 

2 Materials and methods 

Experimental diets and candidate species 

Isonitrogenous and isocaloric diets were formulated to contain 550 g kg-1 (C55), 400 g kg-1 

(C40) and 250 g kg-1 (C25) fish meal (FM), respectively, by increasing the ratio of soy protein 

concentrate (SPC) and wheat gluten (WG) as plant protein sources (Table 1). The three graded 

FM levels (55, 40 and 25%) were choosen according to (Song et al., 2014), who found best 

growth and FCR in starry flounder feeding diets with 57 and 48% FM and decreasing 

performance with 34 and 22% FM. Each basic diet formulation were supplemented with a 

commercially applied yeast (Saccharomyces cerevisiae) product (ProEnMune, ProEn Protein 

and Energie GmbH, Soltau, Germany) at two different concentrations of 0.6% (55/0.6, 40/0.6, 

25/0.6) and 1.5% (55/1.5, 40/1.5, 25/1.5), respectively. According to the manufacturer's data, 
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the product consists of 20% beta-1,3/1,6 glucans and 17% mannan oligosaccharides. Three 

unsupplemented diets (C55, C40, C25) were used as negative controls.  

Table 1 

Ingredients (in g kg−1 dry matter (DM)) and proximate composition (g kg−1 DM/ MJ kg−1 DM) of the nine 

experimental diets. 

  Diets                 

  C25 C40 C55 25/0.6 40/0.6 55/0.6 25/1.5 40/1.5 55/1.5 

Ingredients (g kg-1)                   

Fish meala 250 400 550 250 400 550 250 400 550 

Soy protein concentratea 327 239 152 327 239 152 327 240 152 

Wheat glutenb 236 173 109 236 173 109 236 172 108 

Wheat starchb 96 110 124 90 104 118 81 95 110 

GMa 0 0 0 6 6 6 15 15 15 

Fish oilc 80 67 54 80 67 54 80 67 54 

Vitamins/mineral mixtured 10 10 10 10 10 10 10 10 10 

Titanium dioxidee 1 1 1 1 1 1 1 1 1 

Nutrient compositionf (g kg-1)          

Moisture 52 43 46 43 45 39 42 45 40 

Crude protein 600 597 603 597 593 598 595 648 599 

Crude fat 126 123 117 127 124 118 127 124 122 

Crude ash 74 93 110 72 94 110 74 92 113 

Calcium 13 19 24 13 19 24 13 19 25 

Phosphorus 9 12 15 9 12 15 9 12 16 

Gross energy (MJ kg-1)g 22 22 22 23 22 22 23 22 22 

C25 = 25% fish meal (FM) control; C40 = 40% FM control; C55 = 55% FM control; 25/0.6 = 25% FM and 

0.6% ß-glucan/mannan additive (GM); 40/0.6 = 40% FM and 0.6% GM; 55/0.6 = 55% FM and 0.6% GM; 

25/1.5 = 25% FM and 1.5% GM; 40/1.5 = 40% FM and 1.5% GM; 55/1.5 = 55% FM and 1.5% GM. 
a Köster Marine Proteins GmbH, Hamburg, Germany; b Kröner Stärke GmbH, Ibbenbüren, Germany; 
c Bioceval GmbH & Co. KG, Cuxhaven, Germany; d Spezialfutter Neuruppin GmbH & Co. KG, Neuruppin, 

Germany; e Kronos Titan GmbH & Co.OHG, Nordenham, Germany; f Weender analysis (Kjeldahl): moisture 

(VDLUFA Bd. III 3.1), crude protein (VDLUFA Bd. III 4.1.1), crude fat (VDLUFA Bd. III 5.1.1), ash 

(VDLUFA Bd. III 8.1); ICP-mass spectrometry: calcium and phosphor (PM DE01_018); g Bomb calorimeter 

(6100, Parr Instrument GmbH, Frankfurt a. M., Germany) 

 

Experimatal diets were manufactured by the Institute of Food Technology and Bioprocess 

Engineering (BILB-ttz Bremerhaven, Germany) using extrusion technology. A pellet size of 2 

mm in diameter with sinking property were used for starry flounders. Analysis of diets for 

proximate composition, concentration of nutrients and gross energy were carried out (Table 1). 
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Juvenile starry flounder (Platichthys stellatus) were sourced from a South Korean export 

company (Jk Global Inc, Unseo-Dong Incheon, South Korea) via airfreight. Animals were 

acclimated and grown on for approximately four weeks in a recirculating aquaculture system 

(RAS) at the Alfred-Wegener-Institute Helmholtz Centre for Polar and Marine Research (AWI) 

in Bremerhaven (Germany) and were fed the control diet C55 (60% crude protein and 12% 

crude fat, see Table 1). A sample of fish was examined for infectious diseases beforehand to 

confirm suitability as experimental animals for the planned trial. Experiments were performed 

with permission (522-27-11/02-00(112)) under the guidelines of the local authority 

(Department of Food Safety, Veterinary Affairs and Plant Protection) in Bremen. 

Experimental design/ procedures 

Thirtysix experimental fish tanks were connected to a recirculating aquaculture system (RAS; 

total water volume 40 m3) and equipped with a treatment divice containing a drum filter, a 

protein skimmer, a moving bed biofilter, and a disinfection unit (ozone generator; Sander 

Aquatec GmbH, Uetze-Eltze, Germany). Water temperature was maintained at 18.8 ± 0.3 °C, 

pH at 8.0 ± 0.3, salinity at 31.1 ± 1.5 g l-1 and oxygen at 11.0 ± 0.2 mg l-1 (SC 1000 

Multiparameter Universal Controller, Hach Lange GmbH, Düsseldorf, Germany) with a 12 h 

light/12 h dark photoperiod. Ammonia, nitrite and nitrate were measured twice a week before 

feeding (0.02 ± 0.03 mg l-1 NH4-N, 0.05 ± 0.04  mg l-1 NO2-N, 83.3 ± 22.3 mg l-1 NO3-N; 

photometer DR 2800; Hach Lange GmbH, Düsseldorf, Germany). Fish were kept in floating 

baskets (LxHxW: 56x35x36 cm) inside each tank and were hand-fed until apparent satiation 

twice a day (9:00 and 14:00). After 60 minutes, all uneaten feed in tanks was siphoned off, 

dried at 50 °C (Heraeus Oven Thermo Scientific, Waltham, USA) for 24 hours and weighed 

afterwards. 

A number of 1,260 fish individuals with initial mean body weight of 6.3 g ± 1.8 g and length 

of 7.3 cm ± 0.62 cm were choosen for the experiment as fingerlings exhibit very high growth 

rates and may be more sensitive to stressors, including lack of nutrients and malnutrition. For 

70 days, 35 individuals were randomly stocked in 36 tanks to reach a stocking density of 1.1 

kg m−2. Each of the nine diets was randomly assigned to fish in four replicate tanks. At day 70, 

the weight and length of all fish were measured. A number of 144 fish (four individuals per fish 

tank) were taken for physiological and immunological analysis. After sampling, the feeding 
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procedure was continued for further 28 days with the nine experimental diets. The remaining 

flounders of each diet group were pooled and restocked in three replicate tanks per treatment 

(bottom surface=0.2 m2, n=18-19 fish tank-1, density=6.9 kg m-2 (C25), density=8.2 kg m-2 

(25/0.6), density=8.5 kg m-2 (25/1.5), density=9.5 kg m-2 (C40), density=9.9 kg m-2 (40/0.6), 

density=10.2 kg m-2 (40/1.5), density=9.7 kg m-2 (C55), density=10.4 kg m-2 (55/0.6), 

density=10.6 kg m-2 (55/1.5)) in before described RAS. At day 28, undisturbed fish of each diet 

group (3 fish per replicate) were sampled at the same time and used as pre-treatment controls 

to determine the cortisol concentrations in fish at resting condition. 48 hours later, the remaining 

fish were subjected to a short-term handling treatment, which consisted of capture and netting 

from tanks, transfer into aerated 26 l tanks (35 cm length x 25 cm width x 30 cm depth; bottom 

surface=0.09 m2) and a stay of 5 min in crowded conditions at higher densities (density=16.0 

kg m-2 (C25), density=19.0 kg m-2 (25/0.6), density=19.7 kg m-2 (25/1.5), density=21.9 kg m-2 

(C40), density=22.8 kg m-2 (40/0.6), density=23.5 kg m-2 (40/1.5), density=22.4 kg m-2 (C55), 

density=24.1 kg m-2 (55/0.6), density=24.3 kg m-2 (55/1.5)). Subsequently, fish were relocated 

into the culture system. At 0.5, 1, 4 and 24 h after the end of the handling simulation, a group 

of three specimens (9 fish treatment-1 and time point) was sampled from each tank for blood 

collection. Flounders were starved 24 h prior to the handling treatment and during the 

subsequent sampling procedure as feeding has shown to influence plasma cortisol levels in fish 

(Arends et al., 1999). For blood sampling, a group of three individual fish was simultaneously 

taken from the tank, while ensuring minimal disturbance to other tank occupants. Fish were 

immediately anaesthetized with a lethal dose of MS 222 and bled using lithium-heparinized 

syringes (Sarstedt, Germany). Three diet groups were subjected to the handling treatment on 

one day always at the same time (10 a.m.): C25, C40 and C55 (day 1), 25/0.6, 40/0.6 and 55/0.6 

(day 2) and 25/1.5, 40/1.5 and 55/1.5 (day 3). This procedure allowed equal timing for blood 

sampling during this narrow time frame at 0.5, 1, 4 (10:40 a.m., 11:10 a.m., 14:10 p.m.) and 

24 h (10:10 a.m.) after the end of the handling simulation.  

Samples, measurements and calculations 

All flounders were individually weighed and measured (total length) at the beginning and after 

70 days of feeding. The fish were starved for 24 hours prior to weighing. Deriving from weight 

and length measurements weight gain, specific growth rate (SGR) and body condition factor 
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(K) were determined for each fish according to the formulae: 

(1) Weight gain (g) = final weight – initial weight, 

(2) SGR (% body weight day-1) = [ln(final weight) – ln(initial weight)]/ feeding days x 100, 

(3) K (%) = 100 x final body weight x final body length-3. 

The actual total feed intake (FItotal) was determined by subtracting the dried feed remnants 

(Funeaten) from feed offered (Foffered) after correcting for soluble losses during feeding: 

(4) FItotal (g) = Foffered – (Funeaten x factorsoluble loss). 

Daily feed intake (DFI) and feed conversion ratio (FCR) were calculated according to the 

formulae: 

(5) DFI (% BW day-1) = 100 x FItotal/ [(initial weight + final weight)/ 2]/ feeding days, 

(6) FCR = FItotal/ weight gain. 

At day 70, three fish of each replicate (12 fish treatment-1) were sampled for an analysis of the 

proximate composition, analyses of total protein (TP), cholesterol (CHO), glucose (GC), 

triglyceride (TG), lysozyme (LZY) and a histological analysis of the intestine. Additionally, the 

head kidneys of one fish per replicate (4 fish treatment-1) were isolated for an analysis of the 

generation of reactive oxygen species (ROS). Before preparation, all fish were killed with an 

overdose of the anesthetic tricaine methane sulfonate (MS 222; Sigma-Aldrich Co. LLC., 

Munich, Germany). Blood samples were taken from the caudal vein by puncturing with a 

lithium-heparinized syringe (Sarstedt AG & Co. KG, Nümbrecht, Germany), stored on ice and 

centrifuged at 2,000 g for 15 min at 4°C (Eppendorf Centrifuge 5810R, Hamburg, Germany) to 

obtain the supernatant plasma. Fish individuals, plasma and liver samples were frozen in liquid 

nitrogen, and stored at -80° until further analysis.  

For a determination of the hepatosomatic index (HSI) the individual liver weight and the total 

fish weight were recorded. The HSI was calculated for each fish according to the formula: 

(7) HSI (%) = (liver weight/ final body weight) x 100. 
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Intestine samples from the proximal and distal intestine (approximately 0.5 cm length) were 

fixed in 4% calcium acetate buffered formalin (Carl Roth GmbH + Co. KG, Germany) for 24 

h. Head kidneys of fish individuals were stored on ice and immediately processed. 

 Analytical procedures 

For the analysis of the proximate composition, 12 fish per dietary treatment (n = 12) and 10 fish 

at the outset of the experiment were freeze-dried (Alpha 1-4 LSC, Martin Christ GmbH, 

Osterode a. H., Germany) and homogenized (grinder GRINDOMIX GM 200, Retsch GmbH, 

Haan, Germany). The gross energy was determined using a bomb calorimeter (6100, Parr 

Instrument GmbH, Frankfurt a. M., Germany). Analysis for moisture, crude lipid (CL) and ash 

were carried out by Intertek Food Services GmbH (Bremen, Germany) following the VDLUFA 

protocols (Bd. III 3.1, Bd. III 5.1.1 and Bd. III 8.1). Total nitrogen content was determined by 

the Kjeldahl method (L 06.00-7 (mod.)). CP content of the fish body was calculated by 

multiplying N by 6.25. 

For the plasma biochemical analysis, concentrations of TP, CHO, GC and TG in plasma were 

measured using an automatic biochemical analyzer (Pentra 400, Horiba Medical, Kyoto, Japan). 

Furthermore, the activity of plasma LZY was analyzed by a turbidimetric assay according to 

Parry et al. (1965), adapted for the measurement in microtiter plates (for details: Fuchs et al. 

2017). The optical density (OD) was measured after 0.5 min and 20 min at 530 nm in a 

microplate reader (TriStar LB 941, Berthold Technologies GmbH & Co. KG, Bad Wildbach, 

Germany) at room temperature. The activity was calculated according to the decrease in 

absorbance, defining one unit of lysozyme activity as the amount of sample causing a decrease 

in absorbance of 0.001 OD min-1. Plasma cortisol levels were measured by a solid-phase 

enzyme-linked immunosorbent assay (ELISA; RE52611, IBL International, Hamburg), 

described in Reiser et al. 2010 and Fuchs et al. (2017). Before, this method was test-validated 

for starry flounder plasma and the accuracy of the ELISA was approved calculating the 

percentage of exogenous cortisol recovered from cold-spiked plasma. In the assay, duplicate 

aliquots (50 µl) of diluted plasma (supernatant) were used. Briefly, plasma (200 µl) was 

denatured at 80 °C for 1 h, subsequently vortexed for 20 s, diluted with phosphate buffered 

saline (PBS), vortexed for 20 s and centrifuged at 13,000 g for 20 min for separation of the 

supernatant. 
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For the immunological analysis, the generation of reactive oxygen species (ROS) by head 

kidney leucocytes (HKL) was determined using the nitro blue tetrazolium salt (NBT) reduction 

assay (for details: Fuchs et al. 2017). Briefly, leucocytes were isolated, the viable cells counted 

(haemocytometer) and adjusted to 106 cells mL-1 in culture medium (RPMI medium 

supplemented with 10% fetal bovine serum; Sigma-Aldrich Co. LLC., Germany). The ROS 

production was induced by incubating the cell suspension in microtiter plates with indicator 

NBT (1 g l-1) and with or without stimulator PMA (phorbol myristate acetate, 0.15 mg l-1), 

respectively. Incubation without stimulator was used to determine the spontaneous ROS 

generation. After 2 hours of incubation, cells were fixed with 100% methanol, washed twice 

with 70% methanol and air-dried for 24 h at room temperature. Finally, the reduced NBT 

(formazan) was solubilized in 2M KOH and DMSO (Rook et al., 1985). The optical densities 

were recorded immediately at 650 nm in a microplate reader (TriStar LB 941, Berthold 

Technologies, Germany) at 22 ± 0.5 °C.  

Statistics 

Data are presented as mean ± standard deviation (SD) for each treatment. The Sigma plot 14 

for Windows (Systat Software Inc., San Jose, CA, USA) software package was used for 

statistical evaluations. The Shapiro-Wilk test was used to test all data for normal distribution. 

All data, except data of plasma cortisol, were analyzed by one-way analysis of variance 

(ANOVA), or the non-parametric Kruskal-Wallis test if the normality assumption was not met. 

Tukey’s post hoc (HSD) test were carried out to identify significantly different groups. Data of 

plasma cortisol were analyzed by two-way ANOVA with two independent variables, treatment 

(diet) and time (hours), and cortisol concentration as dependent variable. The Holm-Sidak test 

was carried out to identify significantly different groups. Differences between set of 

comparisons were considered significant at a probability of error at p<0.05. 

3 Results 

Performance and feed utilization 

Results showed that growth performance, the daily feed intake and feed conversion ratio were 

influenced by the fish meal content in diets and the added yeast product. Fish groups fed the 

diet with lowest fish meal content (25%) showed significantly lower final weight between 34.0 
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± 6.79g (C25) and 34.4 ± 2.36g (25/0.6) compared to final weights above 46.0 ± 3.21g (C40) 

in groups fed diets of 40% and 55% (P<0.05; Table 2). Weight gain (g) and SGR (% day-1) in 

the 25% FM treatments ranged from 27.7 ± 2.9 (C25) to 28.1 ± 2.4 (25/0.6) and 2.41 ± 0.13 

(C25) to 2.42 ± 0.10 (25/0.6), respectively, being significantly lower than results of weight gain 

and SGR in the 40% and 55% FM treatments (P<0.05; Table 2).  

Table 2  

Growth performance and feed utilization of starry flounders fed nine experimental diets for 70 days. 

Diets   Initial weight (g) Final weight (g)  Weight gain (g) SGR (% day-1) DFI (% day-1) FCR 

C25 6.3 ± 0.01 34.0 ± 6.79b 27.7 ± 2.9b 2.41 ± 0.13b 1.50 ± 0.05a 0.77 ± 0.02c 

25/0.6 6.3 ± 0.01 34.4 ± 2.36b 28.1 ± 2.4b 2.42 ± 0.10b 1.39 ± 0.01c 0.71 ± 0.02b 

25/1.5 6.3 ± 0.01 34.1 ± 2.17b 27.8 ± 2.2b 2.41 ± 0.09b 1.41 ± 0.03bc 0.72 ± 0.01b 

C40 6.3 ± 0.02 45.9 ± 0.82a 39.6 ± 0.8a 2.84 ± 0.02a 1.45 ± 0.03ab 0.67 ± 0.01a 

40/0.6 6.3 ± 0.01 46.0 ± 3.21a 39.7 ± 3.2a 2.84 ± 0.10a 1.44 ± 0.05ab 0.66 ± 0.03a 

40/1.5 6.3 ± 0.01 47.0 ± 6.31a 40.7 ± 6.3a 2.86 ± 0.19a 1.44 ± 0.02ab 0.66 ± 0.03a 

C55 6.3 ± 0.02 46.7 ± 4.05a 40.4 ± 4.1a 2.86 ± 0.13a 1.46 ± 0.05ab 0.67 ± 0.03a 

55/0.6 6.3 ± 0.01 47.8 ± 5.92a 41.6 ± 5.9a 2.89 ± 0.19a 1.50 ± 0.03a 0.69 ± 0.02a 

55/1.5 6.3 ± 0.02 47.5 ± 5.42a 41.2 ± 5.4a 2.88 ± 0.17a 1.41 ± 0.03bc 0.65 ± 0.01a 

25 = 25% fish meal (FM); 40 = 40% FM; 55 = 55% FM; 0.6 = 0.6% ß-glucan/mannan additive (GM); 1.5 = 

1.5% GM. SGR = Specific growth rate, DFI = Daily feed intake, FCR = Feed conversion ratio. Each value is 

mean ± S.D. (n = 4). Different superscript letters within a line denote significant differences (p<0.05). 

 

In comparison, weight gain and SGR of fish fed 40% and 55% FM ranged from 39.6 ± 0.8 

(C40) to 41.6 ± 5.9 (55/0.6) and 2.84 ± 0.02 (C40) to 2.89 ± 0.19 (55/0.6), respectively. A 

similar pattern can be seen in the FCR results as FCR, 0.77 ± 0.02 to 0.71 ± 0.02, significantly 

declined in all 25% FM treatments compared to FCR results between 0.69 ± 0.02 (55/0.6) and 

0.65 ± 0.01 (55/1.5) in the 40% and 55% FM treatments (P<0.05; Table 2). The ad libitum feed 

intake was influenced by fish meal content and dietary supplement showing significant 

differences in DFI (% day-1), from 1.39 ± 0.01 (25/0.6) to 1.50 ± 0.05 (C25), among treatments 

(P<0.05, Table 2). 

However, survival rates, K and HSI of starry flounders were unaffected by the fish meal content 

or the dietary supplement. Survival was high with more than 98% in all treatments during the 

experimental period (Table 3). 
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Table 3  

Mortality, Condition factor (K) and Hepatosomatic index (HSI) of starry flounders at day 70 of feeding. 

Diets Mortality (%) K, % HSI, % 

C25 0.0 ± 0.0 1.74 ± 0.05 2.33 ± 0.11 

25/0.6 1.92 ± 2.22 1.72 ± 0.05 2.14 ± 0.28 

25/1.5 0.96 ± 1.92 1.71 ± 0.02 2.19 ± 0.18 

C40 0.96 ± 1.92 1.73 ± 0.02 2.14 ± 0.37 

40/0.6 0.0 ± 0.0 1.77 ± 0.06 1.98 ± 0.15 

40/1.5 0.96 ± 1.92 1.72 ± 0.00 2.14 ± 0.18 

C55 0.0 ± 0.0 1.76 ± 0.01 2.42 ± 0.22 

55/0.6 1.92 ± 2.22 1.71 ± 0.02 2.25 ± 0.39 

55/1.5 0.0 ± 0.0 1.71 ± 0.04 2.07 ± 0.25 

Each value is mean ± S.D. (n = 4). No significant differences were identified (p>0.05). 

 

K (%) and HSI (%) showed no significant differences, ranging from 1.71 ± 0.04 to 1.77 ± 0.06 

and 1.98 ± 0.15 to 2.42 ± 0.22, across dietary treatments (P>0.05). Crude protein (% DM) of 

the whole body composition ranged from 64.3 ± 2.2 to 67.0 ± 1.5 and were not significantly 

different among all treatments (P>0.05; Table 4). However, significantly lower crude lipid (% 

DM), 17.3 ± 1.5, and gross energy (MJ kg-1 DM), 23.2 ± 0.4, were recorded in high FM 

treatment 55/1.5 compared to low FM treatments (25%) with 22.1 ± 1.1 to 24.2 ± 1.8 % of 

crude lipid and 24.4 ± 0.4 to 24.5 ± 0.6 MJ kg-1 of gross energy in fish (P>0.05; Table 4).  

Physiological and immunological parameter 

Results of the blood plasma analysis showed no effects of dietary treatments on total plasma 

protein (TP), cholesterol (CHO), glucose (GLC) and triglyceride (TG). The mean 

concentrations, TP = 25.8 ± 2.2 mg ml-1 to 28.0 ± 5.0 mg ml-1, CHO = 143.4 ± 5.7 mg dl-1 to 

172.6 ± 20.5 mg dl-1 , GLC = 27.6 ± 5.9 mg dl-1 (C40) to 33.1 ± 4.0 mg dl-1, TG = 3.44 ± 1.05 

mmol l-1 to 4.35 ± 0.05 mmol l-1, did not significantly differ among fish groups (p>0.05; Table 

5). Similarly, the lysozyme activity (Units ml-1 plasma) was not affected by dietary FM content 

or supplement as no significantly different plasma values from 39.8 ± 13.6 to 65.0 ± 40.9 were 

detected among groups (p>0.05; Table 5). 
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Table 4 

 Proximate whole body composition in % dry matter basis and gross energy in MJ kg−1 dry matter of initial fish 

samples and starry flounders fed nine experimental diets for 70 days. 

 Proximate body composition Gross energy (MJ kg−1) 

Diets   Dry matter Crude protein  Crude lipid Crude ash  

Initial fish (n=10) 23.8 65.0 15.1 14.6 23.0 

C25 23.7 ± 0.3 66.4 ± 1.5 22.1 ± 1.1ab 11.1 ± 0.3bc 24.5 ± 0.6a 

25/0.6 24.6 ± 1.7 65.6 ± 2.5 22.9 ± 2.0ab 10.3 ± 0.8c 24.4 ± 0.4a 

25/1.5 25.6 ± 2.1 65.0 ± 0.6 24.2 ± 1.8a 10.4 ± 0.4c 24.4 ± 0.4a 

C40 24.3 ± 0.7 66.7 ± 1.1 19.9 ± 2.0bc 11.6 ± 0.6bc 23.6 ± 0.5ab 

40/0.6 25.5 ± 1.2 65.2 ± 1.7 22.0 ± 1.4ab 11.8 ± 0.7abc 24.3 ± 0.5ab 

40/1.5 25.6 ± 0.8 64.9 ± 0.9 21.5 ± 1.3ab 11.6 ± 0.5bc 23.7 ± 0.2ab 

C55 25.3 ± 0.8 64.3 ± 2.2 21.4 ± 2.4ab 11.8 ± 0.4abc 23.7 ± 0.5ab 

55/0.6 25.5 ± 1.5 66.1 ± 0.7 20.4 ± 0.7abc 12.6 ± 1.1ab 23.4 ± 0.4ab 

55/1.5 25.0 ± 0.9 67.0 ± 1.5 17.3 ± 1.5c 13.2 ± 0.8a 23.2 ± 0.4b 

C25 = 25% fish meal (FM) control; C40 = 40% FM control; C55 = 55% FM control; 25/0.6 = 25% FM and 

0.6% ß-glucan/mannan additive (GM); 40/0.6 = 40% FM and 0.6% GM; 55/0.6 = 55% FM and 0.6% GM; 

25/1.5 = 25% FM and 1.5% GM; 40/1.5 = 40% FM and 1.5% GM; 55/1.5 = 55% FM and 1.5% GM. Each value 

is mean ± S.D. (n = 4). Different superscript letters within a line denote significant differences (p<0.05). 

 

In addition, results showed a baseline ROS production (OD = optical density) between 0.02 ± 

0.02 and 0.09 ± 0.13, indicating no significant differences among groups (p>0.05; Table 5). 

Stimulated head kidney phagocytes of starry flounders responded with NBT reduction. 

However, ROS activities, measured between 0.20 ± 0.2 and 0.32 ± 0.16, were not significantly 

different between fish groups (p>0.05; Table 5). 

At resting condition, plasma cortisol levels of starry flounders were not significantly different 

between fish groups (p>0.05; Figure 1a-d). Cortisol concentrations (ng ml-1) ranged between 

17.5 ± 8.8 (25/0.6) and 101.0 ± 9.8 (55/1.5) among all nine treatments (mean = 41.8 ± 35.4) 

and can be defined as baseline levels. Cortisol values of each treatment group reached their 

peaks at 0.5 and 1 hour post-handling (acute stress treatment). Thirty minutes after handling, 

cortisol concentrations in all nine groups increased to levels of 161.0 ± 33.7 (C25) up to 335.5 

± 66.7 (40/1.5) and were significantly higher than levels of resting condition, 24 hours post-

handling and, except treatment C55 (Fig. 1d), 4 hours post-handling (p<0.05; Figure 1). 
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Table 5  

Physiological and immunological parameters measured in blood plasma or head kidney of starry flounders fed 

nine experimental diets. 

Diets Physiological parameters Immunological parameters 

  TP (mg ml-1) CHO (mg dl-1) GLC (mg dl-1) TG (mmol l-1) 
LSZ (Units 

ml-1 plasma) 
ROS (OD) 

PMA stimulated 

ROS (OD) 

C25 25.8 ± 2.2 153.4 ± 15.1 28.2 ± 2.7 4.14 ± 0.41 65.0 ± 40.9 0.02 ± 0.02 0.20 ± 0.02 

25/0.6 27.3 ± 1.9 165.5 ± 15.2 29.3 ± 2.9 4.21 ± 0.31 42.9 ± 20.2 0.09 ± 0.13 0.24 ± 0.02 

25/1.5 28.0 ± 5.0 155.4 ± 18.2 33.1 ± 4.0 4.02 ± 0.66 51.3 ± 29.5 0.05 ± 0.02 0.20 ± 0.02 

C40 26.3 ± 1.0 152.3 ± 11.0 27.6 ± 5.9 3.87 ± 0.94 39.8 ± 13.6 0.03 ± 0.00 0.21 ± 0.03 

40/0.6 27.0 ± 4.4 157.6 ± 25.0 28.3 ± 1.3 3.44 ± 1.05 42.3 ± 16.2 0.06 ± 0.07 0.23 ± 0.02 

40/1.5 27.5 ± 3.4 156.0 ± 21.2 27.4 ± 2.1 3.86 ± 0.56 58.2 ± 24.6 0.04 ± 0.02 0.21 ± 0.03 

C55 27.5 ± 1.7 172.6 ± 20.5 28.3 ± 1.4 4.35 ± 0.05 47.5 ± 14.9 0.07 ± 0.07 0.22 ± 0.02 

55/0.6 27.3 ± 3.1 158.9 ± 25.3 31.3 ± 4.5 4.05 ± 0.62 55.3 ± 19.4 0.03 ± 0.02 0.32 ± 0.16 

55/1.5 25.8 ± 1.3 143.4 ± 5.7 27.9 ± 3.1 4.19 ± 0.32 42.3 ± 19.8 0.04 ± 0.01 0.21 ± 0.02 

C25 = 25% fish meal (FM) control; C40 = 40% FM control; C55 = 55% FM control; 25/0.6 = 25% FM and 

0.6% ß-glucan/mannan additive (GM); 40/0.6 = 40% FM and 0.6% GM; 55/0.6 = 55% FM and 0.6% GM; 

25/1.5 = 25% FM and 1.5% GM; 40/1.5 = 40% FM and 1.5% GM; 55/1.5 = 55% FM and 1.5% GM. TP = Total 

protein, CHO = Total cholesterol, GLC = Glucose, TG = Triglycerides, LSZ = Lysozyme, ROS = Reactive 

oxygen species, OD = Optical density. Data are presented as mean ± SD (n = 4). No significant differences were 

identified (p>0.05).  

 

After 1 hour, cortisol concentrations were measured between 122.0 ± 27.6 (44/0.6) and 340.3 

± 103.8 (40/1.5) in all groups and most of them (except C25 in Fig.1a; 40/0.6 in Fig.1c; C55 in 

Fig.1d) were significantly higher than levels of resting condition, 4 and 24 hours post-handling 

(p<0.05; Figure 1a-d). In comparison, fish of control treatments C25, C40 and C55 showed 

lower peaks of plasma cortisol, though not significant, than fish treated with dietary 

supplements (Fig. 1a,c). However, fish in treatment 40/1.5 reached significant higher cortisol 

peaks at time point 0.5 and 1 hour  and 4 hours than C40 or 40/1.5 (p<0.05; Figure 1c). Cortisol 

levels returned to basal concentrations 4 hours after handling procedure with no significant 

differences compared to levels of resting condition and 24 hours, except 40/1.5 (Fig.1c), within 

each fish group (p>0.05; Figure 1). 



Effect of dietary ß-glucans and MOS on growth, feed conversion, immune and stress response in strarry flounder 

(Platichthys stellatus) fed soy and wheat proteins as fish meal substitutes 

 

- 80 - 
 

     

     a         b 

    

     c         d 

Figure 1  

Plasma cortisol concentrations in nanograms per milliliter of starry flounders measured before and at 0.5, 1, 4 and 

24 hours after an acute stress treatment. Data are presented as mean ± SD (n = 3). Different letters denote significant 

differences within the same treatment, and asterisk and hash denote significant differences between different 

treatments at the same time point (p<0.05). 
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4 Discussion 

The application of functional feeds and alternative protein sources, like plant products, in fish 

feeds are worldwide established in the aquaculture industry. However, the effect of functional 

feeds on animals is controversial as literature findings stand in contrast to others. The 

substitution of fish meal proteins, nevertheless, is still limited in most fish species as acceptance 

and the nutritional value of diets seem to decrease with higher inclusion of plant products. The 

present study investigated for the first time if functional feeds (6 g and 15 g kg−1 BG+MOS 

inclusion) can be used to overcome detrimental properties of alternative protein sources and 

may positively affect the growth performance, fitness, immune and stress response of young 

(6.3 g initial weight) starry flounders (Platichthys stellatus). 

The major findings of this experiment were that dietary BG+MOS did not positively influence 

growth, immune system and stress response of starry flounders fed either of the six diets, but, 

showed the ability to improve FCR in fish fed formulated with high levels (56 g kg−1 diet) of 

SPC+WG. Supplementation of 6 and 15 g kg−1 BG+MOS in diets (25/0.6 and 25/1.5) with 

highest FM replacement significantly lowered feed intake in starry flounders compared to 

control treatment C25, which resulted in significantly improved FCR in BG+MOS treated fish. 

In general, FCR values (0.65-0.77) of 34-48 g starry flounders proved to be an excellent feed 

utilization when comparing FCR results, 0.66-0.82 (Schmidt et al., 2017) in 27-30 g fish, 0.71-

0.86 (Wang et al., 2016) in 34-40 g and 0.72-0.97 (Song et al., 2014) in 30-41 g fish, with other 

data published. Results of a previous study revealed a tendency to improved SGR, FCR and FI 

in starry flounders of similar size (8 g initial weight) when fed a diet with BG+MOS 

supplementation, however the results did not significantly differ from the control treatment 

(Schmidt et al., 2017). Other research showed that in juvenile starry flounders (15 g initial 

weight) weight and FCR were improved by a dairy-yeast prebiotic in diets formulated with FM 

and SPC as protein sources (Wang et al., 2016). MOS (2 g kg−1 diet), but not BG (1 g kg−1 diet), 

supplementation in an extruded diet with 14% SFM (sunflower meal) + 14% SBM (soy bean 

meal) had a positive effect on growth and feed efficiency ratio (FER) in salmon (Salmo salar; 

0.68 kg initial weight) kept in se pens (Refstie et al., 2010). Yoo et al. (2007) demonstrated that 

yeast (Saccharomyces cerevisiae) b-glucan in feed pellets improved growth performance and 

feed efficiency ratio in juvenile olive flounder Paralichthys olivaceus (9.2 g initial weight). 
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Best growth performance was achieved with 1 and 1.5 g kg−1 b-glucan in diet. Supplementation 

of a low concentration of a yeast product (1.3 g kg−1 in diet), containing 20% b-glucan and 20% 

MOS, in pelleted diets improved growth and FCR in turbots (151 g initial weight) after 72 days 

(Li et al., 2008). Likewise, growth and FCR of other fish species were positively influenced by 

concentrated yeast MOS (4 g kg−1 diet and 1.6 g kg−1) in European sea bass (Dicentrarchus 

labrax) diets (Torrecillas et al., 2012; Torrecillas et al., 2015), by 2 g kg−1 MOS inclusion in 

rainbow trout (Oncorhynchus mykiss) diets (Staykov et al., 2007) and by levels of 10 and 20 g 

kg−1 yeast b-glucan in diets for mirror carp (Cyprinus carpio) (Kühlwein et al., 2014). On the 

contrary, other research did not confirm a positive effect of BG or MOS in diets. Refstie et al. 

(2010) reported that neither supplementation of BG (0.5 and 1 g kg−1) nor MOS (1 and 2 g kg−1) 

in diets with reduced FM and 320 g kg−1 SBM improved growth or FER in salmons. Similarly, 

MOS levels of 2 and 4 g kg−1 and 310 g kg−1 SBM inclusion in cold extruded diets did not 

support growth performance or FCR in gilthead sea bream (Sparus aurata; 24 g initial weight) 

(Dimitroglou et al., 2010). SGR or FCR were also not positively influenced in Atlantic salmon 

by dietary MOS application (Grisdale-Helland et al., 2008) and in hybrid tilapia (O. niloticus 

♀ × O. aureus ♂) by feeding a dietary yeast (b-glucan/MOS) product (He et al., 2009). 

Overall, all fish in the present study grew faster (SGR = 2.9 – 2.4 % day-1) than starry flounders 

in other studies; < 2 % day-1 (Ding et al., 2010; Lee and Lee, 2004; Lee et al., 2003b; Lee et al., 

2006; Li et al., 2015; Ma et al., 2014; Park et al., 2016; Wang et al., 2017; Wang et al., 2016) 

or < 2.4 % day-1 (Schmidt et al., 2017). Only Song et al. (2014) detected higher growth rates 

between 2.6 and 3.1 % day-1 in starry flounders of similar size (5.5 - 5.8 g) compared to our 

study. Best growth results were achieved with 57% and 48% fish meal and 14 and 23% soy 

protein hydrolysates (SPH) in diets, respectively. That matches with our diet formulations using 

55% and 40% fish meal and 15% and 24% SPC, respectively, in starry flounder diets. Growth 

was significantly slowed in fish fed diets reduced in FM to 25% with 33% SPC+24% WG 

inclusion, which is in line with growth limitations in starry flounder treated with more than ≥ 

56% SPC (14% FM) (Li et al., 2015) and ≥ 50% (22% FM) (Song et al., 2014) or sea bream 

feeding ≥ 47% SPC (20% FM) (Kissil et al., 2000). In general, fish feed supplemented with 

SPC+WG seemed not less attractive and palatable to starry flounders than FM-based diets as 

DFI was not reduced with increasing PP incorporation. However, reduced feed conversion and, 

consequently, retarded growth may be associated to a decline in protein utilization caused by a 
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deficiency of some amino acids with increasing plant proteins. Methionine and lysine are the 

most limiting amino acids (Klatt et al., 2016; Peres and Oliva-Teles, 2008). In that case, a 

supplementation with methionine and lysine has shown to improve the performance in fish 

(Mambrini et al., 1999; Takagi et al., 2001). As juvenile flounders, which have a high protein 

demand, were used in the present study, all diets were formulated with a high protein level 

(60%) in order to provide sufficient AAs for protein synthesis and to mask some possible AA 

imbalance in diets with increased SPC+WG. 

Survival, condition factor (K), hepatosomatic index (HSI), dry matter and crude protein values 

in the present study were without significant dietary effects. In agreement with other fish 

species, no evidence of increased or decreased fat retention in liver due to dietary PP was found 

in starry flounders (Chatzifotis et al., 2008; Dimitroglou et al., 2010; Hansen et al., 2013; Lekva 

et al., 2010). Whole body lipid, ash and gross energy were not changed by increased PP. 

However, they seem to be affected by the combination of BG/MOS supplementation and 

protein source. Reduced lipid and gross energy and increased ash levels were observed in fish 

bodies treated with highest (1.5%) GB/MOS and highest (55%) FM inclusion. An opposite but 

non-significant trend, however, was apparent towards increased lipid levels in fish bodies 

treated with BG/MOS in the reduced (25% and 40%) FM diets. Increased lipid levels were 

observed in starry flounder and Nile tilapia (Oreochromis niloticus) with inclusion of dietary 

BG+MOS and yeast (Saccharomyces cerevisiae), respectively (Lara-Flores et al., 2003; 

Schmidt et al., 2017). Other research confirmed that 80% FM replacement by SPC showed 

constant levels of whole body fat in starry flounders, only a 100% replacement decreased whole 

body fat (Li et al., 2015). Similarly, crude lipid concentrations in whole turbot bodies were not 

diminished by FM reduction until FM was minimized to 5% of the diet (Bonaldo et al., 2014). 

To our best knowledge, literature about the effect of functional diets on lipid metabolism of 

fishes is scarce. Although, Torrecillas et al. (2015) described that dietary incorporation of 

cMOS at 0.16% affects liver and muscle lipid metabolism by altering fatty acid profiles and 

promoting b-oxidation in European sea bass (Dicentrarchus labrax). The low lipid level in 

starry flounders fed the high (1.5%) GB/MOS and (55%) FM inclusion maybe caused by the 

type of lipid source as fish oil was reduced with increasing fish meal in diets.  
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According to some researchers, functional diets are able to enhance mechanisms of the immune 

system that in turn leads to resistance against pathogens and diseases (Dalmo and Bøgwald, 

2008; Merrifield et al., 2010; Ringø et al., 2012). The innate immune system, with lysozyme 

and ROS production as preferred markers of the immune status, is a fundamental defense 

mechanism of fish. The physiological status of fish can be diagnosed by blood parameters as 

blood is a patho-physiological reflector of the whole body (Fazio, 2019). In disagreement with 

earlier studies, the inclusion of dietary BG/MOS did not enhance the lysozyme activity, ROS 

production or any of the physiological parameters, TP, CHO, GLC, and TG in starry flounders 

fed the low, medium or high FM diets. Glucans and mannan oligosaccharide (MOS) are known 

as important non-nutritive compounds of yeast cell walls, which may react as a non-specific 

immunomodulatory in fish (Meena et al., 2013; Novak and Vetvicka, 2009; Sweetman et al., 

2010). Staykov et al. (2007) and Torrecillas et al. (2007) reported that MOS incorporation at 2 

and 4 g kg-1 in diets improved some indicators of immune status, such as lysozyme, in rainbow 

trout and head kidney macrophages phagocytic activity, but not lysozyme activity, in European 

sea bass. Moreover, dietary b-1,3 glucan plus feed stimulant BAISM (Yoo et al., 2007) or a 

Saccharomyces cerevisiae fermentation product (He et al., 2009) increased non-specific 

immunity of olive flounder and hybrid tilapia such as serum lysozyme, alternative complement 

pathway, head kidney macrophage phagocytic and respiratory burst activities. However, a 

decrease of lysozyme activity and neutrophil oxidative radical production in Atlantic salmon 

by MOS application has also been reported (Grisdale-Helland et al., 2008). In starry flounders, 

dietary single or multi-probiotic administration increased the nitro blue tetrazolium (NBT) and 

lysozyme activity and elevated disease resistance against Edwardsiella tarda when fed diets 

with 41% FM and 25% SBM (Park et al., 2016). Against our expectations and other literature, 

increasing SPC and WG in diets showed no effect on innate immune activity and serum 

biochemistry in starry flounders. According to Li et al. (2015), young starry flounders (13 g 

initial weight) showed reduced serum lysozyme activity, ≤ 57.2 U ml-1, when dietary FM levels 

decrease to 27.2% (60% FMP replacement by SPC) and below. CHO levels in fish serum also 

declined with increasing dietary PP, but TP levels decreased not before a 100% of FM was 

replaced with SPC. Fuchs et al. (2017) stated that the physiological status of turbots declined 

with 32% FM and 25/15% SPC/WG in diet, but could be improved by the dietary BG+MOS 

inclusion, supporting an elevation of plasma cholesterol, triglyceride and glucose 
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concentrations in turbots. Hybrid tilapia also exhibit a suppression in serum lysozyme activity 

and superoxide dismutase (SOD) with ≥ 75% of FMP replace by SBM (Lin and Luo, 2011), 

suggesting that the immune system can be suppressed or even harmed due to certain 

constituents of plant proteins. Findings of the present study indicate that 33%SPC+24%WG 

can be included in starry flounder diets reducing FM to 25% of the total diet without depressing 

their physiological and health status. Similarly, no changes of innate immune activities were 

observed in Atlantic salmon (Salmo salar), gilthead sea bream (Sparus aurata) and turbot 

(Scophthalmus maximus) with partial FM replacement by lupin meal and poultry feather meal 

(Bransden et al., 2001), a bioprocessed soy product (Kokou et al., 2012), WG, SBM and SPC 

(Bonaldo et al., 2014). On the contrary, soy protein hydrolysate (SPH) may benefit the immune 

system as indicated by Song et al. (2014), showing elevated lysozyme activity (79 – 103 U/ml) 

in starry flounders fed diets with ≤85% of FMP replace by SPH. Earlier research already 

described that soybean peptides supplemented in feed promoted animal and human health 

(Jiang et al., 2009; Yimit et al., 2012). Levels of TP, CHO and GLC of starry flounder conform 

with data of other starry flounders studied (Ref). Only the TG levels (3.44 – 4.35 mmol L-1 = 

3.0 - 3.8  g/L) seem very high compared to levels (0.12 – 0.16 and 0.34 – 0.48 mmol L-1) of the 

same species of similar size in different studies (Li et al., 2015; Song et al., 2014). Similar high 

levels of triglyceride (2.9 – 4.1 g/L) were observed in turbots when FM was partly replaced 

with corn gluten meal and extruded peas, but turbots were much bigger in size with 66 g initial 

weight (Regost et al., 1999). 

A problem in research studies is that most experiments generally offer optimal rearing 

conditions in a small culture system with a low fish number and density, which not really 

reflects conditions in large scale aquacultures. Meaning that functional diets may have 

beneficial impacts on fish in challenging situations, for instance under conditions of 

immunodepression related to environmental stress (Burrells et al., 2001b; El-Boshy et al., 2010; 

Kumar et al., 2006; Santarém et al., 1997; Tahmasebi-Kohyani et al., 2012; Torrecillas et al., 

2012; Yeh et al., 2008). Blood cortisol has been widely used as stress biomarker in fish as 

plasma concentrations are known to increase after stressful events. Base cortisol levels, mean 

= 26.2 ± 4.7 ng ml−1 (18.8 ± 0.3°C), of all starry flounder treatments, except 40/1.5 and 55/1.5, 

were similar to reported values of 23.6 ng ml-1 (at 18°C) and 20.4 ng ml-1 (at 21°C) (Min et al., 

2015) and 20 - 30 ng ml-1 (at 5 - 33 ppt salinity) (Lim et al., 2013) in unstressed starry flounders. 
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Higher resting levels and in treatments 40/1.5 (92.0 ± 57.6 ng ml−1) and 55/1.5 (101.0 ± 9.8 ng 

ml−1) may be caused by higher stocking densities in 40% and 55% FM treatments. However, 

differences were not significant as data showed high variances of cortisol levels between 

replicate tanks. Blood cortisol concentrations are known to vary between fish species, size, 

rearing condition, time of sampling depending on fish’s circadian rhythm, and type and severity 

of stress (Pickering and Pottinger 1989; Barton and Iwama 1991). Even a visual contact with a 

sampler may induce some stress in fish because of an anticipation of the daily feeding. 

Stressed starry flounders showed a typical physiological response releasing stress hormones in 

a changing pattern after an acute stress event. Handling stressors (capture, netting) and 

increased stocking density elicited a primary stress reaction with elevated cortisol values in fish 

at 0.5 and 1 h. Plasma cortisol levels in all fish groups increased within 30 min post-stress to 

levels > 160 ng ml−1, dropped after 0.5 or 1 h and recovered baseline levels at 4 and 24 h post-

stress, indicating an acute stress reaction after a short-term stress incidence. According to 

Barton and Iwama (1991) and Wendelaar Bonga (1997) blood cortisol levels ≥160 ng ml−1 are 

accepted as indicators of stress in numerous fish species. Treatment 40/1.5 exhibit significantly 

increased cortisol levels > 300 ng ml-1 at time points 0.5 and 1 h and > 150 ng ml-1 at 4 h 

compared to C40 and 40/0.6, which may be a consequence of the already high levels (92.0 ± 

57.6 ng ml−1) in pre-stressed fish. 

Dietary BG/MOS inclusion in the present study did not improve resistance of starry flounders 

to higher cortisol levels induced by a short-term stress incidence. This stands in contrast with 

studies involving other fish species, in which dietary b-glucan and MOS have shown to 

minimize blood cortisol levels in turbot, European sea bass and channel catfish (Ictalurus 

punctatus) after certain stress treatments (Fuchs et al., 2017; Torrecillas et al., 2012; Welker et 

al., 2007). In turbots fed BG/MOS supplemented diets, cortisol levels were significantly 

depressed after 0.5 and 1 h post-stress compared to control fish fed diets with high and low 

SPC+WG content. MOS (4 g kg-1)-treated European sea bass exposed to a pathogen challenge 

test plus crowding stress showed lower plasma cortisol levels at 4 h post-stress compared to 

levels in control fish groups. However, MOS application in only stressed and non-inoculated 

fish exhibited a higher cortisol response to crowding stress at 4 h compared to control fish. 

Stress is a very important factor that has high impact on the physiological and immunological 
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status of an animal, but can hardly be eliminate in fish aquaculture production due to stressful 

routine procedures in husbandry such as vaccination, grading in size classes, transport, high 

stocking densities or even feeding. The increase of blood cortisol levels unfortunately 

contributes to stress-related growth or immune suppression in fish (Barton, 2002; Wendelaar 

Bonga, 1997). At present, no literature about the effect of functional diets and dietary protein 

sources on stress response in starry flounder has been published. To our best knowledge, even 

research data about cortisol concentrations in starry flounder hardly exist. 

Conclusion 

In conclusion, the feed conversion was improved in juvenile starry flounders (6.3 g initial 

weight) treated with dietary supplementation at 0.6 and 1.5% in a diet formulated with 25% 

fish meal, 33% soy protein concentrate and 24% wheat gluten as protein sources. However, 

BG/MOS did not support growth performance, physiological status, immune response and the 

resistance to handling stress to overcome detrimental properties of alternative plant protein 

sources. Starry flounders accepted 33% SPC and 24% WG in diets without suffering from 

reduced survival, physiological condition, innate immune and stress response. Best growth 

results, though, were achieved with the high FM diet (55% FM, 15% SPC and 11% WG) and 

moderate FM diet (40% FM, 24% SPC and 17% WG). Further research is required to fully 

elucidate the physiological mechanisms by which b-glucan and mannan affects performance 

and health of juvenile starry flounder. 
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In recent years research on immuno-nutrition for aquatic animals has become increasingly 

important (Gatlin, 2003). There is promise in developing ‘functional feeds’, which are 

supplemented with immuno-modulating additives to not just satisfy nutritional requirements of 

the fish but also to improve immune functions, resistance to stress and pathogens, and more 

recently to increase growth performance. In animal husbandry, the application of ß-glucan, 

mannan oligosaccharides, nucleotides, some other pre- and probiotics has been intensively 

investigated (Halas and Nochta, 2012; Kesarcodi-Watson et al., 2008; Ringø et al., 2010; Ringø 

et al., 2012; Ross et al., 2010; Soltanian et al., 2009; Spring et al., 2015). Functional additives 

are commercially available (MacroGard®, Biorigin, Brazil; Bio-Mos®, Alltech Inc, USA; 

ProEnMune, ProEn GmbH, Germany; Vannagen®, Chemoforma Ltd., Switzerland, 

Aquaform®, ADDCON/Nordic AS, Norway) for the use in feeds for farmed animals (including 

fish). Some additives have been already applied in commercial fish feed products for 

aquaculture use (BioMar A/S, Denmark; Skretting, Nutreco N.V., The Netherlands). The 

manufacturers offer functional feeds that include nucleotides, glucans, pro- or prebiotics. 

According to them, they can be used to support the fish’s physiology and immune system, to 

strengthen intestinal health as well as to improve the effect of vaccines. These diets are 

recommended to be fed for special purposes or applications, either prior (as preventative 

measure), during or after critical phases or stressful events (such as handling, sorting or 

transfer). 

In this study, the effect of functional additives was investigated for the production of turbot 

(Scophthalmus maximus) and starry flounder (Platichthys stellatus) with the focus on their 

growth performance and feed conversion (Chapter 2 and 4), innate immune activity and acute 

stress response (Chapter 3 and 4). Furthermore, it was tested if functional additives act 

differently in fish meal (FM) reduced diets than in FM-based diets and if they would ease 

diminished fish performances (e.g. growth, immuno-suppression) related to dietary plant 

protein (PP) inclusion. Functional additives were selected according to their active ingredients 

and their availability as a commercial product for the feed industry, at least in some countries 

(Abu Elala and Ragaa, 2014; Ahmadifar et al., 2009; Burrells et al., 2001b; Cutting, 2011; 

Kühlwein et al., 2014; Staykov et al., 2007). The following active ingredients have been used 

in this study: (i) yeast (Saccharomyces cerevisiae) ß-glucan/ mannan oligosaccharides (MOS) 

(BG/MOS), (ii) yeast nucleotides and RNA, (iii) algal extracts/alginic acid, (iv) probiotic 
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bacteria strains Bacillus subtilis and B. licheniformis and (v) potassium diformate. In three 

experiments, juvenile turbot and starry flounder were cultured in recirculating aquaculture 

systems (RAS) over a long-term period (70, 84 and 112 days). Turbot was fed with five (i-v, 

experiment one) and four (i-iv, experiment two) types of functional additives, while starry 

flounder was fed with (i) yeast BG/MOS only (experiment three). Additives were supplemented 

to their diets before the extrusion process. Each of the three experiments of this study 

investigated aspects which have not, or only marginally, been examined in other research 

related to the administration of feed additives in the two flatfish species. 

1. (a) Do functional feeds including additives of different active ingredients affect the 

growth and feed utilization in S. maximus and P. stellatus cultured in RAS? 

Results of the first experiment showed that all functional additives (i-v) fed with a FM (78%)-

based diet were not beneficial as ‘growth promoters’ in turbot and starry flounder (Chapter 2). 

This finding coincides with other studies reporting no effects of functional feeds, containing ß- 

glucan, MOS, nucleotides, alginic acids or potassium diformate, on various marine and 

freshwater fish (Bagni et al., 2005; Efthimiou, 1996; Grisdale-Helland et al., 2008; Kumari and 

Sahoo, 2006; Li et al., 2005; Merrifield et al., 2011; Whittington et al., 2005; Zhou et al., 2009). 

In contrast, several studies have shown the potential of feed additives (ß-glucan, MOS, 

nucleotides, alginic acids, Bacillus strains, potassium diformate) to modulate growth and feed 

utilization (Abu Elala and Ragaa, 2014; Burrells et al., 2001b; He et al., 2011; Heidarieh et al., 

2012; Li et al., 2008). Unfortunately, investigations about the effect of functional feeds on 

turbot and starry flounder are very limited. Moreover, the reasons or the underlying mechanisms 

for growth enhancing effects still remain unclear. 

In different studies, researchers tried to investigate the mode of actions of probiotic bacteria 

and reported the ability, for instance for B. subtilis and B. licheniformis, to break down proteins 

and carbohydrates producing numerous extracellular enzymes (Farzanfar, 2006; Moriarty, 

1998; Sanders et al., 2003). These enzymes, such as proteases (e.g. Leucin-Arylamidase), 

lipases, and acid phosphatases may be used to improve digestion and the bioavailability of 

nutrients and thus promote better growth in fish (Murillo and Villamil, 2011). Furthermore, 

gene expression analyses were applied to find out more about the underlying mechanisms of 

functional additives and feeds. It was found that a functional feed (containing nucleotides, 
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MOS, fructooliogsaccharides (FOS), vitamin C and E) induced a reduction of protein turnover 

genes, circulating plasma proteins and a down-regulation of immune response genes in Atlantic 

salmon (Tacchi et al., 2011). These changes appear to result in reduced energy expenditure in 

fish decreasing whole body metabolic demands, which may enhance fish growth and 

performance. Nucleotides are already merchandised for the use in fish feeds (‘Optimûn’, 

Chemoforma Ltd., Switzerland; ‘ROVI-MAX NX’, Koninklijke DSM N.V., The Netherlands) 

(Burrells et al., 2001b; Meng et al., 2016). Researchers assumed that dietary nucleosides or 

nucleic acids can be utilized for additional growth, survival, nitrogen retention and non-

essential amino acid (AA) synthesis in turbot larvae and rainbow trout (Person‐Le Ruyet et al., 

1983; Rumsey et al., 1992). The presence of nuclease (enzyme for nucleotide digestion) has 

been reported for rainbow trout (Oncorhynchus mykiss), but the capacity of digesting 

exogenous nucleotides by fishes remains unknown at this time (Roald, 1977). Assuming that 

fish has the capacity to process exogenous nucleotides, the accumulated nucleotide pool can 

then be used to promote cell replication, in particular in early life stages, to meet high rates of 

growth (Borda et al., 2003). Enhanced growth performance in fish fed nucleotides may be 

promoted by increased mucosal surface area of the gut due to significantly enhanced intestinal 

fold morphology (Burrells et al., 2001b). An increased surface area may enable higher 

absorptions of nutrients into the enterocytes. 

At present, it is not clear why growth enhancing effects can be seen in some aquatic species, 

but not in others after the dietary intake of functional additives. Burrells et al. (2001b) and Low 

et al. (2003) assumed that exogenous nucleotides, provided by standard commercial fish feeds, 

may be sufficient for rapid growth under normal, non-stressful conditions. This assumption can 

be supported by findings of this study which showed no further improvements of growth and 

feed conversion in turbot and starry flounder by feeding additional nucleotides and other 

functional additives (Chapter 2 and 4). In experiment one, the experimental diets were 

formulated to cover optimal nutritional requirements, such as favorable protein, fat and 

carbohydrate levels (Leknes et al., 2012), for turbot using a high FM (78%) level (Chapter 2). 

The dietary protein level, that plays the most important role for growth, was high with 60% in 

turbot diet (Lee et al., 2003a; Person-Le Ruyet, 2002). Moreover, growth rates of turbots seem 

to be high in all dietary treatments, when compared to lower growth rates in other studies 

(Árnason et al., 2009; Bonaldo et al., 2011; Regost et al., 1999; Schram et al., 2009; Van Ham 
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et al., 2003a). Accordingly, it can be assumed that achieved growth performances in the first 

experiment (Chapter 2) have reached maximum, or close to maximum, levels in turbot. 

Environmental conditions in RAS, for instance water quality, temperature and stocking density, 

were maintained in optimal ranges for best feed conversion efficiency and growth in turbot 

(Boeuf et al., 1999; Daniels and Watanabe, 2010; Gaumet et al., 1995; Imsland et al., 2001). 

Although functional diets, containing high FM levels, failed its growth-enhancing benefit in 

turbot under optimal culture conditions, their effects may be differently under the aspect of sub-

optimal nutrition reducing the FM- ratio in diets. 

1. (b) How does a diet rich in SPC and WG modify growth and feed utilization of S. 

maximus and P. stellatus. Can dietary additives compensate possible performance 

deficiencies in fish caused by high PP inclusion? 

In most publications, fish feed is formulated according to optimal nutritional requirements using 

high FM and fish oil contents. In this case, possible side effects due to nutritional deficiencies 

can be avoided. These days, however, a more sustainable thinking and acting is arising 

concerning the substitution of FM in commercial fish feeds, which results in modified nutrient 

supplies for cultured fish (eventually lacking in important nutrients and essential AA). More 

research is, therefore, needed to assess the effects of functional additives on fish when included 

in FM- reduced diets. Results showed, similar to experiment one, that the applied additives 

were not beneficial as ‘growth promoters’ in turbot and starry flounder when included in PP-

based diets containing SPC and WG (Chapter 2 and 4). Likewise, the absence of any growth 

enhancing effects has been shown in other fish species using functional feeds (including MOS, 

ß-glucan or nucleotides) based on soy bean meal and/or sunflower meal (Dimitroglou et al., 

2010; Peng et al., 2013); Refstie et al. (2010). 

In fact, the dietary protein source had a higher impact on growth than the inclusion of additives. 

The dietary FM reduction (32 % FM) reduced growth in turbot compared to turbot fed the FM-

based diet (58.5 % FM) (Chapter 2). With regard to the starry flounder, growth was reduced by 

low (25 %) FM diets compared to medium (40 %) and high (55 %) FM diets (Chapter 4). A 

deficiency of essential AAs (mostly lysine) and phosphorous in FM- reduced diets and the 

possibility of poor nutrient digestibility of plant ingredients offered (Gatlin III et al., 2007), 

probably affected growth in turbot and starry flounder (Chapter 2 and 4), which can also be 
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found in other studies (Bonaldo et al., 2011; Day and Plascencia González, 2000; Regost et al., 

1999). Feed intake and feed conversion in turbots were only minimal but not significantly 

reduced by 44% FM protein substitution in diets suggesting no negative effects caused by poor 

palatability or anti-nutritional factors (Francis et al., 2001) (Chapter 2). Interestingly, dietary 

BG/MOS inclusion (0.6 and 1.5%) improved the feed conversion in starry flounder fed the 25% 

FM diet (Chapter 4). Likewise, beneficial effects of ß-glucan, MOS and a dairy-yeast prebiotic 

(Grobiotic®-A) on the feed efficiency has been observed in turbot, starry flounder and other 

fish species (Kühlwein et al., 2014; Li et al., 2008; Refstie et al., 2010; Staykov et al., 2007; 

Torrecillas et al., 2012; Torrecillas et al., 2015; Wang et al., 2016). Improved feed conversion 

efficiency, by the inclusion of ß-glucan and MOS, may be associated with better digestion and 

nutrient utilization of dietary plant ingredients, such as SPC and WG in this study. 

Interestingly, research dealing with alternative protein sources in fish diets, demonstrated that 

the addition of organic acids, such as citric acid, improved growth, feed conversion, absorption 

and retention of phosphorus in red sea bream (Bairagi et al., 2004; Hossain et al., 2007; Sarker 

et al., 2005). According to Shah et al. (2015) citric acid is a strong chelator of calcium and 

phosphorus and thus can enhances the phytate hydrolysis. The use of citric acid seems to allow 

high PP inclusion (up to 70%) in diets without any extra supply of inorganic phosphorus. 

Therefore, organic acids/ acidifier can contribute to the development of more sustainable and 

eco-friendly diets. Overall, it can be hypothesized that growth- enhancing effects of functional 

additives may be a side effect associated with enhanced intestinal fold morphology, improved 

digestibility and nutrient absorption. 

2. (a) Do functional feeds including additives of different active ingredients affect 

physiological parameters and innate immune activities in S. maximus and P. stellatus 

cultured in RAS? 

Results showed that the applied additives were not beneficial as immuno-modulators in turbot 

and starry flounder (Chapter 3 and 4). Interestingly, functional feeds (containing ß-glucan, 

alginic acid or oligonucleotides) showed different effects on immune activities depending on 

the term, short-term or long-term, of administration (Bagni et al., 2005; Li et al., 2004). 

Although additives stimulated the immune activities after rather short-term administrations (15 

to 45 days and 56 days), no relevant effects were seen after long-term feeding of fish (7 to 8 
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month and 4 month). It can be hypothesized that functional feeds are more beneficial over a 

short- than long-term feeding period as shown in unchanged immune activities in turbot (112 

and 84 days of feeding) and starry flounder (70 days of feeding). However, the reasons and 

underlying mechanisms for this term-dependent effect are not yet known. In general, the 

biological effects of immuno-modulators, such as ß-glucan, are highly dependent on receptors 

on the target cells recognizing them as potential high risk molecules (Ringø et al., 2012). Many 

mammalian receptors are reported to bind immuno-modulators, such as ß-glucans (Brown et 

al., 2002; Dennehy and Brown, 2007). Dectin-1 has been considered to be the major ß-glucan 

receptor (Dennehy and Brown, 2007). In fish genomes, a clear homologue of Dectin-1 could 

not be identified yet (Petit et al., 2019). However, the authors hypothesized, that immuno-

modulatory effects of β-glucan in carp macrophages could be triggered by a member of the C-

type lectin receptor (CLR) family activating the classical CLR signaling pathway. Pietretti et 

al. (2013) showed that curdlan, a Dectin-1-specific β-(1,3)-glucan ligand in mammals, were 

able to activate macrophages in carp. Interestingly, animal studies showed that macrophages 

captured some of the orally applied β-glucans entering the proximal small intestine (Chan et 

al., 2009). ß-glucans were internalized and fragmented within the cells, then transported by the 

macrophages to the marrow and endothelial reticular system. The small β-glucan fragments are 

eventually released by the macrophages and taken up by other immune cells leading to various 

immune responses. Similarly, an enhanced infiltration of intraepithelial leukocytes were 

detected in carp (Cyprinus carpio) indicating a localized intestinal immune response (Kühlwein 

et al., 2014). However, the exact receptors and downstream signaling remain to be described 

for fish. A variety of descriptive research about the effect of functional additives on immune 

functions and haematology has been published (as described in Chapter 3 and 4). However, 

analytical literature explaining the mechanisms underlying the induced effects is still limited. 

Therefore, it is important to increase the knowledge of receptor specificity and availability in 

fish and if they can stimulate immune cells leading to increased immune responses in fish when 

needed. 

Probiotics may modulate the host’s immune system, affect other microorganisms directly or act 

on microbial products, host products or food components (Oelschlaeger, 2010). What kind of 

effect a certain probiotic executes depends on its metabolic properties. Bagheri et al. (2008) 

observed that feeding a starter diet with Bacillus sp. to rainbow trout fry increased probiotic 
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bacteria colonization in the intestinal flora and survival of fish. Apparently, the colonization of 

B. subtilis in the gut epithelium minimized pathogenic bacteria due to competitive exclusion 

and thus reduced risk of infections in fish. Moreover, it has been found that probiotic bacteria, 

including B. subtilis, can produce certain extracellular antibiotics (Pinchuk et al., 2001; Sanders 

et al., 2003). Similarly, Murillo and Villamil (2011) reported a strong antibacterial activity of 

B. subtilis against Vibrio alginolyticus and Aeromonas hydrophila. When Bacillus sp. spores, 

ingested by rotifers, were fed to turbot larvae, increased survival was observed after pathogenic 

Vibrio sp. exposure (Gatesoupe, 1999). This effect may be related to bacterial secretion of 

bacteriocins that inhibit growth of harmful bacteria. However, probiotic bacteria and their exact 

mode of action are poorly understood. As already mentioned before, it is assumed that feed 

additives are not beneficial under optimal, non-stressful conditions.  

2 (b) How does a diet rich in SPC and WG modify physical conditions and innate 

immune activities of S. maximus and P. stellatus? Can dietary additives compensate a 

possible impairment of physical conditions and immune activities in the two fish 

species? 

In contrast to the unchanged immune functions, turbot’s physiological and nutritional condition 

declined with FM replacement in terms of reduced plasma cholesterol, glucose and triglyceride 

levels. Similar findings were reported for turbot and sea bream fed diets high in corn, wheat, or 

soy proteins (Bonaldo et al., 2014; Regost et al., 1999; Sitjà-Bobadilla et al., 2005). Apparently, 

high levels of PP in diets influence the nutritional status in turbot, probably as a consequence 

of nutrient or essential AAs deficiency. Cholesterol, for instance, is rich in FM but deficient in 

most plant-based ingredients (Cheng and Hardy, 2004). However, it is not considered to be an 

essential nutrient because it can be synthesized by fish (NRC, 2011; Sealey et al., 2001). In 

cases when plasma cholesterol values in fish were low, for instance caused by impaired diet 

quality, a corresponding increase in mortality was observed due to infections with pathogens as 

described by Maita et al. (1998b); Maita et al. (2006); Maita et al. (1998a). According to 

Brogden et al. (2014), cholesterol is an important constituent of plasma membrane lipid rafts 

which host a range of receptors and are responsible for host-pathogen interactions. Plasma 

glucose is also an indicator of stress response, but all levels were lower than 50 mg dl-1 and thus 

not considered to indicate a stress reaction (Waring et al., 1996). 
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Interestingly, dietary BG/MOS, nucleotides and alginic acids were beneficial as ‘health 

promotors’ enhancing physiological and nutritional conditions of turbot due to high levels of 

plasma cholesterol, glucose and triglyceride. It can be assumed that the three functional 

additives promoted digestibility and nutrient assimilation of dietary plant constituents. 

3. (a) Are juvenile turbot and starry flounder susceptible to typical short-term 

(< 1 day) handling stress induced by capture, transfer and crowding in fish farms? 

Results of the short-term stress treatment forced on turbot revealed clearly a primary stress 

reaction induced by capture, netting/transfer and crowding showing elevated plasma cortisol 

values (< 60 ng ml-1) at 0.5 and 1 h post-stress in all treatments. Plasma glucose levels were 

only significantly higher in fish fed the high FM meal diet along with cortisol peak at 1 h post-

stress (Chapter 3). Level of glucose typically increases parallel to cortisol as a secondary stress 

response (Barton and Iwama, 1991). Previous studies have already shown that turbot reacts to 

environmental or handling stress by increased cortisol and glucose levels (Mugnier et al., 1998; 

Van Ham et al., 2003b; Waring et al., 1996). However, turbot seemed to be less sensitive to 

acute stress. Turbot did not show strong cortisol and especially plasma glucose responses when 

compared to other species such as Atlantic salmon or flounder (Waring et al., 1992), trout 

(Jeney et al., 1997), or Senegalese sole (Solea senegalensis) (Costas et al., 2011). 

In starry flounder, same handling stressors and increased stocking density elicited a primary 

stress reaction with elevated cortisol levels in fish at 0.5 and 1 h post-stress similar to turbot 

(Chapter 4). Plasma cortisol levels in all dietary treatments increased within 30 min post-stress 

to levels > 160 ng ml−1, that are much higher levels than cortisol peaks shown in stressed turbots. 

According to Min et al. (2015), starry flounder did also reply with increased cortisol levels (< 

49 ng ml-1) to environmental stress. To our best knowledge, no more information about the 

effect of environmental or handling stress on starry flounder is published. 
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3. (b) Can feed additives of different active ingredients reduce the stress response to 

physical short-term stress situations? 

Interestingly, cortisol levels in turbots treated with dietary additives remained lower (< 50 ng 

ml-1) at 0.5 and 1 h post-stress compared to high levels (> 50 ng ml-1) in turbots fed the non-

supplemented diets (Chapter 3). Apparently, all functional additives can be beneficial for 

coping with non-infectious stressors when turbot is exposed to short-term stress (< 1 day) 

incidences. In accordance to this findings, ß-glucan, MOS-, alginic acid-, or nucleotide- treated 

fish proved to enhanced stress resistance when exposed to different stressors, such as handling, 

crowding, vaccination or infections (Gioacchini et al., 2008; Kumari and Sahoo, 2006; Leonardi 

et al., 2003; Palermo et al., 2013; Tahmasebi-Kohyani et al., 2012; Torrecillas et al., 2012). 

Contrarily, feeding BG/MOS to starry flounder did not lower cortisol levels at 0.5 and 1 h post-

stress compared to increased levels in flounders fed the non-supplemented diets (Chapter 4). It 

seems that dietary BG/MOS does not have the benefit to improve stress resistance of starry 

flounders exposed to short-term stress (< 1 day) incidences. 

Information about the influence of functional additives on the acute stress response in fish is 

very limited. To our best knowledge, literature about the effect of functional additives on starry 

flounder does not exist yet. However, it has been shown that functional additives can be 

beneficial for fish under stressful conditions. In particular, exogenous nucleotides can provide 

an adequate circulating nucleotide pool in the organism in anticipation of suboptimal conditions 

or stressful events (Li and Gatlin III, 2006). Surplus nucleotides can then be used for an 

immediate response of the organism to increase the number of immune cells or maintain basic 

homeostasis. This may spare energy costs of de novo nucleotides synthesis and thus leads to 

enhanced growth (Carver, 1999). However, evidence about the nucleotide pools in fish and 

their bioavailability are not fully defined, and information about the effects of stressful 

conditions on the digestion of nucleotides is also not known. 

As a final note, findings of the current study can provide new insights, in particular into 

interactions between feed additives and increasing PPs in diets, for further investigations. In the 

here presented experiments the effects of functional additives were examined in juvenile turbot 

(~50 to 300 g) and starry flounder (~ 6 – 50 g). Fish were held under optimal culture conditions 

in RAS during comparable long-term periods of 112 days (experiment 1), 84 days (experiment 
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2) and 70 days (experiment 3), respectively. In general, further investigations need to explore 

why functional additive have been effective on one fish species and not on another. Looking at 

the number of studies concerning the effect of functional additives on several fish species, 

disparities in the results have been observed. These disparities partly could be explained due to 

(i) the different sources and dosage of additive supplementation, (ii) method and time of 

administration, (iii) feed formulation and preparation, (v) culture conditions, (iv) fish species 

and age/size class of fish that probably influence the effect of some feed additives. 

When a commercial yeast ß-glucan (250 – 1000 ppm; Macrogard©) was fed to European sea 

bass (~20 and 60 g), innate immune activities increased within the first three weeks in fish, 

while no ß-glucan effects on immunity were detected after 21 days (Bonaldo et al., 2007). 

Similarly, feeding commercial ß-glucan (0.1%; Macrogard©) and alginic acid (0.5%; Ergosan) 

preparations over a maximum of 45 days improved some innate and specific immune 

parameters in ca. 80 g sea bass (Dicentrarchus labrax) (Bagni et al., 2005). However, no 

relevant effects on immunity were detected during long-term feeding (November to June). Sea 

bass were cultured in a flow through system during summer and a recirculating system in winter 

under natural photoperiod and water temperature in summer (22-26 °C) and heated water during 

autumn/winter (13-18°C). In contrast, MOS inclusion (0.4 and 0.6 %; Bio-Mos) in commercial 

diets were applied in European sea bass (~60 g) held in indoor tanks under controlled 

environmental conditions (Torrecillas et al., 2011a). Juvenile (~8 g) large yellow croaker 

(Larimichthys crocea) were reared in floating sea cages and fed diets produced with a pelleting 

device (Ai et al., 2011). An extruded diet was fed to rainbow trout (~30 and ~101 g) in net cages 

and raceways (Staykov et al., 2007). In trout diets, MOS (0.2%; Bio-Mos) were included by 

incorporating the additive prior to the extrusion process. However, diets for salmon (~ 680 g) 

were manufactured by high-pressure moist extrusion and coated with yeast ß-glucan (0.05 and 

0.1%; MacroGard®) or MOS (0.05, 0.1 and 0.2%; PatoGard™) afterwards and fed to salmon 

kept in sea pens (Refstie et al., 2010). It can be considered, that feed preparation and timing of 

additive inclusion probably have a crucial influence on the bioavailability of additives and their 

active ingredients and thus their effect on fish performances. In particular high temperatures 

during extrusion, but also the firmness of pellets and nutrient solubility in water (leaching) may 

modify the actual availability of additive concentration in diet. Furthermore, time of 

administration (pre-, post- application or simultaneously) of brewer’s yeast ß-glucan (10 µg) as 
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adjuvant to a Vibrio damsela vaccine plays a significant role in induction of an enhanced 

immune activity in turbot (Figueras et al., 1998b). The highest activity was obtained when ß-

glucan was applied after the bacterin. In particular, the feed formulation varies considerably 

between different studies investigating the effect of functional additives. Some studies revealed 

that PP levels influences the effects of functional additives on different fish species (Meng et 

al., 2016; Peng et al., 2013; Refstie et al., 2010). For instance, turbot (~ 9 g) was treated with 

mixed nucleotides (0.3 and 1.0%) supplemented to FM reduced diets which was partly 

substituted with SBM (Peng et al., 2013). Lara-Flores et al. (2003) formulated diets containing 

optimum protein (40%) and reduced protein (27%) levels for Nile tilapia fry supplemented with 

a bacterial probiotic mix (0.1%; ALL-LAC™) or yeast (0.1%; BioSaf™). Diets were fed to 

tilapia under different conditions, at low and high stocking density to induce stress to fish. 

Similarly, in other studies, the effect of Bacillus species (n.s.) and commercial nucleotides 

(0.2%; Optimun) were investigated in yellow perch (Perca flavescens) and rainbow trout (~23 

g) under stressful conditions (Eissa et al., 2018; Tahmasebi-Kohyani et al., 2012). Stressful 

culture and handling conditions, such as high stocking densities, hypoxia or air exposure, but 

also environmental conditions (water temperature, photoperiod) generally have an influence on 

fish performance. All these factors presumably modify the effect of applied additives on the 

physical and immunological conditions. Moreover, different fish species of different age/size 

classes were used in all these studies. In general, fish species differ in their feeding habits, food 

requirements and consequently in the morphology of their gastrointestinal tract. The digestive 

tract of fish species varies in its form, length and characteristic of the different regions (foregut, 

midgut, hindgut and rectum) (Bone and Moore, 2008). In particular, some anatomical 

differences, such as the size and numbers of the pyloric caecae, length and complexity of the 

intestine, and total length of the digestive tract, may determine possible effects of feed additives 

in fish. The digestive tract of turbot, for example, is rather short with very low (two in number) 

and reduced pyloric caecae (Figure 1). It can be concluded that the effects of functional 

additives seem to be highly dependent on numerous factors, such as the method of 

administration and the intestinal morphology in fish. 
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Figure 1 

The gastrointestinal tract of turbot.  

 

Conclusion 

Summarizing the results of this thesis it can be concluded that functional feed additives tested 

(yeast BG/MOS, yeast nucleotides, alginic acid, potassium diformate and strains of Bacillus 

spp.) failed to improve growth performance, feed utilization and innate immune activities in 

juvenile turbot (~50 - 300 g) under the experimental conditions. Turbots fed the FM-based diets 

(78% FM) revealed high growth rates and feed utilization, most likely at their maximum. 

Further improvements of these performances by feed additives in high quality diets seemed not 

to be valuable when turbot is cultured under optimal conditions in RAS (Chapter 2). 

Likewise, BG/MOS, nucleotides, alginic acid and strains of Bacillus spp. were not able to 

support growth, feed utilization and some humoral and cellular immune activities in turbot (~95 

- 300 g). However, feed additives improved physiological conditions and effectively diminish 
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susceptibility to stress indicating lower blood cortisol levels in turbot after short-term (< 1 day) 

handling stress. Additives were supplemented to FM (32%) reduced diets which contained 25% 

soy protein concentrate and 15% wheat gluten. The influence of the dietary protein source on 

turbot showed to be more significant than additive supplementations when turbot is cultured 

under optimal conditions in RAS (Chapter 3). 

In starry flounder (~6 - 50 g), the feed conversion was improved by dietary supplementation of 

BG/MOS at 0.6 and 1.5% formulated with 25% FM, 33% soy protein concentrate and 24% 

wheat gluten as protein sources. However, BG/MOS did not enhance growth, physiological 

conditions, some humoral and cellular immune activities and resistance to short-term handling 

stress. Starry flounders accepted 33% SPC and 24% WG in diets without suffering from 

reduced survival, physiological condition, innate immune and stress response. However, best 

growth results were achieved with the high (55% FM, 15% SPC and 11% WG) and moderate 

FM diet (40% FM, 24% SPC and 17% WG) (Chapter 4). Reduced growth performances in both 

flatfish species due to high inclusions of SPC and WG may be a result of deficient nutrients 

(calcium and phosphorus) and essential AAs caused by the PP sources.  

Overall, results indicate that the additives used are not economically viable for inclusion in 

commercial on-growing diets when culturing turbot and starry flounder under optimal 

conditions in RAS. However, functional additives can be benefial to improve stress resistance. 

It is assumed that the administration of functional additives may be reasonable under sub-

optimal and stressfull conditions and during crucial larval development and early postlarvae 

stages. Future research is needed to fully elucidate the physiological mechanisms by which the 

different functional additives affect growth and health of juvenile turbot and starry flounder. 

Further studies are required to determine an optimal feed formulation regarding the source and 

inclusion level of PPs that enables functional additives or immuno-modulators to support 

growth and to activate immune responses in fish. 

 



References 

 

 

- 103 - 
 

References 
 

Abdel-Tawwab, M., Abdel-Rahman, A.M., Ismael, N.E.M., 2008. Evaluation of commercial live 

bakers’ yeast, Saccharomyces cerevisiae as a growth and immunity promoter for Fry Nile 

tilapia, Oreochromis niloticus (L.) challenged in situ with Aeromonas hydrophila. 

Aquaculture. 280, 185-189. 

Abu Elala, N.M., Ragaa, N.M., 2014. Eubiotic effect of a dietary acidifier (potassium diformate) on 

the health status of cultured Oreochromis niloticus. Journal of Advanced Research. 6, 621-

629. 

Ahmadifar, E., Jalali, M.A., Soudagar, M., Azari, T.G., Mohammadi, Z.A.A., 2009. Effects of 

Aquavac Ergosan on growth performance, survival and haematological factors in beluga 

(Huso huso) juvenile. Journal of Agricultural Sciences and Natural Resources. 16, 

unpaginated. 

Ai, Q., Xu, H., Mai, K., Xu, W., Wang, J., Zhang, W., 2011. Effects of dietary supplementation of 

Bacillus subtilis and fructooligosaccharide on growth performance, survival, non-specific 

immune response and disease resistance of juvenile large yellow croaker, Larimichthys 

crocea. Aquaculture. 317, 155-161. 

Ai, Q., Mai, K., Zhang, L., Tan, B., Zhang, W., Xu, W., Li, H., 2007. Effects of dietary β-1, 3 glucan 

on innate immune response of large yellow croaker, Pseudosciaena crocea. Fish Shellfish 

Immunol. 22, 394-402. 

Ainsworth, A.J., 1994a. A β-glucan inhibitable zymosan receptor on channel catfish neutrophils. Vet. 

Immunol. Immunopathol. 41, 141-152. 

Ainsworth, A.J., 1994b. A β-glucan inhibitable zymosan receptor on channel catfish neutrophils. Vet. 

Immunol. Immunopathol. 41, 141-152. 

Alvial, A., Manrı́quez, J., 1999. Diversification of flatfish culture in Chile. Aquaculture. 176, 65-73. 

Amirkolaie, A.K., 2011. Reduction in the environmental impact of waste discharged by fish farms 

through feed and feeding. Reviews in Aquaculture. 3, 19-26. 

An, H.S., Byun, S.G., Kim, Y.C., Lee, J.W., Myeong, J.-I., 2011. Wild and hatchery populations of 

Korean starry flounder (Platichthys stellatus) compared using microsatellite DNA markers. 

International journal of molecular sciences. 12, 9189-9202. 

Anderson, D.P., 1992. Immunostimulants, adjuvants, and vaccine carriers in fish: Applications to 

aquaculture. Annu. Rev. Fish Dis. 2, 281-307. 

Anderson, D.P., Siwicki, A.K., 1994. Duration of Protection against Aeromonas salmonicida in Brook 

Trout Immunostimulated with Glucan or Chitosan by Injection or Immersion. The Progressive 

Fish-Culturist. 56, 258-261. 

Andrews, S.R., Sahu, N.P., Pal, A.K., Kumar, S., 2009. Haematological modulation and growth of 

Labeo rohita fingerlings: effect of dietary mannan oligosaccharide, yeast extract, protein 

hydrolysate and chlorella. Aquacult. Res. 41, 61-69. 

Aragão, C., Conceição, L.E.C., Dias, J., Marques, A.C., Gomes, E., Dinis, M.T., 2003. Soy protein 

concentrate as a protein source for Senegalese sole (Solea senegalensis Kaup 1858) diets: 

effects on growth and amino acid metabolism of postlarvae. Aquacult. Res. 34, 1443-1452. 

Arends, R., Mancera, J., Munoz, J., Wendelaar Bonga, S., Flik, G., 1999. The stress response of the 

gilthead sea bream (Sparus aurata L.) to air exposure and confinement. J. Endocrinol. 163, 

149-157. 

Árnason, T., Björnsson, B., Steinarsson, A., Oddgeirsson, M., 2009. Effects of temperature and body 

weight on growth rate and feed conversion ratio in turbot (Scophthalmus maximus). 

Aquaculture. 295, 218-225. 



References 

 

 

- 104 - 
 

Arndt, R.E., Hardy, R.W., Sugiura, S.H., Dong, F.M., 1999. Effects of heat treatment and substitution 

level on palatability and nutritional value of soy defatted flour in feeds for Coho Salmon, 

Oncorhynchus kisutch. Aquaculture. 180, 129-145. 

Ashley, P.J., 2007. Fish welfare: Current issues in aquaculture. Appl. Anim. Behav. Sci. 104, 199-235. 

Assefa, A., Abunna, F., 2018. Maintenance of fish health in aquaculture: review of epidemiological 

approaches for prevention and control of infectious disease of fish. Veterinary medicine 

international. 2018. 

Bagheri, T., Hedayati, S.A., Yavari, V., Alizade, M., Farzanfar, A., 2008. Growth, survival and gut 

microbial load of rainbow trout (Onchorhynchus mykiss) fry given diet supplemented with 

probiotic during the two months of first feeding. Turkish J. Fish. Aquat. Sci., 43-48. 

Bagni, M., Romano, N., Finoia, M.G., Abelli, L., Scapigliati, G., Tiscar, P.G., Sarti, M., Marino, G., 

2005. Short- and long-term effects of a dietary yeast β-glucan (Macrogard) and alginic acid 

(Ergosan) preparation on immune response in sea bass (Dicentrarchus labrax). Fish Shellfish 

Immunol. 18, 311-325. 

Bairagi, A., Sarkar Ghosh, K., Sen, S.K., Ray, A.K., 2004. Evaluation of the nutritive value of 

Leucaena leucocephala leaf meal, inoculated with fish intestinal bacteria Bacillus subtilis and 

Bacillus circulans in formulated diets for rohu, Labeo rohita (Hamilton) fingerlings. Aquacult. 

Res. 35, 436-446. 

Bakke-McKellep, A.M., Refstie, S., 2008. Alternative protein sources and digestive function 

alterations in teleost fishes. in: Cyrino, J.E.P., Roubach, R., Bureau, D., Kapoor, B.G. (Ed.), 

Feeding and Digestive Functions of Fishes. Science Publishers, Inc., Enfield, NH, USA, pp. 

445-478. 

Balcázar, J.L., Blas, I.d., Ruiz-Zarzuela, I., Cunningham, D., Vendrell, D., Múzquiz, J.L., 2006. The 

role of probiotics in aquaculture. Vet. Microbiol. 114, 173-186. 

Barrows, F.T., 2000. Feed additives, In: Stickney RP (ed.) Encyclopedia of Aquaculture, pp. 335–340. 

John Wiley and Sons, Hoboken, NJ. 

Barton, B.A., 2002. Stress in Fishes: A Diversity of Responses with Particular Reference to Changes 

in Circulating Corticosteroids. Integr. Comp. Biol. 42, 517-525. 

Barton, B.A., Iwama, G.K., 1991. Physiological changes in fish from stress in aquaculture with 

emphasis on the response and effects of corticosteroids. Annu. Rev. Fish Dis. 1, 3-26. 

Baruah, K., Pal, A.K., Sahu, N.P., Jain, K.K., Mukherjee, S.C., Debnath, D., 2005. Dietary protein 

level, microbial phytase, citric acid and their interactions on bone mineralization of Labeo 

rohita (Hamilton) juveniles. Aquacult. Res. 36, 803-812. 

Baruah, K., Sahu, N.P., Pal, A.K., Jain, K.K., Debnath, D., Mukherjee, S.C., 2007. Dietary microbial 

phytase and citric acid synergistically enhances nutrient digestibility and growth performance 

of Labeo rohita (Hamilton) juveniles at sub-optimal protein level. Aquacult. Res. 38, 109-120. 

Bavington, C., Page, C., 2005. Stopping bacterial adhesion: a novel approach to treating infections. 

Respiration. 72, 335-344. 

Bendiksen, E.Å., Johnsen, C.A., Olsen, H.J., Jobling, M., 2011. Sustainable aquafeeds: Progress 

towards reduced reliance upon marine ingredients in diets for farmed Atlantic salmon (Salmo 

salar L.). Aquaculture. 314, 132-139. 

Berge, G.M., Grisdale-Helland, B., Helland, S.J., 1999. Soy protein concentrate in diets for Atlantic 

halibut (Hippoglossus hippoglossus). Aquaculture. 178, 139-148. 

Bergh, Ø., Naas, K.E., Harboe, T., 1994. Shift in the intestinal microflora of Atlantic halibut 

(Hippoglossus hippoglossus) larvae during first feeding. Can. J. Fish. Aquat. Sci. 51, 1899-

1903. 

Bergh, Ø., Nilsen, F., Samuelsen, O.B., 2001. Diseases, prophylaxis and treatment of the Atlantic 

halibut Hippoglossus hippoglossus: a review. Dis. Aquat. Org. 48, 57-74. 

Blanch, A.R., Alsina, M., Simón, M., Jofre, J., 1997. Determination of bacteria associated with reared 

turbot (Scophthalmus maximus) larvae. J. Appl. Microbiol. 82, 729-734. 



References 

 

 

- 105 - 
 

Blancheton, J.P., 2000. Developments in recirculation systems for Mediterranean fish species. 

Aquacult. Eng. 22, 17-31. 

Blanquet, I., Oliva-Teles, A., 2010. Effect of feed restriction on the growth performance of turbot 

(Scophthalmus maximus L.) juveniles under commercial rearing conditions. Aquacult. Res. 

41, 1255-1260. 

Boerlin, P., Reid-Smith, R.J., 2008. Antimicrobial resistance: its emergence and transmission. Animal 

Health Research Reviews. 9, 115-126. 

Boeuf, G., Boujard, D., Ruyet, J.P.L., 1999. Control of the somatic growth in turbot. J. Fish Biol. 55, 

128-147. 

Bohn, J.A., BeMiller, J.N., 1995. (1→3)-β-d-Glucans as biological response modifiers: a review of 

structure-functional activity relationships. Carbohydrate Polymers. 28, 3-14. 

Bonaldo, A., Roem, A.J., Pecchini, A., Grilli, E., Gatta, P.P., 2006. Influence of dietary soybean meal 

levels on growth, feed utilization and gut histology of Egyptian sole (Solea aegyptiaca) 

juveniles. Aquaculture. 261, 580-586. 

Bonaldo, A., Thompson, K.D., Manfrin, A., Adams, A., Murano, E., Mordenti, A.L., Gatta, P.P., 

2007. The influence of dietary β-glucans on the adaptive and innate immune responses of 

European sea bass (Dicentrarchus labrax) vaccinated against vibriosis. Italian Journal of 

Animal Science. 6, 151-164. 

Bonaldo, A., Parma, L., Mandrioli, L., Sirri, R., Fontanillas, R., Badiani, A., Gatta, P.P., 2011. 

Increasing dietary plant proteins affects growth performance and ammonia excretion but not 

digestibility and gut histology in turbot (Psetta maxima) juveniles. Aquaculture. 318, 101-108. 

Bonaldo, A., Di Marco, P., Petochi, T., Marino, G., Parma, L., Fontanillas, R., Koppe, W., Mongile, 

F., Finoia, M.G., Gatta, P.P., 2014. Feeding turbot juveniles Psetta maxima L. with increasing 

dietary plant protein levels affects growth performance and fish welfare. Aquacult. Nutr. 21, 

401-413. 

Bone, Q., Moore, R., 2008. Biology of fishes. Taylor & Francis. 

Borda, E., Martinez-Puig, D., Cordoba, X., 2003. Well-balanced nucleotide supply makes sense. Feed 

Mix. 11, 24-26. 

Bransden, M.P., Carter, C.G., Nowak, B.F., 2001. Effects of dietary protein source on growth, immune 

function, blood chemistry and disease resistance of Atlantic salmon (Salmo salar L.) parr. 

Animal Science. 73, 105-113. 

Bricknell, I., Dalmo, R.A., 2005. The use of immunostimulants in fish larval aquaculture. Fish 

Shellfish Immunol. 19, 457-472. 

Bridle, A.R., Carter, C.G., Morrison, R.N., Nowak, B.F., 2005. The effect of β-glucan administration 

on macrophage respiratory burst activity and Atlantic salmon, Salmo salar L., challenged with 

amoebic gill disease – evidence of inherent resistance. J. Fish Dis. 28, 347-356. 

Brogden, G., Propsting, M., Adamek, M., Naim, H.Y., Steinhagen, D., 2014. Isolation and analysis of 

membrane lipids and lipid rafts in common carp (Cyprinus carpio L.). Comparative 

Biochemistry and Physiology Part B: Biochemistry and Molecular Biology. 169, 9-15. 

Brown, G.D., Taylor, P.R., Reid, D.M., Willment, J.A., Williams, D.L., Martinez-Pomares, L., Wong, 

S.Y.C., Gordon, S., 2002. Dectin-1 Is A Major β-Glucan Receptor On Macrophages. The 

Journal of Experimental Medicine. 196, 407-412. 

Buchholz, C., Krause, G., Buck, B.H., 2012. Seaweed and Man. in: Wiencke, C., Bischof, K. (Eds.). 

Springer, Heidelberg, Berlin, pp. 471-493. 

Burrells, C., Williams, P.D., Forno, P.F., 2001a. Dietary nucleotides: a novel supplement in fish feeds: 

1. Effects on resistance to disease in salmonids. Aquaculture. 199, 159-169. 

Burrells, C., Williams, P.D., Southgate, P.J., Crampton, V.O., 1999. Immunological, physiological and 

pathological responses of rainbow trout (Oncorhynchus mykiss) to increasing dietary 

concentrations of soybean proteins. Vet. Immunol. Immunopathol. 72, 277-288. 



References 

 

 

- 106 - 
 

Burrells, C., Williams, P.D., Southgate, P.J., Wadsworth, S.L., 2001b. Dietary nucleotides: a novel 

supplement in fish feeds: 2. Effects on vaccination, salt water transfer, growth rates and 

physiology of Atlantic salmon (Salmo salar L.). Aquaculture. 199, 171-184. 

Caipang, C., Lazado, C., Berg, I., Brinchmann, M., Kiron, V., 2011. Influence of alginic acid and 

fucoidan on the immune responses of head kidney leukocytes in cod. Fish Physiol. Biochem. 

37, 603-612. 

Carnevali, O., Sun, Y.-Z., Merrifield, D.L., Zhou, Z., Picchietti, S., 2014. Probiotic Applications in 

Temperate and Warm Water Fish Species, Aquaculture Nutrition. John Wiley & Sons, Ltd, 

pp. 253-289. 

Carver, J., 1999. Dietary nucleotides: effects on the immune and gastrointestinal systems. Acta 

Paediatrica. 88, 83-88. 

Carver, J.D., Walker, W.A., 1995. The role of nucleotides in human nutrition. The Journal of 

Nutritional Biochemistry. 6, 58-72. 

Cashion, T., Le Manach, F., Zeller, D., Pauly, D., 2017. Most fish destined for fishmeal production are 

food-grade fish. Fish Fish. 18, 837-844. 

Castro, N., Toranzo, A.E., Núñez, S., Magariños, B., 2008. Development of an effective Edwardsiella 

tarda vaccine for cultured turbot (Scophthalmus maximus). Fish Shellfish Immunol. 25, 208-

212. 

Castro, R., Zarra, I., Lamas, J., 2004. Water-soluble seaweed extracts modulate the respiratory burst 

activity of turbot phagocytes. Aquaculture. 229, 67-78. 

Castro, R., Couso, N., Obach, A., Lamas, J., 1999. Effect of different β-glucans on the respiratory 

burst of turbot (Psetta maxima) and gilthead seabream (Sparus aurata) phagocytes. Fish 

Shellfish Immunol. 9, 529-541. 

Cerdá-Reverter, J.M., Zanuy, S., Carrillo, M., Madrid, J.A., 1998. Time-course studies on plasma 

glucose, insulin, and cortisol in sea bass (Dicentrarchus labrax) held under different 

photoperiodic regimes. Physiol. Behav. 64, 245-250. 

Chan, G.C.-F., Chan, W.K., Sze, D.M.-Y., 2009. The effects of β-glucan on human immune and 

cancer cells. Journal of hematology & oncology. 2, 25. 

Chatzifotis, S., Polemitou, I., Divanach, P., Antonopoulou, E., 2008. Effect of dietary taurine 

supplementation on growth performance and bile salt activated lipase activity of common 

dentex, Dentex dentex, fed a fish meal/soy protein concentrate-based diet. Aquaculture. 275, 

201-208. 

Cheng, Z., Buentello, A., Gatlin Iii, D.M., 2011. Dietary nucleotides influence immune responses and 

intestinal morphology of red drum Sciaenops ocellatus. Fish Shellfish Immunol. 30, 143-147. 

Cheng, Z.J., Hardy, R.W., 2004. Protein and lipid sources affect cholesterol concentrations of juvenile 

Pacific white shrimp, Litopenaeus vannamei (Boone)1. J. Anim. Sci. 82, 1136-1145. 

Cho, S.H., Lee, S.M., Lee, S.M., Lee, J.H., 2005. Effect of dietary protein and lipid levels on growth 

and body composition of juvenile turbot (Scophthalmus maximus L) reared under optimum 

salinity and temperature conditions. Aquacult. Nutr. 11, 235-240. 

Choudhury, D., Pal, A.K., Sahu, N.P., Kumar, S., Das, S.S., Mukherjee, S.C., 2005. Dietary yeast 

RNA supplementation reduces mortality by Aeromonas hydrophila in rohu (Labeo rohita L.) 

juveniles. Fish Shellfish Immunol. 19, 281-291. 

Cook, M.T., Hayball, P.J., Hutchinson, W., Nowak, B., Hayball, J.D., 2001. The efficacy of a 

commercial β-glucan preparation, EcoActiva™, on stimulating respiratory burst activity of 

head-kidney macrophages from pink snapper (Pagrus auratus), Sparidae. Fish Shellfish 

Immunol. 11, 661-672. 

Costas, B., Aragão, C., Mancera, J.M., Dinis, M.T., Conceição, L.E.C., 2008. High stocking density 

induces crowding stress and affects amino acid metabolism in Senegalese sole Solea 

senegalensis (Kaup 1858) juveniles. Aquacult. Res. 39, 1-9. 



References 

 

 

- 107 - 
 

Costas, B., Rêgo, P.C.N.P., Conceição, L.E.C., Dias, J., Afonso, A., 2013. Dietary arginine 

supplementation decreases plasma cortisol levels and modulates immune mechanisms in 

chronically stressed turbot (Scophthalmus maximus). Aquacult. Nutr. 19, 25-38. 

Costas, B., Conceição, L.E.C., Aragão, C., Martos, J.A., Ruiz-Jarabo, I., Mancera, J.M., Afonso, A., 

2011. Physiological responses of Senegalese sole (Solea senegalensis Kaup, 1858) after stress 

challenge: Effects on non-specific immune parameters, plasma free amino acids and energy 

metabolism. Aquaculture. 316, 68-76. 

Cutting, S.M., 2011. Bacillus probiotics. Food Microbiol. 28, 214-220. 

Dalmo, R.A., Bøgwald, J., 2008. ß-glucans as conductors of immune symphonies. Fish and Shellfish 

Immunology. 25, 384-396. 

Dalsgaard, J., Lund, I., Thorarinsdottir, R., Drengstig, A., Arvonen, K., Pedersen, P.B., 2013. Farming 

different species in RAS in Nordic countries: Current status and future perspectives. Aquacult. 

Eng. 53, 2-13. 

Daniels, H.V., Watanabe, W.O., 2010. Practical Flatfish Culture and Stock Enhancement. John Wiley 

& Sons, Iowa. 

Davis, D.A., Miller, C.L., Phelps, R.P., 2005. Replacement of Fish Meal with Soybean Meal in the 

Production Diets of Juvenile Red Snapper, Lutjanus campechanus. J. World Aquacult. Soc. 

36, 114-119. 

Davis, K.B., 2004. Temperature affects physiological stress responses to acute confinement in 

sunshine bass (Morone chrysops×Morone saxatilis). Comparative Biochemistry and 

Physiology Part A: Molecular & Integrative Physiology. 139, 433-440. 

Dawood, M.A., Koshio, S., Esteban, M.Á., 2018. Beneficial roles of feed additives as 

immunostimulants in aquaculture: a review. Reviews in Aquaculture. 10, 950-974. 

Day, O.J., Plascencia González, H.G., 2000. Soybean protein concentrate as a protein source for turbot 

Scophthalmus maximus L. Aquacult. Nutr. 6, 221-228. 

Dennehy, K.M., Brown, G.D., 2007. The role of the β‐glucan receptor Dectin‐1 in control of fungal 

infection. J. Leukocyte Biol. 82, 253-258. 

Dietz, C., Kroeckel, S., Schulz, C., Susenbeth, A., 2012. Energy requirement for maintenance and 

efficiency of energy utilization for growth in juvenile turbot (Psetta maxima, L.): The effect of 

strain and replacement of dietary fish meal by wheat gluten. Aquaculture. 358–359, 98-107. 

Dimitroglou, A., Merrifield, D.L., Spring, P., Sweetman, J., Moate, R., Davies, S.J., 2010. Effects of 

mannan oligosaccharide (MOS) supplementation on growth performance, feed utilisation, 

intestinal histology and gut microbiota of gilthead sea bream (Sparus aurata). Aquaculture. 

300, 182-188. 

Dimitroglou, A., Merrifield, D.L., Carnevali, O., Picchietti, S., Avella, M., Daniels, C., Güroy, D., 

Davies, S.J., 2011. Microbial manipulations to improve fish health and production–a 

Mediterranean perspective. Fish Shellfish Immunol. 30, 1-16. 

Ding, L., Zhang, L., Wang, J., Ma, J., Meng, X., Duan, P., Sun, L., Sun, Y., 2010. Effect of dietary 

lipid level on the growth performance, feed utilization, body composition and blood chemistry 

of juvenile starry flounder (Platichthys stellatus). Aquacult. Res. 41, 1470-1478. 

Done, H.Y., Venkatesan, A.K., Halden, R.U., 2015. Does the recent growth of aquaculture create 

antibiotic resistance threats different from those associated with land animal production in 

agriculture? The AAPS journal. 17, 513-524. 

Efthimiou, S., 1996. Dietary intake of β-1,3/1,6 glucans in juvenile dentex (Dentex dentex), Sparidae: 

effects on growth performance, mortalities and non-specific defense mechanisms. J. Appl. 

Ichthyol. 12, 1-7. 

Eissa, N., Wang, H.-P., Yao, H., Abou-ElGheit, E., 2018. Mixed Bacillus species enhance the innate 

immune response and stress tolerance in yellow perch subjected to hypoxia and air-exposure 

stress. Scientific reports. 8, 1-10. 

 



References 

 

 

- 108 - 
 

El-Boshy, M.E., El-Ashram, A.M., AbdelHamid, F.M., Gadalla, H.A., 2010. Immunomodulatory 

effect of dietary Saccharomyces cerevisiae, β-glucan and laminaran in mercuric chloride 

treated Nile tilapia (Oreochromis niloticus) and experimentally infected with Aeromonas 

hydrophila. Fish and Shellfish Immunology. 28, 802-808. 

Engstad, R.E., Robertsen, B.r., 1993. Recognition of yeast cell wall glucan by Atlantic salmon (Salmo 

salar L.) macrophages. Dev. Comp. Immunol. 17, 319-330. 

Engstad, R.E., Robertsen, B., 1994. Specificity of a β-glucan receptor on macrophages from Atlantic 

salmon (Salmo salar L.). Dev. Comp. Immunol. 18, 397-408. 

Evans, F.D., Critchley, A.T., 2014. Seaweeds for animal production use. J. Appl. Phycol. 26, 891-899. 

FAO, 2014. Psetta maxima (Linnaeus, 1758). Statistical information. Global Aquaculture Production 

1950-2012. Fisheries and Aquaculture Department, Rome, Italy. 

http://www.fao.org/fishery/statistics/global-aquaculture-production/query/en 

FAO, 2017a. FISHSTAT. Starry flounder (Platichthys stellatus) production. 

FAO, 2017b. FISHSTAT. Turbot (Scophthalmus maximus) production. 

FAO, 2019. FAO yearbook. Fishery and Aquaculture Statistics 2017. Rome. 

Farzanfar, A., 2006. The use of probiotics in shrimp aquaculture. FEMS Immunology & Medical 

Microbiology. 48, 149-158. 

Fazio, F., 2019. Fish hematology analysis as an important tool of aquaculture: A review. Aquaculture. 

500, 237-242. 

Fernandez, F., Hinton, M., Gils, B.V., 2002. Dietary mannan-oligosaccharides and their effect on 

chicken caecal microflora in relation to Salmonella Enteritidis colonization. Avian Pathol. 31, 

49-58. 

Ferrari, S., Millot, S., Leguay, D., Chatain, B., Bégout, M.-L., 2015. Consistency in European seabass 

coping styles: A life-history approach. Appl. Anim. Behav. Sci. 167, 74-88. 

Ferreira, I.M.P.L.V.O., Pinho, O., Vieira, E., Tavarela, J.G., 2010. Brewer's Saccharomyces yeast 

biomass: characteristics and potential applications. Trends Food Sci. Technol. 21, 77-84. 

Figueras, A., Santarém, M.M., Novoa, B., 1998a. Influence of the sequence of administration of β-

glucans and a Vibrio damsela vaccine on the immune response of turbot (Scophthalmus 

maximus L.). Vet. Immunol. Immunopathol. 64, 59-68. 

Figueras, A., Santarém, M., Novoa, B., 1998b. Influence of the sequence of administration of β-

glucans and a Vibrio damsela vaccine on the immune response of turbot (Scophthalmus 

maximus L.). Vet. Immunol. Immunopathol. 64, 59-68. 

Fleurence, J., 1999. Seaweed proteins: biochemical, nutritional aspects and potential uses. Trends 

Food Sci. Technol. 10, 25-28. 

Focardi, S., Corsi, I., Franchi, E., 2005. Safety issues and sustainable development of European 

aquaculture: new tools for environmentally sound aquaculture. Aquacult. Int. 13, 3-17. 

Foss, A., Imsland, A.K., Roth, B., Schram, E., Stefansson, S.O., 2009. Effects of chronic and periodic 

exposure to ammonia on growth and blood physiology in juvenile turbot (Scophthalmus 

maximus). Aquaculture. 296, 45-50. 

Fournier, V., Huelvan, C., Desbruyeres, E., 2004. Incorporation of a mixture of plant feedstuffs as 

substitute for fish meal in diets of juvenile turbot (Psetta maxima). Aquaculture. 236, 451-465. 

Fouz, B., Larsen, J.L., Nielsen, B., Barja, J.L., Toranzo, A.E., 1992. Characterization of Vibrio 

damsela strains isolated from turbot (Scophthalmus maximus) in Spain. Dis. Aquat. Org. 12, 

155-166. 

Francis, G., Makkar, H.P.S., Becker, K., 2001. Antinutritional factors present in plant-derived 

alternate fish feed ingredients and their effects in fish. Aquaculture. 199, 197-227. 

Freitas, L.E.L., Nunes, A.J.P., do Carmo Sá, M.V., 2011. Growth and feeding responses of the mutton 

snapper, Lutjanus analis (Cuvier 1828), fed on diets with soy protein concentrate in 

replacement of Anchovy fish meal. Aquacult. Res. 42, 866-877. 

 

http://www.fao.org/fishery/statistics/global-aquaculture-production/query/en


References 

 

 

- 109 - 
 

Fuchs, V.I., Schmidt, J., Slater, M.J., Buck, B.H., Steinhagen, D., 2017. Influence of immunostimulant 

polysaccharides, nucleic acids, and Bacillus strains on the innate immune and acute stress 

response in turbots (Scophthalmus maximus) fed soy bean- and wheat-based diets. Fish 

Physiol. Biochem. 43, 1501-1515. 

Fuchs, V.I., Schmidt, J., Slater, M.J., Zentek, J., Buck, B.H., Steinhagen, D., 2015. The effect of 

supplementation with polysaccharides, nucleotides, acidifiers and Bacillus strains in fish meal 

and soy bean based diets on growth performance in juvenile turbot (Scophthalmus maximus). 

Aquaculture. 437, 243-251. 

Fujiki, K., Yano, T., 1997. Effects of sodium alginate on the non-specific defence system of the 

common carp (Cyprinus carpioL.). Fish Shellfish Immunol. 7, 417-427. 

Fujiki, K., Matsuyama, H., Yano, T., 1994. Protective effect of sodium alginates against bacterial 

infection in common carp, Cyprinus carpio L. J. Fish Dis. 17, 349-355. 

Gabrielsen, B.O., Austreng, E., 1998. Growth, product quality and immune status of Atlantic salmon, 

Salmo salar L., fed wet feed with alginate. Aquacult. Res. 29, 397-401. 

Ganga, R., Montero, D., Bell, J.G., Atalah, E., Ganuza, E., Vega-Orellana, O., Tort, L., Acerete, L., 

Afonso, J.M., Benitez-Sanatana, T., Fernández Vaquero, A., Izquierdo, M., 2011. Stress 

response in sea bream (Sparus aurata) held under crowded conditions and fed diets containing 

linseed and/or soybean oil. Aquaculture. 311, 215-223. 

Gatesoupe, F.J., 1999. The use of probiotics in aquaculture. Aquaculture. 180, 147-165. 

Gatesoupe, F.J., 2007. Live yeasts in the gut: Natural occurrence, dietary introduction, and their 

effects on fish health and development. Aquaculture. 267, 20-30. 

Gatlin, D.M., 2003. 12 - Nutrition and Fish Health. in: Halver, J.E., Hardy, R.W. (Eds.), Fish Nutrition 

(Third Edition). Academic Press, San Diego, pp. 671-702. 

Gatlin III, D.M., Barrows, F.T., Brown, P., Dabrowski, K., Gaylord, T.G., Hardy, R.W., Herman, E., 

Hu, G., Krogdahl, Å., Nelson, R., Overturf, K., Rust, M., Sealey, W., Skonberg, D., J Souza, 

E., Stone, D., Wilson, R., Wurtele, E., 2007. Expanding the utilization of sustainable plant 

products in aquafeeds: a review. Aquacult. Res. 38, 551-579. 

Gaumet, F., Boeuf, G., Severe, A., Le Roux, A., Mayer‐Gostan, N., 1995. Effects of salinity on the 

ionic balance and growth of juvenile turbot. J. Fish Biol. 47, 865-876. 

Gildberg, A., Mikkelsen, H., 1998. Effects of supplementing the feed to Atlantic cod (Gadus morhua) 

fry with lactic acid bacteria and immuno-stimulating peptides during a challenge trial with 

Vibrio anguillarum. Aquaculture. 167, 103-113. 

Gioacchini, G., Smith, P., Carnevali, O., 2008. Effects of Ergosan on the expression of cytokine genes 

in the liver of juvenile rainbow trout (Oncorhynchus mykiss) exposed to enteric red mouth 

vaccine. Vet. Immunol. Immunopathol. 123, 215-222. 

Gomez-Gil, B., Roque, A., Turnbull, J.F., 2000. The use and selection of probiotic bacteria for use in 

the culture of larval aquatic organisms. Aquaculture. 191, 259-270. 

Gonçalves, J.F.M., Turini, B.G.d.S., Ozório, R.O.d.A., 2010. Performance of juvenile turbot 

(Scophthalmus maximus) fed varying dietary L-carnitine levels at different stocking densities. 

Scientia Agricola. 67, 151-157. 

Gregory, T.R., Wood, C.M., 1999. The Effects of Chronic Plasma Cortisol Elevation on the Feeding 

Behaviour, Growth, Competitive Ability, and Swimming Performance of Juvenile Rainbow 

Trout. Physiol. Biochem. Zool. 72, 286-295. 

Grisdale-Helland, B., Helland, S.J., Gatlin Iii, D.M., 2008. The effects of dietary supplementation with 

mannanoligosaccharide, fructooligosaccharide or galactooligosaccharide on the growth and 

feed utilization of Atlantic salmon (Salmo salar). Aquaculture. 283, 163-167. 

Guan, C., Ding, Y., Ma, A., Wang, Y., Li, J., Ni, Q., Liu, X., Wang, Q., Mai, K., Lin, H., Huang, B., 

Yang, Z., 2018. Flatfish Farming, In: Aquaculture in China (eds J. Gui, Q. Tang, Z. Li, J. Liu 

and S.S. De Silva), pp. 309-328. 

Gudding, R., Lillehaug, A., Evensen, Ø., 1999. Recent developments in fish vaccinology. Vet. 

Immunol. Immunopathol. 72, 203-212. 



References 

 

 

- 110 - 
 

Guerreiro, I., Pérez-Jiménez, A., Costas, B., Oliva-Teles, A., 2014. Effect of temperature and short 

chain fructooligosaccharides supplementation on the hepatic oxidative status and immune 

response of turbot (Scophthalmus maximus). Fish Shellfish Immunol. 40, 570-576. 

Gültepe, N., SALNUR, S., HOŞSU, B., HISAR, O., 2011. Dietary supplementation with 

Mannanoligosaccharides (MOS) from Bio-Mos enhances growth parameters and digestive 

capacity of gilthead sea bream (Sparus aurata). Aquacult. Nutr. 17, 482-487. 

Gupta, S., Abu-Ghannam, N., 2011. Bioactive potential and possible health effects of edible brown 

seaweeds. Trends Food Sci. Technol. 22, 315-326. 

Halas, V., Nochta, I., 2012. Mannan oligosaccharides in nursery pig nutrition and their potential mode 

of action. Animals. 2, 261-274. 

Hansen, A.-C., Rosenlund, G., Karlsen, Ø., Koppe, W., Hemre, G.-I., 2007. Total replacement of fish 

meal with plant proteins in diets for Atlantic cod (Gadus morhua L.) I — Effects on growth 

and protein retention. Aquaculture. 272, 599-611. 

Hansen, A.C., Rosenlund, G., Karlsen, Ø., Olsen, R.E., Hemre, G.I., 2013. Marine ash-products 

influence growth and feed utilization when Atlantic cod Gadus morhua L. are fed plant-based 

diets. J. Appl. Ichthyol. 29, 532-540. 

Hansen, G., Olafsen, J., 1999. Bacterial interactions in early life stages of marine cold water fish. 

Microb. Ecol. 38, 1-26. 

Hardy, R.W., 2010. Utilization of plant proteins in fish diets: effects of global demand and supplies of 

fishmeal. Aquacult. Res. 41, 770-776. 

He, S., Zhou, Z., Liu, Y., Shi, P., Yao, B., Ringø, E., Yoon, I., 2009. Effects of dietary Saccharomyces 

cerevisiae fermentation product (DVAQUA®) on growth performance, intestinal 

autochthonous bacterial community and non-specific immunity of hybrid tilapia (Oreochromis 

niloticus ♀×O. aureus ♂) cultured in cages. Aquaculture. 294, 99-107. 

He, S., Liu, W., Zhou, Z., Mao, W., Ren, P., Marubashi, T., Ringø, E., 2011. Evaluation of probiotic 

strain bacillus subtilis C-3102 as a feed supplement for koi carp (Cyprinus carpio). Journal of 

Aquaculture Research and Development. 

Heidarieh, M., Soltani, M., Tamimi, A.H., Toluei, M.H., 2011. Comparative effect of raw fiber 

(Vitacel) and alginic acid (Ergosan) on growth performance, immunocompetent cell 

population and plasma lysozyme content of giant sturgeon (Huso Huso). Turkish J. Fish. 

Aquat. Sci. 11, 445-450. 

Heidarieh, M., Mirvaghefi, A., Akbari, M., Farahmand, H., Sheikhzadeh, N., Shahbazfar, A., Behgar, 

M., 2012. Effect of dietary Ergosan on growth performance, digestive enzymes, intestinal 

histology, hematological parameters and body composition of rainbow trout (Oncorhynchus 

mykiss). Fish Physiol. Biochem. 38, 1169-1174. 

Hellberg, H., Koppang, E., Tørud, B., Bjerkås, I., 2002. Subclinical herpesvirus infection in farmed 

turbot Scophthalmus maximus. Dis. Aquat. Org. 49, 27-31. 

Holdt, S.L., Kraan, S., 2011. Bioactive compounds in seaweed: Functional food applications and 

legislation. J. Appl. Phycol. 23, 543-597. 

Horne, M.T., 1997. Technical aspects of the administration of vaccines. Developments in biological 

standardization. 90, 79-89. 

Hoseinifar, S.H., Van Doan, H., Dadar, M., Ringø, E., Harikrishnan, R., 2019. Feed additives, gut 

microbiota, and health in finfish aquaculture, Microbial Communities in Aquaculture 

Ecosystems. Springer, pp. 121-142. 

Hossain, M.A., Pandey, A., Satoh, S., 2007. Effects of organic acids on growth and phosphorus 

utilization in red sea bream Pagrus major. Fish. Sci. 73, 1309-1317. 

Hotel, A.C.P., Cordoba, A., 2001. Health and nutritional properties of probiotics in food including 

powder milk with live lactic acid bacteria. Prevention. 5, 1-10. 

Huntingford, F.A., Adams, C., Braithwaite, V.A., Kadri, S., Pottinger, T.G., Sandøe, P., Turnbull, J.F., 

2006. Current issues in fish welfare. J. Fish Biol. 68, 332-372. 



References 

 

 

- 111 - 
 

Hutchinson, T.H., Manning, M.J., 1996. Seasonal trends in serum lysozyme activity and total protein 

concentration in dab (Limanda limanda L.) sampled from Lyme Bay, UK. Fish and Shellfish 

Immunology. 6, 473–482. 

Imsland, A.K., Foss, A., Gunnarsson, S., Berntssen, M.H.G., FitzGerald, R., Bonga, S.W., Ham, E.v., 

Nævdal, G., Stefansson, S.O., 2001. The interaction of temperature and salinity on growth and 

food conversion in juvenile turbot (Scophthalmus maximus). Aquaculture. 198, 353-367. 

Irianto, A., Austin, B., 2002. Probiotics in aquaculture. J. Fish Dis. 25, 633-642. 

Iribarren, D., Dagá, P., Moreira, M., Feijoo, G., 2012. Potential environmental effects of probiotics 

used in aquaculture. Aquacult. Int. 20, 779-789. 

Irwin, S., O'Halloran, J., FitzGerald, R.D., 1999. Stocking density, growth and growth variation in 

juvenile turbot, Scophthalmus maximus (Rafinesque). Aquaculture. 178, 77-88. 

Jalali, M.A., Ahmadifar, E., Sudagar, M., Takami, G.A., 2009. Growth efficiency, body composition, 

survival and haematological changes in great sturgeon (Huso huso Linnaeus, 1758) juveniles 

fed diets supplemented with different levels of Ergosan. Aquacult. Res. 40, 804-809. 

Janssen, K., Chavanne, H., Berentsen, P., Komen, H., 2017. Impact of selective breeding on European 

aquaculture. Aquaculture. 472, 8-16. 

Jeney, G., Anderson, D.P., 1993. Glucan injection or bath exposure given alone or in combination 

with a bacterin enhance the non-specific defence mechanisms in rainbow trout (Oncorhynchus 

mykiss). Aquaculture. 116, 315-329. 

Jeney, G., Galeotti, M., Volpatti, D., Jeney, Z., Anderson, D.P., 1997. Prevention of stress in rainbow 

trout (Oncorhynchus mykiss) fed diets containing different doses of glucan. Aquaculture. 154, 

1-15. 

Jiang, Y.B., Yin, Q.Q., Yang, Y.R., 2009. Effect of soybean peptides on growth performance, 

intestinal structure and mucosal immunity of broilers. J. Anim. Physiol. Anim. Nutr. 93, 754-

760. 

Johansen, R., Sommerset, I., Tørud, B., Korsnes, K., Hjortaas, M., Nilsen, F., Nerland, A., Dannevig, 

B., 2004. Characterization of nodavirus and viral encephalopathy and retinopathy in farmed 

turbot, Scophthalmus maximus (L.). J. Fish Dis. 27, 591-601. 

Jung-Schroers, V., Adamek, M., Jung, A., Harris, S., Dóza, Ö.S., Baumer, A., Steinhagen, D., 2015. 

Feeding of β-1,3/1,6-glucan increases the diversity of the intestinal microflora of carp 

(Cyprinus carpio). Aquacult. Nutr. 

Kasper, C.S., Watkins, B.A., Brown, P.B., 2007. Evaluation of two soybean meals fed to yellow perch 

(Perca flavescens). Aquacult. Nutr. 13, 431-438. 

Kaushik, S.J., 1998. Whole body amino acid composition of European seabass (Dicentrarchus 

labrax), gilthead seabream (Sparus aurata) and turbot (Psetta maxima) with an estimation of 

their IAA requirement profiles. Aquat. Living Resour. 11, 355-358. 

Kaushik, S.J., Cravedi, J.P., Lalles, J.P., Sumpter, J., Fauconneau, B., Laroche, M., 1995. Partial or 

total replacement of fish meal by soybean protein on growth, protein utilization, potential 

estrogenic or antigenic effects, cholesterolemia and flesh quality in rainbow trout, 

Oncorhynchus mykiss. Aquaculture. 133, 257-274. 

Kesarcodi-Watson, A., Kaspar, H., Lategan, M.J., Gibson, L., 2008. Probiotics in aquaculture: The 

need, principles and mechanisms of action and screening processes. Aquaculture. 274, 1-14. 

Khan, S.H., Iqbal, J., 2016. Recent advances in the role of organic acids in poultry nutrition. Journal of 

Applied Animal Research. 44, 359-369. 

Khosravi, S., Rahimnejad, S., Herault, M., Fournier, V., Lee, C.R., Dio Bui, H.T., Jeong, J.B., Lee, 

K.J., 2015. Effects of protein hydrolysates supplementation in low fish meal diets on growth 

performance, innate immunity and disease resistance of red sea bream Pagrus major. Fish 

Shellfish Immunol. 45, 858-868. 

Kim, H.S., Choi, J., Lim, H.J., Jeong, M.H., Lee, C.S., Byun, S.-G., 2019. 사료  공급횟수가  어린  

강도다리(Platichthys stellatus)의  성장에  미치는  영향 . 52. 



References 

 

 

- 112 - 
 

Kim, W.-S., Oh, M.-J., Jung, S.-J., Kim, Y.-J., Kitamura, S.-I., 2005. Characterization of an iridovirus 

detected from cultured turbot Scophthalmus maximus in Korea. Dis. Aquat. Org. 64, 175-180. 

Kiron, V., 2012. Fish immune system and its nutritional modulation for preventive health care. Anim. 

Feed Sci. Technol. 173, 111-133. 

Kissil, G.W., Lupatsch, I., Higgs, D.A., Hardy, R.W., 2000. Dietary substitution of soy and rapeseed 

protein concentrates for fish meal, and their effects on growth and nutrient utilization in 

gilthead seabream Sparus aurata L. Aquacult. Res. 31, 595-601. 

Klatt, S.F., von Danwitz, A., Hasler, M., Susenbeth, A., 2016. Determination of the lower and upper 

critical concentration of Methionine+Cystine in diets of juvenile turbot (Psetta maxima). 

Aquaculture. 452, 12-23. 

Kokou, F., Rigos, G., Henry, M., Kentouri, M., Alexis, M., 2012. Growth performance, feed 

utilization and non-specific immune response of gilthead sea bream (Sparus aurata L.) fed 

graded levels of a bioprocessed soybean meal. Aquaculture. 364–365, 74-81. 

Kroeckel, S., Dietz, C., Schulz, C., Susenbeth, A., 2013. Effect of diet composition and lysine supply 

on growth and body composition in juvenile turbot (Psetta maxima). Archives of Animal 

Nutrition. 67, 330-345. 

Krogdahl, Å., Bakke-Mckellep, A.M., RØed, K.H., Baeverfjord, G., 2000. Feeding Atlantic salmon 

Salmo salar L. soybean products: Effects on disease resistance (furunculosis), and lysozyme 

and IgM levels in the intestinal mucosa. Aquacult. Nutr. 6, 77-84. 

Krogdahl, Å., Penn, M., Thorsen, J., Refstie, S., Bakke, A.M., 2010. Important antinutrients in plant 

feedstuffs for aquaculture: an update on recent findings regarding responses in salmonids. 

Aquacult. Res. 41, 333-344. 

Kühlwein, H., Merrifield, D.L., Rawling, M.D., Foey, A.D., Davies, S.J., 2014. Effects of dietary β-

(1,3)(1,6)-D-glucan supplementation on growth performance, intestinal morphology and 

haemato-immunological profile of mirror carp (Cyprinus carpio L.). J. Anim. Physiol. Anim. 

Nutr. 98, 279-289. 

Kühlwein, H., Emery, M.J., Rawling, M.D., Harper, G.M., Merrifield, D.L., Davies, S.J., 2013. 

Effects of a dietary β-(1,3)(1,6)-D-glucan supplementation on intestinal microbial 

communities and intestinal ultrastructure of mirror carp (Cyprinus carpio L.). J. Appl. 

Microbiol. 115, 1091-1106. 

Kumar, R., Mukherjee, S.C., Prasad, K.P., Pal, A.K., 2006. Evaluation of Bacillus subtilis as a 

probiotic to Indian major carp Labeo rohita (Ham.). Aquacult. Res. 37, 1215-1221. 

Kumari, J., Sahoo, P.K., 2006. Dietary β-1,3 glucan potentiates innate immunity and disease resistance 

of Asian catfish, Clarias batrachus (L.). J. Fish Dis. 29, 95-101. 

Laiz-Carrión, R., Martín Del Río, M.P., Miguez, J.M., Mancera, J.M., Soengas, J.L., 2003. Influence 

of cortisol on osmoregulation and energy metabolism in gilthead seabream Sparus aurata. 

Journal of Experimental Zoology Part A: Comparative Experimental Biology. 298A, 105-118. 

Lall, S.P., 2000. Nutrition and health of fish. Avances en nutrición acuícola. 

Lara-Flores, M., Olvera-Novoa, M.A., Guzmán-Méndez, B.z.E., López-Madrid, W., 2003. Use of the 

bacteria Streptococcus faecium and Lactobacillus acidophilus, and the yeast Saccharomyces 

cerevisiae as growth promoters in Nile tilapia (Oreochromis niloticus). Aquaculture. 216, 193-

201. 

Lauzon, H.L., Dimitroglou, A., Merrifield, D.L., Ringø, E., Davies, S.J., 2014. Probiotics and 

Prebiotics: Concepts, Definitions and History, Aquaculture Nutrition. John Wiley & Sons, 

Ltd, pp. 169-184. 

Lee, J.K., Cho, S.H., Park, S.U., Kim, K.D., Lee, S.M., 2003a. Dietary protein requirement for young 

turbot (Scophthalmus maximus L.). Aquacult. Nutr. 9, 283-286. 

Lee, S.-M., Lee, J.H., 2004. Effect of dietary glucose, dextrin and starch on growth and body 

composition of juvenile starry flounder Platichthys stellatus. Fish. Sci. 70, 53-58. 



References 

 

 

- 113 - 
 

Lee, S.-M., Lee, J.H., Kim, K.-D., 2003b. Effect of dietary essential fatty acids on growth, body 

composition and blood chemistry of juvenile starry flounder (Platichthys stellatus). 

Aquaculture. 225, 269-281. 

Lee, S.-M., Lee, J.H., Kim, K.-D., Cho, S.H., 2006. Optimum Dietary Protein for Growth of Juvenile 

Starry Flounder, Platichthys stellatus. J. World Aquacult. Soc. 37, 200-203. 

Leknes, E., Imsland, A.K., Gústavsson, A., Gunnarsson, S., Thorarensen, H., Árnason, J., 2012. 

Optimum feed formulation for turbot, Scophthalmus maximus (Rafinesque, 1810) in the grow-

out phase. Aquaculture. 344, 114-119. 

Lekva, A., Hansen, A.-C., Rosenlund, G., Karlsen, Ø., Hemre, G.-I., 2010. Energy dilution with α-

cellulose in diets for Atlantic cod (Gadus morhua L.) juveniles — Effects on growth, feed 

intake, liver size and digestibility of nutrients. Aquaculture. 300, 169-175. 

Leonardi, M., Sandino, A.M., Klempau, A., 2003. Effect of a nucleotide-enriched diet on the immune 

system, plasma cortisol levels and resistance to infectious pancreatic necrosis (IPN) in 

juvenile rainbow trout (Oncorhynchus mykiss). Archives of the Bulletin of the European 

Association of Fish Pathologists. 23, 52-59. 

Li, P., Gatlin III, D.M., 2006. Nucleotide nutrition in fish: Current knowledge and future applications. 

Aquaculture. 251, 141-152. 

Li, P., Lewis, D.H., Gatlin Iii, D.M., 2004. Dietary oligonucleotides from yeast RNA influence 

immune responses and resistance of hybrid striped bass (Morone chrysops × Morone saxatilis) 

to Streptococcus iniae infection. Fish Shellfish Immunol. 16, 561-569. 

Li, P., Burr, G.S., Goff, J., Whiteman, K.W., Davis, K.B., Vega, R.R., Neill, W.H., Gatlin Iii, D.M., 

2005. A preliminary study on the effects of dietary supplementation of brewers yeast and 

nucleotides, singularly or in combination, on juvenile red drum (Sciaenops ocellatus). 

Aquacult. Res. 36, 1120-1127. 

Li, P.Y., Wang, J.Y., Song, Z.D., Zhang, L.M., Zhang, H., Li, X.X., Pan, Q., 2015. Evaluation of soy 

protein concentrate as a substitute for fishmeal in diets for juvenile starry flounder 

(Platichthys stellatus). Aquaculture. 448, 578-585. 

Li, Y., Wang, Y.J., Wang, L., Jiang, K.Y., 2008. Influence of several non-nutrient additives on 

nonspecific immunity and growth of juvenile turbot, Scophthalmus maximus L. Aquacult. 

Nutr. 14, 387-395. 

Liao, S.F., Nyachoti, M., 2017. Using probiotics to improve swine gut health and nutrient utilization. 

Animal Nutrition. 3, 331-343. 

Lillehaug, A., 1989. A cost-effectiveness study of three different methods of vaccination against 

vibriosis in salmonids. Aquaculture. 83, 227-236. 

Lim, C., Lückstädt, C., Webster, C.D., Kesius, P., 2015. Organic acids and their salts. Dietary 

nutrients, additives, and fish health. Willey-Blackwell, Hoboken, NJ, USA, 305-320. 

Lim, H.K., Min, B.H., Kwon, M.G., Byun, S.-G., Park, M.S., Jeong, M.H., Kim, Y.S., Chang, Y.J., 

2013. Blood physiological responses and growth of juvenile starry flounder, Platichthys 

stellatus exposed to different salinities. J. Environ. Biol. 34, 885. 

Lin, S., Luo, L., 2011. Effects of different levels of soybean meal inclusion in replacement for fish 

meal on growth, digestive enzymes and transaminase activities in practical diets for juvenile 

tilapia, Oreochromis niloticus×O. aureus. Anim. Feed Sci. Technol. 168, 80-87. 

Lin, Y.H., Wang, H., Shiau, S.Y., 2009. Dietary nucleotide supplementation enhances growth and 

immune responses of grouper, Epinephelus malabaricus. Aquacult. Nutr. 15, 117-122. 

Liu, Z.-h., Wang, B., Yao, Z.-g., Sun, P., Liu, P., Wang, Z., 2008. Morphological development and 

growth of larval and juvenile fish of starry flounder, Platichthys stellatus. Advances in Marine 

Science. 26, 90. 

Low, C., Wadsworth, S., Burrells, C., Secombes, C.J., 2003. Expression of immune genes in turbot 

(Scophthalmus maximus) fed a nucleotide-supplemented diet. Aquaculture. 221, 23-40. 

Lückstädt, C., 2008. The use of acidifiers in fish nutrition. CAB Reviews: Perspectives in Agriculture, 

Veterinary Science, Nutrition and Natural Resources. 3. 



References 

 

 

- 114 - 
 

Ma, J., Wang, J., Zhang, D., Hao, T., Sun, J., Sun, Y., Zhang, L., 2014. Estimation of optimum 

docosahexaenoic to eicosapentaenoic acid ratio (DHA/EPA) for juvenile starry flounder, 

Platichthys stellatus. Aquaculture. 433, 105-114. 

MacArtain, P., Gill, C.I.R., Brooks, M., Campbell, R., Rowland, I.R., 2007. Nutritional value of edible 

seaweeds. Nutr. Rev. 65, 535-543. 

Magnadóttir, B., 2006. Innate immunity of fish (overview). Fish Shellfish Immunol. 20, 137-151. 

Maita, M., Maekawa, J., Satoh, K.-i., Futami, K., Satoh, S., 2006. Disease resistance and 

hypocholesterolemia in yellowtail Seriola quinqueradiata fed a non-fishmeal diet. Fish. Sci. 

72, 513-519. 

Maita, M., Satoh, K.-i., Fukuda, Y., Lee, H.-K., Winton, J.R., Okamoto, N., 1998a. Correlation 

between plasma component levels of cultured fish and resistance to bacterial infection. Fish 

Pathol. 33, 129-133. 

Maita, M., Aoki, H., Yamagata, Y., Satoh, S., Okamoto, N., Watanabe, T., 1998b. Plasma 

Biochemistry and Disease Resistance in Yellowtail Fed a Non-Fish Meal Diet. Fish Pathol. 

33, 59-63. 

Makkar, H.P., Tran, G., Heuzé, V., Giger-Reverdin, S., Lessire, M., Lebas, F., Ankers, P., 2016. 

Seaweeds for livestock diets: a review. Anim. Feed Sci. Technol. 212, 1-17. 

Mambrini, M., Roem, A.J., Carvèdi, J.P., Lallès, J.P., Kaushik, S.J., 1999. Effects of replacing fish 

meal with soy protein concentrate and of DL-methionine supplementation in high-energy, 

extruded diets on the growth and nutrient utilization of rainbow trout, Oncorhynchus mykiss. J. 

Anim. Sci. 77, 2990-2999. 

Martín, R., Miquel, S., Ulmer, J., Kechaou, N., Langella, P., Bermúdez-Humarán, L.G., 2013. Role of 

commensal and probiotic bacteria in human health: a focus on inflammatory bowel disease. 

Microbial Cell Factories. 12, 71. 

Martinez-Porchas, M., Martinez-Cordova, L.R., 2012. World aquaculture: environmental impacts and 

troubleshooting alternatives. The Scientific World Journal. 2012. 

Martins, C.I.M., Eding, E.H., Verdegem, M.C.J., Heinsbroek, L.T.N., Schneider, O., Blancheton, J.P., 

d’Orbcastel, E.R., Verreth, J.A.J., 2010. New developments in recirculating aquaculture 

systems in Europe: A perspective on environmental sustainability. Aquacult. Eng. 43, 83-93. 

McClanahan, T., Allison, E.H., Cinner, J.E., 2015. Managing fisheries for human and food security. 

Fish Fish. 16, 78-103. 

Meena, D.K., Das, P., Kumar, S., Mandal, S.C., Prusty, A.K., Singh, S.K., Akhtar, M.S., Behera, B.K., 

Kumar, K., Pal, A.K., Mukherjee, S.C., 2013. Beta-glucan: an ideal immunostimulant in 

aquaculture (a review). Fish Physiol. Biochem. 39, 431-457. 

Meng, Y., Ma, R., Ma, J., Han, D., Xu, W., Zhang, W., Mai, K., 2016. Dietary nucleotides improve 

the growth performance, antioxidative capacity and intestinal morphology of turbot 

(Scophthalmus maximus). Aquacult. Nutr., n/a-n/a. 

Merino, G., Barange, M., Mullon, C., Rodwell, L., 2010. Impacts of global environmental change and 

aquaculture expansion on marine ecosystems. Global Environ. Change. 20, 586-596. 

Merrifield, D.L., Harper, G.M., Mustafa, S., Carnevali, O., Picchietti, S., Davies, S.J., 2011. Effect of 

dietary alginic acid on juvenile tilapia (Oreochromis niloticus) intestinal microbial balance, 

intestinal histology and growth performance. Cell Tissue Res. 344, 135-146. 

Merrifield, D.L., Dimitroglou, A., Foey, A., Davies, S.J., Baker, R.T.M., Bøgwald, J., Castex, M., 

Ringø, E., 2010. The current status and future focus of probiotic and prebiotic applications for 

salmonids. Aquaculture. 302, 1-18. 

Miest, J.J., Arndt, C., Adamek, M., Steinhagen, D., Reusch, T.B.H., 2016. Dietary β-glucan 

(MacroGard®) enhances survival of first feeding turbot (Scophthalmus maximus) larvae by 

altering immunity, metabolism and microbiota. Fish Shellfish Immunol. 

Min, B.H., Park, M.S., Myeong, J.-l., 2015. Stress responses of starry flounder, Platichthys stellatus 

(Pallas) following water temperature rise. J. Environ. Biol. 36, 1057. 



References 

 

 

- 115 - 
 

Misra, C.K., Das, B.K., Mukherjee, S.C., Pattnaik, P., 2006. Effect of long term administration of 

dietary β-glucan on immunity, growth and survival of Labeo rohita fingerlings. Aquaculture. 

255, 82-94. 

Mommsen, T., Vijayan, M., Moon, T., 1999. Cortisol in teleosts: dynamics, mechanisms of action, and 

metabolic regulation. Rev. Fish Biol. Fish. 9, 211-268. 

Montoya, A., López-Olmeda, J.F., Garayzar, A.B.S., Sánchez-Vázquez, F.J., 2010. Synchronization of 

daily rhythms of locomotor activity and plasma glucose, cortisol and thyroid hormones to 

feeding in Gilthead seabream (Sparus aurata) under a light–dark cycle. Physiol. Behav. 101, 

101-107. 

Morais, S., Aragão, C., Cabrita, E., Conceição, L.E., Constenla, M., Costas, B., Dias, J., Duncan, N., 

Engrola, S., Estevez, A., 2016. New developments and biological insights into the farming of 

Solea senegalensis reinforcing its aquaculture potential. Reviews in Aquaculture. 8, 227-263. 

Moran, C.A., 2004. Functional components of the cell wall of Saccharomyces cerevisiae: applications 

for yeast glucan and mannan. Nutritional biotechnology in the feed and food industries, 283-

296. 

Moriarty, D., 1998. Control of luminous Vibrio species in penaeid aquaculture ponds. Aquaculture. 

164, 351-358. 

Mugnier, C., Fostier, A., Guezou, S., Gaignon, J.-L., Quemener, L., 1998. Effect of some repetitive 

factors on turbot stress response. Aquacult. Int. 6, 33-45. 

Murillo, I., Villamil, L., 2011. Bacillus cereus and Bacillus subtilis used as probiotics in rotifer 

(Brachionus plicatilis) cultures. Journal of Aquaculture Research Development, S1:007. 

Nagel, F., von Danwitz, A., Tusche, K., Kroeckel, S., van Bussel, C.G.J., Schlachter, M., Adem, H., 

Tressel, R.-P., Schulz, C., 2012. Nutritional evaluation of rapeseed protein isolate as fish meal 

substitute for juvenile turbot (Psetta maxima L.) — Impact on growth performance, body 

composition, nutrient digestibility and blood physiology. Aquaculture. 356–357, 357-364. 

Nava, G., Bielke, L., Callaway, T., Castaneda, M., 2005. Probiotic alternatives to reduce 

gastrointestinal infections: the poultry experience. Animal Health Research Reviews. 6, 105-

118. 

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

Lubchenco, J., Mooney, H., Troell, M., 2000. Effect of aquaculture on world fish supplies. 

Nature. 405, 1017-1024. 

Neiffer, D.L., Stamper, M.A., 2009. Fish Sedation, Anesthesia, Analgesia, and Euthanasia: 

Considerations, Methods, and Types of Drugs. ILAR Journal. 50, 343-360. 

Ng, W.-K., Koh, C.-B., Sudesh, K., Siti-Zahrah, A., 2009. Effects of dietary organic acids on growth, 

nutrient digestibility and gut microflora of red hybrid tilapia, Oreochromis sp., and subsequent 

survival during a challenge test with Streptococcus agalactiae. Aquacult. Res. 40, 1490-1500. 

Ng, W.K., Koh, C.B., 2017. The utilization and mode of action of organic acids in the feeds of 

cultured aquatic animals. Reviews in Aquaculture. 9, 342-368. 

Nielsen, O.L., Jensenius, J.C., Jørgensen, P.H., Laursen, S.B., 1999. Serum levels of chicken mannan-

binding lectin (MBL) during virus infections; indication that chicken MBL is an acute phase 

reactant. Vet. Immunol. Immunopathol. 70, 309-316. 

Nikl, L., Evelyn, T.P.T., Albright, L.J., 1993. Trials with an orally and immersion-administered beta-

1,3 glucan as an immunoprophylactic against Aeromonas salmonicida in juvenile chinook 

salmon Oncorhynchus tshawytscha. Dis. Aquat. Org. 17, 191-196. 

Ninawe, A.S., Selvin, J., 2009. Probiotics in shrimp aquaculture: Avenues and challenges. Crit. Rev. 

Microbiol. 35, 43-66. 

Novak, M., Vetvicka, V., 2009. Glucans as Biological Response Modifiers. Endocrine, Metabolic & 

Immune Disorders - Drug Targets(Formerly Current Drug Targets - Immune, Endocrine & 

Metabolic Disorders). 9, 67-75. 

Novoa, B., Nun˜ez, S., Fernández-Puentes, C., Figueras, A.J., Toranzo, A.E., 1992. Epizootic study in 

a turbot farm: bacteriology, virology, parasitology and histology. Aquaculture. 107, 253-258. 



References 

 

 

- 116 - 
 

NRC, 2011. National Research Council. Nutrient requirements of fish and shrimps. National 

Academies Press, Washington, DC, USA. 

Oelschlaeger, T.A., 2010. Mechanisms of probiotic actions–a review. Int. J. Med. Microbiol. 300, 57-

62. 

Ogier de Baulny, M., Quentel, C., Fournier, V., Lamour, F., Le Gouvello, R., 1996. Effect of long-

term oral administration of ß-glucan as an immunostimulant or an adjuvant on some non-

specific parameters of the immune response of turbot Scophthalmus maximus. Dis. Aquat. 

Org. 26, 139–147. 

Oliveira, C.V., Aparício, R., Blanco-Vives, B., Chereguini, O., Martín, I., Javier Sánchez-Vazquez, F., 

2013. Endocrine (plasma cortisol and glucose) and behavioral (locomotor and self-feeding 

activity) circadian rhythms in Senegalese sole (Solea senegalensis Kaup 1858) exposed to 

light/dark cycles or constant light. Fish Physiol. Biochem. 39, 479-487. 

Olsen, R.L., Hasan, M.R., 2012. A limited supply of fishmeal: Impact on future increases in global 

aquaculture production. Trends Food Sci. Technol. 27, 120-128. 

Onarheim, A.M., Wiik, R., Burghardt, J., Stackebrandt, E., 1994. Characterization and Identification 

of Two Vibrio Species Indigenous to the Intestine of Fish in Cold Sea Water; Description of 

Vibrio iliopiscarius sp. nov. Syst. Appl. Microbiol. 17, 370-379. 

Orellana, J., Waller, U., Wecker, B., 2014. Culture of yellowtail kingfish (Seriola lalandi) in a marine 

recirculating aquaculture system (RAS) with artificial seawater. Aquacult. Eng. 58, 20-28. 

Ottinger, M., Clauss, K., Kuenzer, C., 2016. Aquaculture: relevance, distribution, impacts and spatial 

assessments–a review. Ocean Coast. Manage. 119, 244-266. 

Palermo, F.A., Cardinaletti, G., Cocci, P., Tibaldi, E., Polzonetti-Magni, A., Mosconi, G., 2013. 

Effects of dietary nucleotides on acute stress response and cannabinoid receptor 1 mRNAs in 

sole, Solea solea. Comparative Biochemistry and Physiology Part A: Molecular & Integrative 

Physiology. 164, 477-482. 

Pandey, A., Satoh, S., 2008. Effects of organic acids on growth and phosphorus utilization in rainbow 

trout Oncorhynchus mykiss. Fish. Sci. 74, 867-874. 

Park, Y., Moniruzzaman, M., Lee, S., Hong, J., Won, S., Lee, J.M., Yun, H., Kim, K.W., Ko, D., Bai, 

S.C., 2016. Comparison of the effects of dietary single and multi-probiotics on growth, non-

specific immune responses and disease resistance in starry flounder, Platichthys stellatus. Fish 

Shellfish Immunol. 59, 351-357. 

Parry, R.M., Chandan, R.C., Shahani, K.M., 1965. A Rapid and Sensitive Assay of Muramidase. Proc. 

Soc. Exp. Biol. Med. 119, 384-386. 

Partanen, K.H., Mroz, Z., 1999. Organic acids for performance enhancement in pig diets. Nutrition 

research reviews. 12, 117-145. 

Peddie, S., Zou, J., Secombes, C.J., 2002. Immunostimulation in the rainbow trout (Oncorhynchus 

mykiss) following intraperitoneal administration of Ergosan. Vet. Immunol. Immunopathol. 

86, 101-113. 

Peng, M., Xu, W., Ai, Q., Mai, K., Liufu, Z., Zhang, K., 2013. Effects of nucleotide supplementation 

on growth, immune responses and intestinal morphology in juvenile turbot fed diets with 

graded levels of soybean meal (Scophthalmus maximus L.). Aquaculture. 392–395, 51-58. 

Peres, H., Oliva-Teles, A., 2008. Lysine requirement and efficiency of lysine utilization in turbot 

(Scophthalmus maximus) juveniles. Aquaculture. 275, 283-290. 

Person-Le Ruyet, J., 2002. Turbot (Scophthalmus maximus) Grow-out in Europe: Practices, Results, 

and Prospects. Turkish J. Fish. Aquat. Sci. 2, 29-39. 

Person-Le Ruyet, J., Baudin-Laurencin, F., Devauchelle, N., Métailler, R., Nicolas, J.-L., Robin, J., 

Guillaume, J., 1991. Culture of turbot (Scophthalmus maximus). CRC handbook of 

mariculture. 2, 21-41. 

Person‐Le Ruyet, J., Menu, B., Cadena‐Roa, M., Métailler, R., 1983. Use of expanded pellets 

supplemented with attractive chemical substances for the weaning of turbot (Scophthalmus 

maximus). Journal of the World Mariculture Society. 14, 676-678. 



References 

 

 

- 117 - 
 

Petit, J., Bailey, E.C., Wheeler, R.T., de Oliveira, C.A.F., Forlenza, M., Wiegertjes, G.F., 2019. 

Studies Into β-Glucan Recognition in Fish Suggests a Key Role for the C-Type Lectin 

Pathway. Frontiers in Immunology. 10. 

Pick, E., Charon, J., Mizel, D., 1981. A rapid densitometric microassay for nitroblue tetrazolium 

reduction and application of the microassay to macrophages. Journal of the 

Reticuloendothelial Society. 30, 581-593. 

Pickering, A.D., Pottinger, T.G., 1989. Stress responses and disease resistance in salmonid fish: 

Effects of chronic elevation of plasma cortisol. Fish Physiol. Biochem. 7, 253-258. 

Pietretti, D., Vera-Jimenez, N., Hoole, D., Wiegertjes, G., 2013. Oxidative burst and nitric oxide 

responses in carp macrophages induced by zymosan, MacroGard® and selective dectin-1 

agonists suggest recognition by multiple pattern recognition receptors. Fish Shellfish 

Immunol. 35, 847-857. 

Pinchuk, I.V., Bressollier, P., Verneuil, B., Fenet, B., Sorokulova, I.B., Mégraud, F., Urdaci, M.C., 

2001. In vitro anti-helicobacter pylori activity of the probiotic strain bacillus subtilis 3 is due 

to secretion of antibiotics. Antimicrobial agents and chemotherapy. 45, 3156-3161. 

Plant, K.P., LaPatra, S.E., 2011. Advances in fish vaccine delivery. Dev. Comp. Immunol. 35, 1256-

1262. 

Ragaa, N.M., Korany, R.M.S., 2016. Studying the effect of formic acid and potassium diformate on 

performance, immunity and gut health of broiler chickens. Animal nutrition (Zhongguo xu mu 

shou yi xue hui). 2, 296-302. 

Raida, M.K., Larsen, J.L., Nielsen, M.E., Buchmann, K., 2003. Enhanced resistance of rainbow trout, 

Oncorhynchus mykiss (Walbaum), against Yersinia ruckeri challenge following oral 

administration of Bacillus subtilis and B. licheniformis (BioPlus2B). J. Fish Dis. 26, 495-498. 

Rana, K.J., Siriwardena, S., Hasan, M.R., 2009. Impact of rising feed ingredient prices on aquafeeds 

and aquaculture production. FAO Fisheries and Aquaculture Technical Paper. No. 541, Rome, 

FAO, 63 pp. 

Refstie, S., Baeverfjord, G., Seim, R.R., Elvebø, O., 2010. Effects of dietary yeast cell wall β-glucans 

and MOS on performance, gut health, and salmon lice resistance in Atlantic salmon (Salmo 

salar) fed sunflower and soybean meal. Aquaculture. 305, 109-116. 

Regost, C., Arzel, J., Kaushik, S.J., 1999. Partial or total replacement of fish meal by corn gluten meal 

in diet for turbot (Psetta maxima). Aquaculture. 180, 99-117. 

Reiser, S., Schroeder, J.P., Wuertz, S., Kloas, W., Hanel, R., 2010. Histological and physiological 

alterations in juvenile turbot (Psetta maxima, L.) exposed to sublethal concentrations of 

ozone-produced oxidants in ozonated seawater. Aquaculture. 307, 157-164. 

Riche, M., Brown, P.B., 1996. Availability of phosphorus from feedstuffs fed to rainbow trout, 

Oncorhynchus mykiss. Aquaculture. 142, 269-282. 

Ringø, E., Olsen, R.E., Vecino, J.L.G., Wadsworth, S., Song, S.K., 2012. Use of Immunostimulants 

and Nucleotides in Aquaculture: A Review. J Marine Sci Res Development 1:104. 

Ringø, E., Olsen, R.E., Gifstad, T.Ø., Dalmo, R.A., Amlund, H., Hemre, G.I., Bakke, A.M., 2010. 

Prebiotics in aquaculture: a review. Aquacult. Nutr. 16, 117-136. 

Roald, S.O., 1977. Effects of sublethal concentrations of lignosulphonates on growth, intestinal flora 

and some digestive enzymes of rainbow trout (Salmo gairdneri). Aquaculture. 12, 327-335. 

Rook, G.A.W., Steele, J., Umar, S., Dockrell, H.M., 1985. A simple method for the solubilisation of 

reduced NBT, and its use as a colorimetric assay for activation of human macrophages by γ-

interferon. J. Immunol. Methods. 82, 161-167. 

Ross, G.R., Gusils, C., Oliszewski, R., Colombo de Holgado, S., González, S.N., 2010. Effects of 

probiotic administration in swine. J. Biosci. Bioeng. 109, 545-549. 

Rudolph, F.B., 1994. The biochemistry and physiology of nucleotides. The Journal of nutrition. 124, 

124S-127S. 

Rumsey, G.L., Winfree, R.A., Hughes, S.G., 1992. Nutritional value of dietary nucleic acids and 

purine bases to rainbow trout (Oncorhynchus mykiss). Aquaculture. 108, 97-110. 



References 

 

 

- 118 - 
 

Rupérez, P., 2002. Mineral content of edible marine seaweeds. Food Chem. 79, 23-26. 

Sakai, M., 1999. Current research status of fish immunostimulants. Aquaculture. 172, 63-92. 

Sakai, M., Yoshida, T., Atsuta, S., Kobayashi, M., 1995. Enhancement of resistance to vibriosis in 

rainbow trout, Oncorhynchus mykiss (Walbaum), by oral administration of Clostridium 

butyricum bacterin. J. Fish Dis. 18, 187-190. 

Sakai, M., Taniguchi, K., Mamoto, K., Ogawa, H., Tabata, M., 2001. Immunostimulant effects of 

nucleotide isolated from yeast RNA on carp, Cyprinus carpio L. J. Fish Dis. 24, 433-438. 

Salem, M., Gaber, M.M., Zaki, M.A.-d., Nour, A.A., 2016. Effects of dietary mannan oligosaccharides 

on growth, body composition and intestine of the sea bass (Dicentrarchus labrax L.). 

Aquacult. Res. 47, 3516-3525. 

Salze, G., McLean, E., Battle, P.R., Schwarz, M.H., Craig, S.R., 2010. Use of soy protein concentrate 

and novel ingredients in the total elimination of fish meal and fish oil in diets for juvenile 

cobia, Rachycentron canadum. Aquaculture. 298, 294-299. 

Sanders, M.E., 2000. Considerations for Use of Probiotic Bacteria to Modulate Human Health. The 

Journal of Nutrition. 130, 384S-390S. 

Sanders, M.E., Morelli, L., Tompkins, T., 2003. Sporeformers as human probiotics: Bacillus, 

Sporolactobacillus, and Brevibacillus. Comprehensive reviews in food science and food 

safety. 2, 101-110. 

Sanderson, I.R., He, Y., 1994. Nucleotide uptake and metabolism by intestinal epithelial cells. The 

Journal of nutrition. 124, 131S-137S. 

Sanmartin Durán, M., Fernandez Casal, J., Tojo, J., Santamarina, M., Estevez, J., Ubeira, F., 1991. 

Trichodina sp.: effects on the growth of farmed turbot (Scophthalmus maximus). Bull. Eur. 

Assoc. Fish Pathol. 11, 89-91. 

Santarém, M., Novoa, B., Figueras, A., 1997. Effects of β-glucans on the non-specific immune 

responses of turbot (Scophthalmus maximus L.). Fish Shellfish Immunol. 7, 429-437. 

Sarker, M.S.A., Satoh, S., Kamata, K., Haga, Y., Yamamoto, Y., 2012. Partial replacement of fish 

meal with plant protein sources using organic acids to practical diets for juvenile yellowtail, 

Seriola quinqueradiata. Aquacult. Nutr. 18, 81-89. 

Sarker, S.A., Satoh, S., Kiron, V., 2005. Supplementation of citric acid and amino acid-chelated trace 

element to develop environment-friendly feed for red sea bream, Pagrus major. Aquaculture. 

248, 3-11. 

Schmidt, J., Bischoff, A., Weiss, M., Kim, S.K., Frickenhaus, S., Slater, M.J., Buck, B.H., 2017. 

Effect of Beta-1-3-Glucan and Mannans on Growth and Fitness of Starry Flounder 

(Platichthys Stellatus): A Potential New Candidate for Aquaculture in Temperate Regions. 

Schram, E., Verdegem, M.C.J., Widjaja, R.T.O.B.H., Kloet, C.J., Foss, A., Schelvis-Smit, R., Roth, 

B., Imsland, A.K., 2009. Impact of increased flow rate on specific growth rate of juvenile 

turbot (Scophthalmus maximus, Rafinesque 1810). Aquaculture. 292, 46-52. 

Sealey, W., Craig, S., Gatlin, D.M., 2001. Dietary cholesterol and lecithin have limited effects on 

growth and body composition of hybrid striped bass (Morone chrysops× M. saxatilis). 

Aquacult. Nutr. 7, 25-31. 

Segner, H., Sundh, H., Buchmann, K., Douxfils, J., Sundell, K., Mathieu, C., Ruane, N., Jutfelt, F., 

Toften, H., Vaughan, L., 2012. Health of farmed fish: its relation to fish welfare and its utility 

as welfare indicator. Fish Physiol. Biochem. 38, 85-105. 

Selvaraj, V., Sampath, K., Sekar, V., 2005. Administration of yeast glucan enhances survival and 

some non-specific and specific immune parameters in carp (Cyprinus carpio) infected with 

Aeromonas hydrophila. Fish Shellfish Immunol. 19, 293-306. 

Shah, S.Z.H., Afzal, M., Khan, S.Y., Hussain, S.M., Habib, R.Z., 2015. Prospects of using citric acid 

as fish feed supplement. Int. J. Agric. Biol. 17, 1-8. 

Sheikhzadeh, N., Karimi Pashaki, A., Nofouzi, K., Heidarieh, M., Tayefi-Nasrabadi, H., 2012a. 

Effects of dietary Ergosan on cutaneous mucosal immune response in rainbow trout 

(Oncorhynchus mykiss). Fish Shellfish Immunol. 32, 407-410. 



References 

 

 

- 119 - 
 

Sheikhzadeh, N., Heidarieh, M., Karimi Pashaki, A., Nofouzi, K., Ahrab Farshbafi, M., Akbari, M., 

2012b. Hilyses®, fermented Saccharomyces cerevisiae, enhances the growth performance and 

skin non-specific immune parameters in rainbow trout (Oncorhynchus mykiss). Fish Shellfish 

Immunol. 32, 1083-1087. 

Shin, S.-J., Lee, T.-K., Lee, D.-H., Lim, S.-R., Yang, I.-C., Kim, S.-S., Choi, J.-W., Kim, J.-S., Kim, 

J.-D., 2019. 동식물성  혼합물의  사료  내  어분대체가  강도다리(Platichthys stellatus)의 

성장  및  혈액성상에 미치는  영향 . 52. 

Sitjà-Bobadilla, A., Peña-Llopis, S., Gómez-Requeni, P., Médale, F., Kaushik, S., Pérez-Sánchez, J., 

2005. Effect of fish meal replacement by plant protein sources on non-specific defence 

mechanisms and oxidative stress in gilthead sea bream (Sparus aurata). Aquaculture. 249, 

387-400. 

Skjermo, J., Størseth, T.R., Hansen, K., Handå, A., Øie, G., 2006. Evaluation of β-(1 → 3, 1 → 6)-

glucans and High-M alginate used as immunostimulatory dietary supplement during first 

feeding and weaning of Atlantic cod (Gadus morhua L.). Aquaculture. 261, 1088-1101. 

Skouras, A., Steinhagen, D., 2003. Measuring some flounder (Platichthys flesus L.) innate immune 

responses to be incorporated in effect biomonitoring concepts. Helgol. Mar. Res. 57, 199-205. 

Skouras, A., Broeg, K., Dizer, H., von Westernhagen, H., Hansen, P.-D., Steinhagen, D., 2003. The 

use of innate immune responses as biomarkers in a programme of integrated biological effects 

monitoring on flounder (Platichthys flesus) from the southern North Sea. Helgol. Mar. Res. 

57, 190-198. 

Skov, J., Kania, P.W., Holten-Andersen, L., Fouz, B., Buchmann, K., 2012. Immunomodulatory 

effects of dietary β-1, 3-glucan from Euglena gracilis in rainbow trout (Oncorhynchus mykiss) 

immersion vaccinated against Yersinia ruckeri. Fish Shellfish Immunol. 33, 111-120. 

Sohn, H., Kim, J., Jin, C., Lee, J., 2019. Identification of Vibrio species isolated from cultured olive 

flounder (Paralichthys olivaceus) in Jeju Island, South Korea. Fisheries and Aquatic Sciences. 

22, 14. 

Soltanian, S., Stuyven, E., Cox, E., Sorgeloos, P., Bossier, P., 2009. Beta-glucans as immunostimulant 

in vertebrates and invertebrates. Crit. Rev. Microbiol. 35, 109-138. 

Song, Z., Li, H., Wang, J., Li, P., Sun, Y., Zhang, L., 2014. Effects of fishmeal replacement with soy 

protein hydrolysates on growth performance, blood biochemistry, gastrointestinal digestion 

and muscle composition of juvenile starry flounder (Platichthys stellatus). Aquaculture. 426–

427, 96-104. 

Spring, P., Wenk, C., Connolly, A., Kiers, A., 2015. A review of 733 published trials on Bio-Mos®, a 

mannan oligosaccharide, and Actigen®, a second generation mannose rich fraction, on farm 

and companion animals. Journal of Applied Animal Nutrition. 3, e8. 

Staykov, Y., Spring, P., Denev, S., Sweetman, J., 2007. Effect of a mannan oligosaccharide on the 

growth performance and immune status of rainbow trout (Oncorhynchus mykiss). Aquacult. 

Int. 15, 153-161. 

Storebakken, T., Shearer, K.D., Baeverfjord, G., Nielsen, B.G., Åsgård, T., Scott, T., De Laporte, A., 

2000. Digestibility of macronutrients, energy and amino acids, absorption of elements and 

absence of intestinal enteritis in Atlantic salmon, Salmo salar, fed diets with wheat gluten. 

Aquaculture. 184, 115-132. 

Sun, G., Li, M., Wang, J., Liu, Y., 2016. Effects of flow rate on growth performance and welfare of 

juvenile turbot (Scophthalmus maximus L.) in recirculating aquaculture systems. Aquacult. 

Res. 47, 1341-1352. 

Sweetman, J.W., Torrecillas, S., Dimitroglou, A., Rider, S., Davies, S.J., Izquierdo, M.S., 2010. 

Enhancing the natural defences and barrier protection of aquaculture species. Aquacult. Res. 

41, 345-355. 

Tacchi, L., Bickerdike, R., Douglas, A., Secombes, C.J., Martin, S.A.M., 2011. Transcriptomic 

responses to functional feeds in Atlantic salmon (Salmo salar). Fish Shellfish Immunol. 31, 

704-715. 



References 

 

 

- 120 - 
 

Tacon, A.G.J., Metian, M., 2008. Global overview on the use of fish meal and fish oil in industrially 

compounded aquafeeds: Trends and future prospects. Aquaculture. 285, 146-158. 

Tahmasebi-Kohyani, A., Keyvanshokooh, S., Nematollahi, A., Mahmoudi, N., Pasha-Zanoosi, H., 

2012. Effects of dietary nucleotides supplementation on rainbow trout (Oncorhynchus mykiss) 

performance and acute stress response. Fish Physiol. Biochem. 38, 431-440. 

Takagi, S., Shimeno, S., Hosokawa, H., Ukawa, M., 2001. Effect of lysine and methionine 

supplementation to a soy protein concentrate diet for red sea bream Pagrus major. Fish. Sci. 

67, 1088-1096. 

Tal, Y., Schreier, H.J., Sowers, K.R., Stubblefield, J.D., Place, A.R., Zohar, Y., 2009. Environmentally 

sustainable land-based marine aquaculture. Aquaculture. 286, 28-35. 

Thorarinsson, R., Powell, D.B., 2006. Effects of disease risk, vaccine efficacy, and market price on the 

economics of fish vaccination. Aquaculture. 256, 42-49. 

Thrush, M., Dunn, P., Peeler, E., 2012. Monitoring emerging diseases of fish and shellfish using 

electronic sources. Transboundary and emerging diseases. 59, 385-394. 

Tidwell, J.H., Allan, G.L., 2001. Fish as food: aquaculture's contribution. EMBO reports. 2, 958-963. 

Torrecillas, S., MAKOL, A., CABALLERO, M.J., MONTERO, D., GINÉS, R., SWEETMAN, J., 

IZQUIERDO, M., 2011a. Improved feed utilization, intestinal mucus production and immune 

parameters in sea bass (Dicentrarchus labrax) fed mannan oligosaccharides (MOS). Aquacult. 

Nutr. 17, 223-233. 

Torrecillas, S., Makol, A., Benítez-Santana, T., Caballero, M.J., Montero, D., Sweetman, J., Izquierdo, 

M., 2011b. Reduced gut bacterial translocation in European sea bass (Dicentrarchus labrax) 

fed mannan oligosaccharides (MOS). Fish Shellfish Immunol. 30, 674-681. 

Torrecillas, S., Makol, A., Caballero, M.J., Montero, D., Dhanasiri, A.K.S., Sweetman, J., Izquierdo, 

M., 2012. Effects on mortality and stress response in European sea bass, Dicentrarchus labrax 

(L.), fed mannan oligosaccharides (MOS) after Vibrio anguillarum exposure. J. Fish Dis. 35, 

591-602. 

Torrecillas, S., Makol, A., Betancor, M.B., Montero, D., Caballero, M.J., Sweetman, J., Izquierdo, M., 

2013. Enhanced intestinal epithelial barrier health status on European sea bass (Dicentrarchus 

labrax) fed mannan oligosaccharides. Fish Shellfish Immunol. 34, 1485-1495. 

Torrecillas, S., Montero, D., Caballero, M.J., Robaina, L., Zamorano, M.J., Sweetman, J., Izquierdo, 

M., 2015. Effects of dietary concentrated mannan oligosaccharides supplementation on 

growth, gut mucosal immune system and liver lipid metabolism of European sea bass 

(Dicentrarchus labrax) juveniles. Fish Shellfish Immunol. 42, 508-516. 

Torrecillas, S., Makol, A., Caballero, M., Montero, D., Robaina, L., Real, F., Sweetman, J., Tort, L., 

Izquierdo, M., 2007. Immune stimulation and improved infection resistance in European sea 

bass (Dicentrarchus labrax) fed mannan oligosaccharides. Fish Shellfish Immunol. 23, 969-

981. 

Torrecillas, S., Rivero-Ramírez, F., Izquierdo, M.S., Caballero, M.J., Makol, A., Suarez-Bregua, P., 

Fernández-Montero, A., Rotllant, J., Montero, D., 2018. Feeding European sea bass 

(Dicentrarchus labrax) juveniles with a functional synbiotic additive (mannan 

oligosaccharides and Pediococcus acidilactici): An effective tool to reduce low fishmeal and 

fish oil gut health effects? Fish Shellfish Immunol. 81, 10-20. 

Tort, L., 2011. Stress and immune modulation in fish. Dev. Comp. Immunol. 35, 1366-1375. 

Tusche, K., Arning, S., Wuertz, S., Susenbeth, A., Schulz, C., 2012. Wheat gluten and potato protein 

concentrate — Promising protein sources for organic farming of rainbow trout (Oncorhynchus 

mykiss). Aquaculture. 344-349, 120-125. 

Urán, P.A., Schrama, J.W., Rombout, J.H.W.M., Obach, A., Jensen, L., Koppe, W., Verreth, J.A.J., 

2008. Soybean meal-induced enteritis in Atlantic salmon (Salmo salar L.) at different 

temperatures. Aquacult. Nutr. 14, 324-330. 

 



References 

 

 

- 121 - 
 

Valente, L.M.P., Linares, F., Villanueva, J.L.R., Silva, J.M.G., Espe, M., Escórcio, C., Pires, M.A., 

Saavedra, M.J., Borges, P., Medale, F., Alvárez-Blázquez, B., Peleteiro, J.B., 2011. Dietary 

protein source or energy levels have no major impact on growth performance, nutrient 

utilisation or flesh fatty acids composition of market-sized Senegalese sole. Aquaculture. 318, 

128-137. 

van Bussel, C.G.J., Schroeder, J.P., Wuertz, S., Schulz, C., 2012. The chronic effect of nitrate on 

production performance and health status of juvenile turbot (Psetta maxima). Aquaculture. 

326–329, 163-167. 

Van Ham, E.H., Berntssen, M.H.G., Imsland, A.K., Parpoura, A.C., Wendelaar Bonga, S.E., 

Stefansson, S.O., 2003a. The influence of temperature and ration on growth, feed conversion, 

body composition and nutrient retention of juvenile turbot (Scophthalmus maximus). 

Aquaculture. 217, 547-558. 

Van Ham, E.H., Van Anholt, R.D., Kruitwagen, G., Imsland, A.K., Foss, A., Sveinsbø, B.O., 

FitzGerald, R., Parpoura, A.C., Stefansson, S.O., Wendelaar Bonga, S.E., 2003b. Environment 

affects stress in exercised turbot. Comparative Biochemistry and Physiology Part A: 

Molecular & Integrative Physiology. 136, 525-538. 

Varelas, V., Liouni, M., Calokerinos, A.C., Nerantzis, E.T., 2016. An evaluation study of different 

methods for the production of β‐D‐glucan from yeast biomass. Drug testing and analysis. 8, 

46-55. 

Vera-Jimenez, N.I., Pietretti, D., Wiegertjes, G.F., Nielsen, M.E., 2013. Comparative study of β-

glucan induced respiratory burst measured by nitroblue tetrazolium assay and real-time 

luminol-enhanced chemiluminescence assay in common carp (Cyprinus carpio L.). Fish 

Shellfish Immunol. 34, 1216-1222. 

Verburg-van Kemenade, B.M.L., Daly, J.G., Groeneveld, A., Wiegertjes, G.F., 1996. Multiple 

regulation of carp (Cyprinus carpio L.) macrophages and neutrophilic granulocytes by serum 

factors: influence of infection with atypical Aeromonas salmonicida. Vet. Immunol. 

Immunopathol. 51, 189-200. 

Verburg‐Van Kemenade, B.M.L., Stolte, E.H., Metz, J.R., Chadzinska, M., 2009. Chapter 7 

Neuroendocrine–Immune Interactions in Teleost Fish. in: Bernier, N.J., Kraak, G.V.D., 

Farrell, A.P., Colin, J.B. (Eds.), Fish Physiology. Academic Press, pp. 313-364. 

Verner-Jeffreys, D.W., Shields, R.J., Bricknell, I.R., Birkbeck, T.H., 2003. Changes in the gut-

associated microflora during the development of Atlantic halibut (Hippoglossus hippoglossus 

L.) larvae in three British hatcheries. Aquaculture. 219, 21-42. 

Verschuere, L., Rombaut, G., Sorgeloos, P., Verstraete, W., 2000. Probiotic Bacteria as Biological 

Control Agents in Aquaculture. Microbiol. Mol. Biol. Rev. 64, 655-671. 

Vielma, J., Lall, S.P., 1997. Dietary formic acid enhances apparent digestibility of minerals in rainbow 

trout, Oncorhynchus mykiss (Walbaum). Aquacult. Nutr. 3, 265-268. 

Vohra, A., Syal, P., Madan, A., 2016. Probiotic yeasts in livestock sector. Anim. Feed Sci. Technol. 

219, 31-47. 

Wang, J., Zhang, D., Sun, Y., Wang, S., Li, P., Gatlin III, D.M., Zhang, L., 2016. Effect of a dairy-

yeast prebiotic (GroBiotic®-A) on growth performance, body composition, antioxidant 

capacity and immune functions of juvenile starry flounder (Platichthys stellatus). Aquacult. 

Res. 47, 398-408. 

Wang, J., Li, B., Ma, J., Wang, S., Huang, B., Sun, Y., Zhang, L., 2017. Optimum dietary protein to 

lipid ratio for Starry flounder (Platichthys stellatus). Aquacult. Res. 48, 189-201. 

Wang, Y.-B., Li, J.-R., Lin, J., 2008. Probiotics in aquaculture: Challenges and outlook. Aquaculture. 

281, 1-4. 

Waring, C.P., Stagg, R.M., Poxton, M.G., 1992. The effects of handling on flounder (Platichthys 

flesus L.) and Atlantic salmon (Salmo salar L.). J. Fish Biol. 41, 131-144. 

Waring, C.P., Stagg, R.M., Poxton, M.G., 1996. Physiological responses to handling in the turbot. J. 

Fish Biol. 48, 161-173. 



References 

 

 

- 122 - 
 

Watanabe, T., 2002. Strategies for further development of aquatic feeds. Fish. Sci. 68, 242-252. 

Welker, T.L., Lim, C., Yildirim-Aksoy, M., Shelby, R., Klesius, P.H., 2007. Immune response and 

resistance to stress and Edwardsiella ictaluri challenge in channel catfish, Ictalurus punctatus, 

fed diets containing commercial whole-cell yeast or yeast subcomponents. J. World Aquacult. 

Soc. 38, 24-35. 

Wendelaar Bonga, S.E., 1997. The stress response in fish. Physiol. Rev. 77, 591-625. 

White, L., Newman, M., Cromwell, G., Lindemann, M., 2002. Brewers dried yeast as a source of 

mannan oligosaccharides for weanling pigs. J. Anim. Sci. 80, 2619-2628. 

Whittington, R., Lim, C., Klesius, P.H., 2005. Effect of dietary β-glucan levels on the growth response 

and efficacy of Streptococcus iniae vaccine in Nile tilapia, Oreochromis niloticus. 

Aquaculture. 248, 217-225. 

Whyte, S.K., 2007. The innate immune response of finfish – A review of current knowledge. Fish 

Shellfish Immunol. 23, 1127-1151. 

Xu, H., Mu, Y., Zhang, Y., Li, J., Liang, M., Zheng, K., Wei, Y., 2016. Graded levels of fish protein 

hydrolysate in high plant diets for turbot (Scophthalmus maximus): effects on growth 

performance and lipid accumulation. Aquaculture. 454, 140-147. 

Yamabhai, M., Sak-Ubol, S., Srila, W., Haltrich, D., 2016. Mannan biotechnology: from biofuels to 

health. Crit. Rev. Biotechnol. 36, 32-42. 

Ye, J.-D., WANG, K., LI, F.-D., SUN, Y.-Z., 2011. Single or combined effects of fructo- and mannan 

oligosaccharide supplements and Bacillus clausii on the growth, feed utilization, body 

composition, digestive enzyme activity, innate immune response and lipid metabolism of the 

Japanese flounder Paralichthys olivaceus. Aquacult. Nutr. 17, e902-e911. 

Yeh, S.-P., Chang, C.-A., Chang, C.-Y., Liu, C.-H., Cheng, W., 2008. Dietary sodium alginate 

administration affects fingerling growth and resistance to Streptococcus sp. and iridovirus, and 

juvenile non-specific immune responses of the orange-spotted grouper, Epinephelus coioides. 

Fish Shellfish Immunol. 25, 19-27. 

Yilmaz, E., Genc, M., GENÇ, E., 2007. Effects of dietary mannan oligosaccharides on growth, body 

composition, and intestine and liver histology of rainbow trout, Oncorhynchus mykiss. 

Yimit, D., Hoxur, P., Amat, N., Uchikawa, K., Yamaguchi, N., 2012. Effects of soybean peptide on 

immune function, brain function, and neurochemistry in healthy volunteers. Nutrition. 28, 

154-159. 

Yoo, G., Lee, S., Kim, Y.C., Okorie, O.E., Park, G.J., Han, Y.O., Choi, S.-M., Kang, J.-C., Sun, M., 

Bai, S.C., 2007. Effects of Dietary β-1,3 Glucan and Feed Stimulants in Juvenile Olive 

Flounder, Paralichthys olivaceus. J. World Aquacult. Soc. 38, 138-145. 

Yun, B., Mai, K., Zhang, W., Xu, W., 2011. Effects of dietary cholesterol on growth performance, 

feed intake and cholesterol metabolism in juvenile turbot (Scophthalmus maximus L.) fed high 

plant protein diets. Aquaculture. 319, 105-110. 

Zeković, D.B., Kwiatkowski, S., Vrvić, M.M., Jakovljević, D., Moran, C.A., 2005. Natural and 

Modified (1→3)-β-D-Glucans in Health Promotion and Disease Alleviation. Crit. Rev. 

Biotechnol. 25, 205-230. 

Zheng, K., Liang, M., Yao, H., Wang, J., Chang, Q., 2013. Effect of size-fractionated fish protein 

hydrolysate on growth and feed utilization of turbot (Scophthalmus maximus L.). Aquacult. 

Res. 44, 895-902. 

Zhou, Z., Liu, Y., He, S., Shi, P., Gao, X., Yao, B., Ringø, E., 2009. Effects of dietary potassium 

diformate (KDF) on growth performance, feed conversion and intestinal bacterial community 

of hybrid tilapia (Oreochromis niloticus ♀ × O. aureus ♂). Aquaculture. 291, 89-94. 

 

 



Appendix 

 

 

- 123 - 
 

Appendix 
 

 

Summary 

Zusammenfassung 

Publications and presentations 

Erklärung  

Acknowledgements 

 

 

 

 



Summary 

 

 

- 124 - 
 

 

Vanessa Fuchs:  

Immunomodulating feed additives in fish feeds for marine flatfish species 

 

Summary 

The application of functional additives, such as probiotics, prebiotics, nucleotides or algal 

extracts, has become very successful recently in aquaculture research and industry. Functional 

additives integrated to fish feeds are seen as an alternative method to support immune functions, 

resistance to stress and pathogens and to increase fish production. To date, only few research 

has been attempted to examine the value of commercially available feed additives for flatfish 

species, for instance turbot (Scophthalmus maximus) and starry flounder (Platichthys stellatus). 

In particular, information about the influence of increasing plant proteins (PP) in diets, in 

combination with additive inclusion, on carnivorous fish is very limited. Turbot is of high 

commercial interest, especially in Spain, Portugal and France, and is mostly favored due to its 

low-fat level (2 - 4 % fat) and firm, white, mild tasting flesh. Starry flounder, however, is an 

emerging newcomer in the aquaculture industry in Korea and China, but also has high potential 

for production in land-based systems in other temperate regions. 

The aim of this thesis was to investigate the effect of different types of functional feed additives 

on growth, immune and stress response in S. maximus and P. stellatus. Therefore, three feeding 

experiments were conducted in recirculating aquaculture systems (RAS). Functional additives 

were selected according to their active compounds and their availability as a commercial 

product for the feed industry. Feed additives with the following active ingredients were used: 

(i) yeast (Saccharomyces cerevisiae) β-glucane and mannan oligosaccharides (MOS), (ii) yeast 

nucleotides and ribosomal RNA, (iii) alginic acid from brown algal extracts, (iv) probiotic 

bacteria strains Bacillus subtilis and B. licheniformis and (v) acidifier potassium diformate. 

Each additive was incorporated in a formulated diet prior to the extrusion process. In 

experiment one, additives (i-v) were included to high quality diets with 78% fish meal (FM) 

and were fed to turbot (~50 - 300 g) for 112 days. Their effect on growth and feed conversion 

were investigated (Chapter 2). Furthermore, focusing on recent feed formulations in 

aquaculture, diets for experiment two were reduced in FM and substituted with PP as 
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comparable protein source. In experiment two, additives (i–iv) were added to diets consisting 

of 32% FM, 25% soy protein concentrate (SPC) and 15% wheat gluten (WG) and were fed to 

turbots (~95 - 300 g) for 84 days. The combined effect of high PP level and feed additives on 

fish was examined regarding growth, feed conversion, immune and stress response (Chapter 2 

and 3). In experiment three, two levels of BG/MOS (0.6 and 1.5%) were supplemented in three 

diets with decreasing FM levels of 55, 40 and 25% diet-1. FM was substituted with SPC and 

WG at low (26%), medium (41%) and high (57%) levels. Diets were fed to starry flounders (~6 

- 50 g) for 70 days (Chapter 4). 

Summarizing the results, functional additives did not significantly (p > 0.05) promote additional 

weight gain, specific growth rate (SGR), feed conversion ratio (FCR), and immune response in 

turbot fed FM- or PP-based diets (Chapter 2 and 3). However, some feed additives improved 

physiological conditions showing higher (p < 0.05) plasma cholesterol, triglyceride and glucose 

levels (Chapter 3). Additionally, all additves effectively diminished susceptibility to stress 

indicating lower plasma cortisol levels in turbot after short-term (< 1 day) handling stress 

(Chapter 3). Growth of turbots fed high FM diets was significantly higher (p < 0.05) compared 

to turbots fed low FM diets, but feed conversion was not affected (p > 0.05) by increasing 

dietary PP (Chapter 3). In juvenile starry flounder, BG/MOS at 0.6 and 1.5% inclusion levels 

in high (57%) PP-based diets improved (p < 0.05) the feed conversion ratio (Chapter 4). 

However, BG/MOS did not enhance (p > 0.05) growth, physiological conditions, innate 

immune activities and resistance to short-term handling stress (Chapter 4). Best growth results 

were achieved with high (55% FM, 26% SPC+WG) and moderate (40% FM, 41% SPC+WG) 

FM diets. Although growth was reduced (p < 0.05), starry flounders accepted 33% SPC and 

24% WG in diets without suffering from impaired survival, physiological conditions, innate 

immune activities and stress resistance (Chapter 4). Reduced growth performance in both 

flatfish species is assumed to be a result of deficient nutrients (calcium, phosphorus) and 

essential amino acids (lysine, methionine) in diets caused by high SPC and WG inclusion. 

Findings in this study indicate that reported benefits of functional additives in previous studies 

cannot be applied across species boundaries and age classes. Dietary additive application in 

turbot and starry flounder seem not to be profitable, when cultured under optimal conditions in 

RAS. However, when turbot is exposed to handling stressors, functional additives have a 
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positive effect on stress resistance. Therefore, it is assumed that all functional additives can 

improve immune functions, stress resistance and consequntly growth performance under sub-

optimal and stressfull conditions and during crucial larval development and early postlarvae 

stages. 
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Vanessa Fuchs:  

Immunmodulierende Nahrungszusätze im Fischfutter für marine Plattfische 

 

Zusammenfassung 

Die Anwendung von Futterzusatzstoffen wie Probiotika, Präbiotika, Nukleotide oder 

Algenextrakte zeigt seit kurzem vielversprechende Erfolge in der Aquakulturforschung und 

Industrie. Der Einsatz von Zusätzen in Futtermitteln ist eine alternative Methode, um die 

Immunfunktionen, die Resistenz gegen Stress und Krankheitserreger bei Fischen zu 

unterstützen und somit die Fischproduktion zu steigern. Bisher wurden nur wenige Studien mit 

Plattfischarten, wie Steinbutt (Scophthalmus maximus) und Sternenflunder (Platichthys 

stellatus), durchgeführt, die den Nutzen kommerzieller Futterzusatzstoffe untersuchen. Zudem 

sind Informationen über den Einfluss von Pflanzenproteinen (PP) auf die Ernährung bei 

karnivoren Fischen in Kombination mit Futterzusatzstoffen sehr begrenzt. Steinbutt ist von 

großem kommerziellen Interesse, insbesondere in Spanien, Portugal und Frankreich, und ist vor 

allem wegen seines niedrigen Fettgehalts (2 - 4% Fett) und seines festen, weißen, mild 

schmeckenden Fleisches beliebt. Die Sternenflunder ist dagegen ein aufstrebender Neuling in 

der koreanischen und chinesischen Aquakulturindustrie, zeigt jedoch generell ein hohes 

Potenzial für die Produktion in landbasierten Fischzuchtanlagen in Regionen der gemäßigten 

Breiten. 

Ziel dieser Arbeit war es, die Auswirkungen verschiedener Futterzusätze auf das Wachstum, 

die Immun- und Stressreaktion bei S. maximus und P. stellatus zu untersuchen. Es wurden drei 

Fütterungsversuche in Kreislaufanlagen (RAS) durchgeführt. Die Futterzusatzstoffe wurden 

hinsichtlich ihrer Wirkstoffe und der Marktverfügbarkeit für die Futtermittelindustrie 

ausgewählt. Futterzusätze mit den folgenden Wirkstoffen wurden verwendet: (i) Hefe 

(Saccharomyces cerevisiae) β-Glukane und Mannan-Oligosaccharide (MOS), (ii) Hefe 

Nukleotide und ribosomale RNA, (iii) Alginsäure aus Braunalgenextrakten, (iv) probiotische 

Bakterien Bacillus subtilis und B. licheniformis und (v) Säuerungsmittel Kaliumdiformat. Jeder 

Futterzusatzstoff wurde vor dem extrudieren in das jeweilige Futtermittel beigemengt. Im 

ersten Experiment wurden die Futterzusätze i-v in einem hochwertigen Futtermittel mit 78% 
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Fischmehl (FM)-Anteil inkludiert und dem Steinbutt (~ 50 - 300 g) über 112 Tage verabreicht. 

Ihre Auswirkungen auf das Wachstum und die Futterverwertung wurden untersucht (Kapitel 

2). Mit Fokus auf die neuesten Futtermittelformulierungen in der Aquakultur, wurde für 

Experiment zwei ein Futtermittel mit reduziertem Fischmehlanteil und mit PP als vergleichbare 

Proteinquelle, konzipiert. Im zweiten Experiment wurden die Futtermittel mit den 

Futterzusätzen i-iv versehen. Die Futtermittel basierten auf 32% FM, 25% 

Sojaproteinkonzentrat (SPC) und 15% Weizengluten (WG) und wurden über 84 Tage dem 

Steinbutt (~ 95 - 300 g) verabreicht. Die Auswirkungen des hohen PP-Gehalts kombiniert mit 

den Futterzusätzen wurden hinsichtlich des Wachstums, der Futterverwertung, der Immun- und 

Stressreaktion beim Fisch untersucht (Kapitel 2 und 3). Im dritten Experiment wurde der 

Futterzusatz BG/MOS in verschiedenen Konzentrationen (0,6 und 1,5%) in die Futtermittel 

eingesetzt. Die drei Basis-Futtermittel basierten auf 55% FM und 26% SPC/WG, 40% FM und 

41% SPC/WG bzw. 25% FM und 57% SPC/WG. Die Futtermittel wurden über 70 Tage der 

Sternflunder (~ 6 - 50 g) verabreicht (Kapitel 4). 

Zusammenfassend lässt sich sagen, dass die Futterzusatzstoffe die Gewichtszunahme, die 

spezifische Wachstumsrate (SGR), die Futterumsatzrate (FCR) und die Immunantwort beim 

Steinbutt nicht signifikant (p > 0,05) gefördert haben, unabhängig davon, ob sie mit dem FM- 

oder PP-basierten Futter gefüttert wurden (Kapitel 2 und 3). Einige Futterzusatzstoffe 

verbesserten jedoch den physiologischen Zustand im Fisch und zeigten höhere (p < 0,05) 

Cholesterol-, Triglycerid- und Glukosespiegel im Blutplasma (Kapitel 3). Darüber hinaus 

verringerten alle Futterzusätze effektiv die Anfälligkeit gegenüber Stress, assoziiert mit einem 

niedrigen Cortisolspiegel im Steinbutt nach einem kurzen (< 1 Tag) Behandlung(Handling)-

Stress (Kapitel 3). Das Wachstum beim Steinbutt war signifikant höher (p < 0,05) nach der 

Verabreichung des Futters mit hohem FM-Anteil verglichen mit dem Zuwachs durch die 

Fütterung des PP-basierenden Futters. Die Futterverwertung wurde jedoch nicht durch die 

Erhöhung des PP-Anteils beeinflusst (p > 0,05) (Kapitel 3). Bei der Sternenflunder konnten 

beide Konzentrationen (0,6 und 1,5%) von BG/MOS die Futterumsatzrate, bei der 

Verabreichung des PP (57%)-reichen Futters, verbessern (p < 0,05) (Kapitel 4). BG/MOS 

verbesserte jedoch nicht das Wachstum (p> 0,05), den physiologischen Zustand, die 

angeborenen Immunaktivitäten und die Resistenz gegen kurzeitigen Handling-Stress (Kapitel 

4). Die besten Wachstumsergebnisse wurden mit hohen (55% FM, 26% SPC + WG) und 
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moderaten (40% FM, 41% SPC + WG) FM-Anteilen im Futter erzielt. Trotz des schlechten 

Wachstums (p < 0,05), akzeptierte die Sternenflunder einen Anteil von 33% SPC und 24% WG 

in den Futtermitteln, ohne Einbußen bei der Überlebensrate, dem physiologischen Zustand, den 

angeborenen Immunaktivitäten und der Stressresistenz (Kapitel 4). Es wird angenommen, dass 

die verringerte Wachstumsleistung bei den Plattfischarten auf mangelnde Nährstoffe (Kalzium, 

Phosphor) und essentielle Aminosäuren (Lysin, Methionin) in den Futtermitteln 

zurückzuführen ist. Dieser Mangel wurde möglicherweise durch den hohen Anteil an SPC und 

WG im Futter verursacht. 

Die Ergebnisse dieser Studie zeigen, dass die in früheren Studien berichteten Vorteile von 

Futtermittelzusätzen nicht Arten- und Altersklassen-übergreifend angewendet werden können. 

Die Anwendung von Futtermittelzusätzen beim Steinbutt und bei der Sternenflunder scheint 

nicht gewinnbringend unter optimalen Zuchtbedingungen in RAS zu sein. Allerdings können 

sich Futterzusätze bei stressbedingten Zuständen (z.B. Handling-Stress während der Aufzucht) 

vorteilhaft auf die Stressanfälligkeit auswirken. Daher wird angenommen, dass 

Futterzusatzstoffe nützliche Hilfsmittel sind, die die Immunfunktionen, die Stressresistenz und 

die daraus resultierenden Wachstumsleistungen verbessern können. Eine Anwendung unter 

suboptimalen und stressigen Bedingungen sowie während der kritischen Larvenentwicklung 

und in frühen Postlarvenstadien könnte entscheidende Vorteile mit sich bringen. 
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