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Evaluation of selected probiotics and bovine lactoferrin as feed supplements for 
rainbow trout (Oncorkynchus mykiss Walbaum) for applications In aquaculture 

Abstmet 

A series of investigations were carried out to assess the intestinal microbiota of rainbow 
trout and the potential applications of probiotics and bovine lactoferrin (M). 
Farm and aquarium reared rainbow trout were examined with specific emphasis on the 
autochthonous microbial communities. Culture-based, culture-independent and electron 
microscopical investigations revealed mixed, complex microbial communities in all 
intestinal regions. DGGE based analysis revealed unique species present either only as 
allochthonous populations or autochthonous populations. 16S rRNA sequence analysis 
allowed species level identification of a range of isolates, many of which have not been 
identified from the rainbow trout digestive tract previously. 
Two ftirther investigations were carried out to assess the potential of using commercial 
probiotics and bovine Lf on growth, feed utilisation, health and intestinal colonisation of 
rainbow trout. Standard commercial diets were supplemented with B. subtills, B. 
licheniformis and Enterococcus faecium either singularly or synergistically. When 

comparing the findings of the joint study it can be concluded that the application of 
probiotics with rainbow trout, and likely other finfish species, is highly complicated. Full 
intestinal replacement of indigenous microbiota is not likely to be a good idea when using 
E. faecium; the results indicate that a synergistic relationship with the indigenous 

microbiota is likely to be involved in providing host benefits. Bacillus probiotics only 
appeared to be effective at high intestinal levels indicating that a synergistic relationship 
with the indigenous microbiota may not be as important. T'he joint study also indicates that 
it is not always possible to reproduce probiotic benefits even when using the same 
probionts, the same fish species and similar rearing conditions. Thus, the physiological 
status of the fish and the indigenous microbiota are likely to play an important role in the 
outcome of probiotic administration. 
A subsequent trial was conducted to evaluate Pediococcus acidilactic! as a probiotic for 
rainbow trout. The experiment was conducted to supplement the diet with either 
vegetative cells or lyophilised powder (as commercially provided). Despite successful 
intestinal colonisation, irrelevant of supplementation form few significant benefits were 
observed. SEM of the posterior mucosa revealed a localised colonisation pattern of P. 
acidilactic! between the mucosal folds similar to the observed indigenous microbiota from 
the farmed fish. This revelation led to a further trial to investigate the nature of probiotic 
colonisation through the gastro-intestinal tract using electron microscopy. The study 
confirmed the high colonisation of P. acidilactici on the epithelium of the anterior 
intestine and posterior intestine. However, it was not possible to observe such colonisation 
with Bacillus spp. or E. faeclum; despite culture-based results to the contrary. It is likely 
that the true mucosal colonisation may sometimes be confused with colonisation of the 
mucus layer as opposed to actual attachment to the epithelium itself. Therefore, it is 

crucial to utilise electron microscopy in order to confirm epithelial colonisation. 
The nature of both the indigenous microbiota and the application of probiotics appears to 
be more complicated than previously thought and continued research is clearly wan-anted. 
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Chapter I 

Chapter 1. Introduction 

Aquacufture 

The aquaculture industry represents one of the fastest growing food production sectors 

worldwide. Over the last four decades the aquaculture industry has been expanding at an 

average of 8.8% per annum, compared with only 1.2% for capture fisheries and 2.8% for 

terrestrial fanned meat production (FAO 2006). Rainbow trout (Oncorhynchus mykiss 

Walbaum) are a highly resilient, fast growing species which have become economically 

important worldwide, particularly in Europe. Total European production of rainbow trout 

exceeded over 272 706 tons in 2005, second only to Atlantic salmon (Salmo salar) (FAO 

FISHSTAT 2008). Despite such high levels of production, rainbow trout aquaculture has 

faced many challenges, some of which continue to be problematic. 

Early salmonid fanning under intensive conditions was continually set back by large scale 

mortalities and heavy economic losses, which even threatened the survival of the industry. 

It should not have come as a surprise, as the very economics that profitable aquaculture 

practices demand, are the very same factors that cause stress and increase exposure to 

disease. Elevated stress may increase susceptibility to disease and enhance transmission of 

pathogens (Hunter et aL 1980). Such contributory factors include rearing at high 

population densities, handling, confinement and improper husbandry. Good husbandry is 

unfortunately not enough to prevent many diseases. Disease brought about from exotic 

infections may well be prevented if good husbandry is practiced, but many infections are 

caused by indigenous potential pathogens which are opportunistic when fish become 

susceptible (Austin & Austin 1999; Dalsgaard & Madsen 2000). 

Among the main culprits that contributed towards such heavy economic losses are 

bacterial diseases such as vibriosis and Rirunculosis. Vibriosis is caused by several Vibrio 
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Chapter I 

spp., including V. anguillarum, V ordalil, V alginolyticus; V anguillarum was the first to 

be identified and is generally regarded as the most prolific vibriosis causing agent 

(Schiewe 1981). A. salmonicida is the aetiological agent of furunculosis which is perhaps 

one of the most economically damaging agents of salmonid. fiirming. These species are 

often indigenous to fish and one of the routes of infection is thought to be the gastro- 

intestinal tract (Austin & Austin 1999; DaIsgaard & Madsen 2000; Ringo et aL 2007). In 

fact the gastro-intestinal tract is thought to be a potential route of entry for many of the 

most destructive fish pathogens and it is suggested that the indigenous gut microbiota 

plays a role as a defensive barrier (Ringo & Birkbeck 1999; Holben et al. 2002; Birkbeck 

& Ringo 2005; Ringo et at. 2007; Salinas et al. 2008). 

Another key issue regarding the sustainability of rainbow trout farming, as well as the 

aquaculture industry as a whole is the demand it places on wild fish stocks. This 

increasing demand fuels the never ending increase in fishmeal prices. Aquafeeds are one 

of the most costly outlays for the fish farmer; with the current EU ban on antibiotic growth 

promoters (Regulation 1831/2003/EC) assessment of novel alternatives is a high priority. 

Any alternative feed additive/supplement that could potentially stimulate growth and 

health performance would be of great economic importance. The intestinal microbiota of 

fish is likely to be involved in both health and nutrition of the host. 

latesdnal microbleta of fish 

In contrast to the intestinal microbiota of endotherms, which is often dominated by Gram- 

positive bacteria, most notably lactic acid bacteria [LAB] (Tucker & Taylor-Pickard 

2004), Gram-negative bacteria generally seem to dominate the intestinal tract of fish 

(Cahill 1990). The composition of fish intestinal populations also appears to be more 

transient and variable than that of endothermic animals. Fish intestinal microbiota is 
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dependent on: the developmental stage, water chemistry, temperature, salinity, stress, 

dietary components and the microbiota of the rearing enviromnent (Cahill 1990; Ringo et 

al. 1995; Ringo & Gatesoupe 1998; Ringo & Birkbeck 1999; Gatesoupe 1999; Ringo et 

aL 1999). Many studies have been undertaken to profile the microbiota of both marine and 

freshwater fish and the several papers review the findings (Trust et at. 1979; Cahill 1990; 

Ringo et al. 1995; Ringo & Gatesoupe 1999; Ringo & Birbeck 1999). Initial beliefs were 

that fish microbiota were either aerobic or facultatively anaerobic, however, obligate 

anaerobes have since been identified in many species including: carp (Cyprinus carplo), 

goldfish (Carassius auratus), tilapia (Oreochromis n1loticus), Ayu (Plecoglossus 

altivelis), Japanese eel (Anguil'Idjaponica), Channel catfish (Ictalurus punctatus), oscars 

(I 
Astronotus ocellaws), angelfish (Pterophylium scalare), southern flounder (Paratichthys 

lethostigma) and rainbow trout (Trust et al. 1979, Sakata et al. 1980; Sugita, et al. 1985; 

Sugita et al. 1988; Cahill 1990; Sugita et al. 1997; Ramirez & Dixon 2003; Saha et al'. 

2006). 

Despite a large number of investigations, the significance of the gut microbiota, is not fully 

understood with regards to host health and nutrition. As well as providing a defensive 

barrier, the gut rnicrobiota produces a range of digestive enzymes and vitamins which 

likely contribute towards host digestive function (Rimmer & Weibe 1987; Moriarty 1990; 

Sugita et al. 1996; Sugita et al. 1997; Sugita et al. 1998; Ringo & Birkbeck 1999; Holben 

et all. 2002; Ramirez & Dixon 2003; Birkbeck & Ringo 2005; Chabrillon et al. 2006; 

Ringo er at. 2007; Goldschmidt-Clermont ef al. 2008; Salinas et al. 2008). As a result, 

much work has focused on rnodifýing and stabilising indigenous gut populations with 

novel feed additives such as probiotics and prebiotics. In order to explore the full potential 

of probiotics/prebiotics we must first have a clear, comprehensive understanding of the 

indigenous gut microbial populations. 
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Chapter I 

A wide range of bacterial genera have been identified within the intestinal tract of 

salmonids, these include; Acinetobacter, Aeromonas, Alcallgenes, AgrobacterIum, 

Bacillus, Brevibacterium, Carnobacterium, ClosMdium, Comyeforms, 

Enterobacteriaceae, Enterobarter, Fl, ýavobacteriumzkytophaga, Kurthla, Lactobacillus, 

Leuconostoc, Microbacterium, m7crococcus, Photobacterium, Pseudomonas, 

Staphylococcus, Streptomyces Vibrio and Xamthomonas (Trust & Sparrow 1975; 

Yoshimizu et at. 1976; Ringo 1993; Ringo & Strom 1994; Ringo et aL 1995; Ringo et al. 

1997; Ringo er at. 2000). 

Typically Aeromonas, Pseudbmonasý Enterobacteriaceae and Lactobacillus are among the 

dominant genera isolated from the digestive tract of Arctic charr, Salvelinus alpinus 

(Ringo et aL 1993; Ringo et aL 1997; Ringo & Strom 1994; Ringo & Olsen 1999). 

Similarly, Chum salmon (Oncorhynchus keta), also have high populations of Pseudomonas 

and Acromonas along with high numbers of Bacillus spp. (Trust 1975). Pseudomonas and 

A eromonay were also found to be the dominant genera in the Masu salmon (Oncorhynchus 

masou) digestive tract, but high levels of Achromobacter (now differentiated as either 

Morxcella orAcInetobacter) were also found (Yoshimizu et aL 1980). Ringo et at. (2000) 

identified culture-based isolates from the intestinal mucosa of Atlantic salmon (Salmo 

salar). Approximately 30% of the isolates were identified as LAB, predominantly 

Camobacterium spp. (-29%), Streptococcus spp. and Lactobacillus spp. (-I%). The 

rernaining microbial population was composed of Brevibacteplum, Microbacterium, 

Micrococcus, Staphylococcus, Acinetobacter, Aeromonas, Alcaligenes, 

CytophagalFl'ýxlbacter, Moraxella, Photobacterium, Pseudomonas and Xanthomonas 

sp, p.. More recently, identification to species level of isolates from several salmonid 

species has been possible using 16S rRNA sequence analysis and BLAST. 
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Carnobacterium p1scicola, Microbacteplum oxydans, Microbacterium luteolum, 

Staphylococcus equorum, Acinetobacter lwqffl, Psychrobacterfaecalis and Psychrobacter 

glacincola have been isolated from the hindgut of Atlantic salmon fed a fishmeal based 

diet (Ringo et al. 2006a). Recently, Hovda et al. (2007) concluded that Lactobacillus spp., 

Lactococcus spp., Bacillus spp., Acinetobacter spp., Pseudomonas spp. and Vibrio spp 

were the dominant organisms isolated from Atlantic salmon but Photobacterium 

phosphoreum and Psy. glacincold were also isolated. This study was particularly 

insightful as the authors demonstrated that culture-based and culture-independent analysis 

of gut microbiota provided contradictory results. In a study evaluating the effects of 

dietary protein, Ringo et al. (2008) isolated Gelidibacter salicanalis, Pseudloalteromonas 

elyakovii, Psychrobacter spp. (Psy. aquimaris, Psy. cibarius, PSY. fozil, PSY. maritimus, 

Psy. okhotskensis, Psy. psychrophilus), Arthrobacter bergerl, Arthrobacter 

psychrolactophilus, Arthrobacter rhombi, B. pumilus, B. subtilis, Exiguobacterium spp., 

Microbacterium oxydans, Planococcus maritimus, Sporosarcina ginsengisoli and C. 

inhibens from the intestine of Atlantic salmon. However, the dominant species isolated 

was Psy. cibarius. 

A. media, A. salmonicida, A. sobria, Buttlauxella agrestis, C. maltaromaticum, Hafnia 

alvel, Moellerella wisconsensis, Serratia grimesil, Y kristensenli and Y mollaredi have 

been isolated from the digestive tract of river trout, Salmo trutta fa? lo L. (Skrodenyte- 

Arbaciauskiene et al. 2006). 

The dominant intestinal microbiota of farmed trout has been demonstrated to be culturable 

(Spanggaard et at. 2000; Huber et at. 2004). Spanggaard et al. (2000) determined that that 

on average, 50% agreement was found between culture-based analysis using TSA and 

direct counts. Huber et al. (2004) also reported that, in most cases, culture-based analysis 
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accounted for between 50 - 90% of the rainbow trout gut microbiota. These values must be 

considered as conservative estimates, as direct counts (using DAPI) provide data for total 

counts not viable counts. These studies indicate that culture-based analysis is a useful, 

quantitative tool, for investigating trout gut microbiota. Investigations have focused on the 

characterisation of rainbow trout gut microbiota have demonstrated that in general the 

dominant bacterial population appear to belong to the P and y subclass of Proteobacteria, 

namely the Enterobacteriaceae, Pseudomonadaceae and Vibrionaceae, but many Grarn- 

positive bacilli have also been identified (Trust & Sparrow 1974; Trust et al. 1979; Austin 

& Al-Zahrani 1988; Spanggaard et al. 2000; Spanggaard et al'. 2001; Huber et al. 2004; 

Heikkinen et al. 2006; Pond et al. 2006; Kim et al. 2007). Using 16S rRNA analysis 

Duganella zoogloeldes, Buttiauxella noackide, Rafinia alvei, Enterobacter intermedlus, 

Es. coli, Pantoea agglomerans, Plesiomonas shigelloides, A. salmonicida, A. media, A. 

sobria, 4. veronil, C divergens, C malearomaticum, C piscicola, Microbacteplum 

phyllosphaerue, Micrococcus luteus, Kocu? la k7istinae and Sporocytophaga caullforpnis 

have been isolated from the rainbow trout digestive tract (Huber et al. 2004; Pond et al. 

2006; Kim et al. 2007). 

The majority of these investigations of the gut microbiota of sahiwnids have utilised 

culture-based methods which does not fully reflect the gut microbiota, even in species 

with high culturability such as rainbow trout. The incorporation of culture-independent 

techniques, such as DGGE, restriction fragment length, polymorphism (RFLP) and PCR 

length heterogeneity analysis (LH-PCR) have been incorporated into recent studies 

(Heikkinen et al. 2006; Pond et al. 2006; Hovda et al. 2007; Kim et al. 2007). The 

importance of such techniques was demonstrated by Pond et al. (2006), Kim et al. (2007) 

and Hovda et al. (2007) where the dominant microbiota determined by culture-dependent 
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techniques were different from those determined by culture-independent methods. For 

example, both Pond et a[. (2006) and Kim et a[. (2007) determined from culture- 

independent methods that Clostridium spp. were among the dominant microbiota of 

rainbow trout but this was not the case with culture-dependent methods. Culture- 

independent methods should be incorporated in future studies. 

Probiotics 

It was suggested more than a quarter of a century ago that bacteria could be useful as 

biological activators of nutrient regeneration and controllers of fish disease (Yasuda & 

Taga 1980). However, it is only really over the last decade that sustained research has 

focused on biological control. The definition of a probiotic differs greatly depending on 

the source, but a good specific definition is "... a live microbial feed supplement which 

beneficially effects the host animal by improving its microbial balance" (Fuller 1989). 

This is very important, as the term is often defined differently. Microbes that are 

antagonistic to pathogens, but are not found to be present, either transiently or 

residentially, in the gastro-intestinal tract, are terrned biocontrol agents (Maeda et al. 

1997). Microbes that improve water quality by the breakdown of waste or pollutants are 

termed bioremediation agents (Moriarty 1997). Whilst most people now refer to all of 

these microbial applications as probiotic treatments it is important to distinguish the 

differences between thenL Given the nature of fish farming and the different 

administration methods applied in previous fish studies an aquaculture based probiotic 

definition has been suggested as "an entire or component(s) of a micro-organism that is 

beneficial to the health of the host" (Irianto & Austin 2002a). Perhaps the nwst 

appropriate definition was proposed by Vershuere et aL (2000): "A probiotic is defined as 

a live microbial adjunct which has a beneficial effect on the host by modifying the host- 
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associated or ambient microbial connnunity, by ensuring improved use of the feed or 

enhancing its nutritional value, by enhancing the host response towards disease, or by 

improving the quality of its ambient environment". Furthermore, Spanggaard et al. (2001) 

proposed certain favourable characteristics for potential probionts: 

9 it must not be pathogenic to the host 

* it must colonise the intestinal tract 

* the organism should exhibit antagonism to a potential pathoger? 

* it should stimulate the host immune syste& 

* it should be indigenous to the host and enviromnent in which it is to be usedb 

"I do not believe these points are essential, as long as other benefits are achieved (e. g. 

aiding nutrition or improving gut histology). Also, it is possible that protection against a 

specific pathogen may occur indirectly via microbial shifts rather than inununo- 

stimulation. 

b Providing the probiont is capable of successful survival and metabolism in the host 

intestinal tract and is not pathogenic I believe it is not strictly necessary for the probiont to 

be indigenous to the host. 

The application of probiotics in aquaculture has led to a reduction in the use of 

antisnicrobial compounds, an increase in growth performance and/or improved appetite 

(Irianto & Austin 2002a). The mjority of probiotic species proposed as probionts for 

aquatic species are either lactic acid bacteria (LAB) or Bacillus spp.; however, yeast based 

probiotics are also stimulating much interest (Gatesoupe 2002; Tovar et al. 2002; Aubin et 

at. 2005; Gatesoupe 2007). 
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LAB are Gram-positive, often non-motile, often catalase negative, oxidase negative, non- 

sporing bacteria that produce lactic acid as a product of fermentative metabolism (Ringo 

& Gatesoupe 1998). LAB have been identified as indigenous components of the intestinal 

microbiota of a range of fish species; including Atlantic sahnon (Ringo et al. 2000; Ringo 

et al. 2006a); Atlantic cod (Ringo et al. 2006c); Arctic charr (Ringo et al. 2006b); 

European eel (Anguilla anguilla, Esteve & Garay 1991); carps (Sugita et at. 1985; Sugita 

et al. 1997; Cai et al. 1999: Hagi et al. 2004); goldfish (Sugita et al. 1988): catfish ( Hagi 

et all. 2004); yellowtail (Seriold quinqueradlata, Takemaru & Kusuda 1988ab) and river 

trout (Skrodenyte-Arbaciauskiene et al. 2006). For reviews see Ringo & Gatesoupe (1998) 

and Gatesoupe (2008a). LAB have also been isolated from the digestive tract of rainbow 

trout (Wallbanks et at. 1990; Starliper et al. 1992; Spanggaard et al. 2000; Spanggaard et 

at'. 200 1; Huber et al. 2004; Heikkinen et al. 2006; Pond et al. 2006; Kim et al. 2007) but 

are not normally found to be among the dominant populations. LAB have been the focus 

of extensive research for probiotic applications because they are able to tolerate low pH, 

bile and pancreatic enzymes (Cai et al. 1999; Ouwehand et al. 2002). LAB can also 

produce of a range of antimicrobial proteins and peptides (Twomey et al. 2002, Ringo et 

al. 2005). 

Most conunonly used LAB in aquaculture studies include Lactobadifus spp., Lactococcus 

spp., Enterococcus spp. and Carnobacterium spp. (refer to Table 1.1). 

DacUlus spp. appHeations 

Bacillus spp. are Gram-positive endospore forming rods. They are either aerobic or 

facultative anaerobes that are typically ubiquitous in nature. Several studies have isolated 

Bacillus spp. from the digestive tract of salmonids (Ringo et al. 2006b; Hovda et al. 2007; 
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Ringo et aL 2008) including rainbow trout (Austin & Al-Zahrani 1988; Heikkinen et al. 

2006; Kim et al. 2007). Bacillus spp. have many fitvourable properties for probiotic 

applications. Firstly the fact that they are spore formers helps to avoid some of the 

constraints regarding issues of shelf life. They are generally regarded as safe, they produce 

antibiotic substances and a range of vitamins and digestive enzymes (Moriarty 1996; 

Rosvitz et al. 1998; Martens et al. 2002; Martirani et al. 2002; Urdaci et al. 2004; 

Azokpota et al. 2006). 

Probiotic administration of Bacillus spp. in aquaculture has demonstrated a range of 

benefits, including enhanced brood stock performance, improved growth performance, 

heightened disease resistance and immunostimulation (refer to Table 1.1). Amongst the 

most commonly used species include B. subtilis and B. ficheniformis, which are registered 

for use as dietary supplementation within the EU (Council Directive 70/524/EEC). 

Despite the increasing body of data regarding finfish species there has perhaps been a 

greater focus applied with Bacillus based probiotics in crustacean species (Rengpipat et at. 

1998; Skjermo & Vadstein 1999; Rengpipat et al. 2000; Vaseeharan & Ramasamy 2003). 

Probiotic applications with rainbow trout 

The potential for probiotic control of disease, immunostimulation and improved growth 

has been demonstrated in rainbow trout (refer to Table 1.2). 
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Probiotic modes of action 

The specific mode of action which results in the observed benefits to the host is often 

difficult to elucidate conclusively due to the wide range of possibilities and the 

complicated synergistic multi-factorial relationships between possible modes. Some 

studies have made suggestions, but have not conclusively investigated the fWl range of 

possibilities. Suggested mechanisms include: production of inhibitory compounds, 

competition for chemicals or available energy, competition for adhesion sites, 

enhancement of the immune response, source of macro and/or micronutrients and 

enzymatic contribution to digestion (Vershuere er al. 2000). 

Inhibitory compounds 

The antimicrobial properties of probionts have been concluded to be as a result of the 

production of a combination of extracellular products, which include: lactic acid, 

hydrogen peroxide, carbon dioxide, siderophores, antibiotic peptides/proteins, organic 

acids, ammonia and diacetyl (Neilands 1981; Baldry 1983; Williams & Vickers 1986; 

Lewus et al. 1991; Vandenbergh 1993; Midolo, et al. 1995; Severina et al. 1998; Ringo & 

Gatesoupe 1998; Naidu et al. 1999; Alakomi er aL 2000; Ringo et al. 2005; ViNuez et 

al. 2005; Beaulieu et al. 2006; Anastasiadou et aL 2008). 

LAB proteins and peptides with antimicrobial properties can be subcategorised as large 

proteins (> 20kDa) with enzymatic activity inducing cell lysis (e. g. lysins) or bacteriocins, 

(antimicrobial peptides) which induce cell lysis or prevention of cell wall synthesis via 

non-enzymatic mechanisms (Twomey et al. 2002). To date, many bacteriocins or 

bacteriocins-like products have been identified. For example, nisin is a bacteriocin-like 

substance that is produced by La. lactis; it is likely to have contributed towards the 

reduction of V anguillarum growth (combined with the production of lactic acid, organic 
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acids, hydrogen peroxide & carbon dioxide) observed by Villamil et al. (2002). Undiluted 

extracellular products from La. lactis were shown to significantly reduce the growth of V 

anguill, drum. In addition to this La. lactis was able to modulate the turbot (Scophthalmus 

marim, us) immune system both in vitro and in vivo. VAzquez et al. (2005) demonstrated 

that bacteriocins and organic acid solutions produced from cultured probiotics 

(Lactoba, cil, lus spp, La. lactis, Leu. mesenteroides and P. acidilactid) displayed 

antagonistic properties against a range of fish pathogens in vitro. Panigrahi et al. (2007) 

tested probiotics for antagonism against a variety of pathogens and found that B. subtilis 

exhibited activity against a wide range of pathogens including V anguillarum, A. 

salm, onicid, a, A. sobria, A. hydrophild and E. coil. Similarly, E. faecium showed strong 

antagonistic properties against A. salmonicida. A wide range of other probiotics have 

shown antagonistic properties to some of the most destructive fish pathogens, including A. 

salmonicida, V anguillarum, V salmonicida, E. tarda and Y ruckeri (for a summary see 

Gatesoupe 2008b). 

Siderophores can also be described as antimicrobial substances, but considering the mode 

of action, are perhaps better described in terms regarding competitive exclusion. 

Competition 

Competition for available resources within the gastro-intestinal tract is likely to antagonize 

potential pathogens by reducing the number of possible niches available. One of the most 

well studied resources, in regards to competitive antagonism, is iron, which is essential for 

growth as well as being an important virulence factor (Singer et al. 1991; Litwin & 

Calderwood 1993). Siderphores are extracellular products, produced by many bacteria, 

which display an exceptional ferric ion afflinity. They can dissolve precipitated iron, 
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making it available for microbial growth; the significance of siderophores lie in their 

ability to scavenge essential iron (Verschuere et al. 2000). Strains of siderophore- 

producing Ps. fluorescens have been successfully applied as a biological control agent. 

Gram et aL (1999) demonstrated that V angufflarum could be inhibited by Ps. fluorescens 

in co-culture experiments (under iron-limited conditions). The effect was tested in vivo by 

bathing rainbow trout in a probiotic suspension and challenging with V. anguillarum. 

Short term bathing, long term bathing and a combination of both led to a reduction of 

mortalities. The accumulated mortality of infected fish not treated reached 50% after 9 

days; however, this figure was reduced to 44% and 35%, for long term and short term 

bathing respectively. By combining both treatments accumulated mortality was reduced to 

32%. Another such example was demonstrated by Gatesoupe (1997); a siderophore 

producing Vibrio spp. fed to turbot larvae improved growth and resistance against V. 

splend7dus. 

The same principle is expected to hold true with regards to competition for organic 

substrates that can be used as a source of carbon or energy. However, to the authors 

knowledge no studies have focused on this and as a result data is scarce; but it cannot be 

ruled at as a possible contributory factor in the majority of investigations. 

Competition for mucosal adhesion sites is another possible mode of action. Despite this 

being a widely accepted possibility, very little work has been conducted to confirm this 

hypothesis. Many studies have been conducted regarding attachment competition with 

human probiotics. In 200 1, Forestier et at. demonstrated that the addition of the L. casei to 

an intestinal cell line reduced the adhesion success of 3 pathogens. It was suggested that 

the presence of a probiont can restrict the access of a pathogen by blocking receptors with 

specific adhesion analogues, or by steric hindrance (Tuornola et al. 1999; Forestier et al. 

2001). Very little data exists regarding investigations using probiotic attachment with fish. 
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However, Vine et al. (2004) demonstrated in vitro that interactions between pathogens and 

probiotics resulted in alterations of attachment success of both bacterial groups to 

intestinal mucus. Surprisingly, the addition of the probiotic first seemed to enhance 

pathogenic attachment, but pathogenic attachment was reduced if the probiont was added 

after the pathogen. Chabrillon et al. (2006) found that two probiotic candidates 

significantly reduced the adhesion of V anguillarum to gilthead seabream (Sparus aurata) 

intestinal, gill and skin mucus under exclusion, competition and displacement conditions. 

Oral administration of one of the probiotic candidates prior to V anguillarum challenge 

significantly reduced mortalities. These studies begin to shed some light on the 

complicated nature of the interactions of probiotics with pathogens and the resulting 

interactions with attachment sites. However, these examples could well be linked to the 

production of inhibitory compounds as opposed to direct competition for attachment sites. 

Gastro-intestinal colonisation 

This continual application of bacterial cells which are able to compete with the indigenous 

microbiota may result in colonisation of the gastro-intestinal tract am modulation of the 

indigenous microbiota. Indeed, modulation of the fish gut microbiota has been 

demonstrated with the probiotic application of Bacillus spp. (Chang & Liu 2002; Newaj- 

FyzuI et at. 2007; Bagheri et al. 2008; Ghosh et al. 2008), LAB (Gildberg et al. 1995; 

Mom et aL 1997; Robertson er at. 2000; Nikoskelainen et al. 2003; Panigrahi et al. 2004; 

Aubin et at. 2005; Panigrahi et al. 2005; Kim & Austin 2006; Balcizar et al. 2007ab) and 

yeast (Gatesoupe 2002; Aubin et al. 2005). 

The continual application of probiotic cells has been demonstrated to lead to potentially 

resident probiotic colonisation of the intestinal epithelium (Gildberg et al. 1995; Gildberg 

et al'. 1997; Gildberg & Mikkelsen 1998; Aubin et al. 2005), intestinal mucus (Kim & 
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Austin 2006; Newaj-Fyzul et at. 2007) and transient digesta based populations (Gildberg 

et all. 1997; Bogut et at. 2000; Kim & Austin 2006; Newaj-Fyzul et al. 2007; Bagerhi et 

al. 2008; Ghosh et al. 2008). However, it has also been shown that some probionts are 

able to persist within the digestive tract for several weeks after reverting to non- 

supplemented diets (Nikoskelainen et al. 2003; Kim & Austin 2006; Balcizar et al. 

2007a). Kim & Austin (2006) demonstrated that C maltaromaticum and C divergens 

(originally isolated from trout) displayed exceptional qualities for the colonisation of the 

rainbow trout intestine. Dietary application for 14 days at > 107 CFU g-1 led to levels of > 

90% of the total populations in the intestinal contents and > 99% of the mucus. PCR- 

DGGE profiles were utilised to monitor the persistence of the probionts within the 

rainbow trout intestine. After reverting to non-supplemented feeds the probionts were still 

detected within the intestine for at least 3 weeks. Similarly, Balckar et al. (2007a) showed 

that La. lactis ssp. lactis, L. sakei and Leu. mesenteroides also displayed an ability to 

persist within the rainbow trout intestine after reverting to non-supplemented diets. Short 

term persistence was relatively high as levels remained at log 4-5 CFU g-1 mid < log 3 

CFU g-1 after I and 2 weeks, respectively. Nikoskelainen et aL (2003) observed 

recoverable levels of L. rhamnosus in the intestine closely related to dietary 

supplementation level (104 _ 1010 CFU g-1) during 2 weeks feeding to rainbow trout. 

However, this level dropped drastically after reverting to an un-supplemented diet; within 

one week levels dropped several log scales and after 2 weeks the probiont was not 

recovered from any treatments. 

Probiotic colonisation is not restricted only to the intestine. For example, Panigrahi et aL 

(2004) fed rainbow trout L. rhamnosus for 30 clays at 109 ancl 1011 CFU g". L. rhamnosus 

was recovered at levels of 106 _ 108 CFU g" and 105 - 109 CFU g-1 intestine and stomach, 

respectively. After 30 days, L. rhamnosus in fish fed the low level supplementation 
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reached > 40% and > 70% of the culturable microbiota. of the stomach and intestine, 

respectively. Furthermore, L. rhamnosus levels of fish fed the high level supplementation 

reached > 60% and > 80% in the stomach and intestine, respectively. Gildberg & 

Mikkelsen (1998) demonstrated that C divergens (originally isolated from fish) displayed 

better colonisation capabilities with regards to Atlantic cod fry pyloric ceaca than the 

intestine. 

Probiotic colonisation can alter the indigenous intestinal microbiota composition as well 

as total populations levels (Bogut et al. 2000; Aubin et al. 2005; Bagerhi et al. 2008; 

Ghosh et al. 2008). For example, after feeding rainbow trout P. acidlilactic! or 

Saccharomyces cereviside var. boulardii for periods of up to 5 months, Aubin et al. (2005) 

enumerated adherent probiotic levels and used 16S rRNA sequence analysis to identify the 

indigenous autochthonous microbiota. Changes in the relative and absolute abundance of 

the indigenous bacteria were observed. For example, after a period of 20 days feeding on 

supplemented diets the presence of unique genera such as Buttiauxella and Otrobacter 

were found in the control fed fish and Serratia was found only in the P. acidilactici fed 

fish. Bagheri et al. (2008) fed rainbow trout fry B. subtilis and B. licheniforpnis at levels 

ranging from ca. 5x 108 -6x 109 CFU g-1 diet for two months. This led to a significant 

increase of intestinal viable counts compared to the control, total bacterial counts were 

significantly different among treatments which suggests that colonisation was directly 

affected by dietary bacterial level. The percentage of probiotic Bacillus spp. recovered 

ranged from 65% to over W16 of the total viable counts. Changes in the levels of 

Enterobacteriaceae, Vibrionaceae, Pseudomonas spp. and other Gram-negative species 

were also observed. Bogut et al. (2000) found that the probiotic application of E. faeclum 

to sheat fish (Silurus glanis) resulted in a clear alteration of intestinal microbiota. 
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Specifically a reduction of Staphylococcus aureus and Enterobacteriaceae (including Es. 

coli). Also a complete removal of Clostfidium spp. was observed after 2 weeks feeding. 

The current literature suggests that probiotic colonisation and modulation of indigenous 

microbiota is not restricted by fish maturation as investigations have demonstrated the 

effects of the probiotics on the gut microbiota of fish across a range life stages including: 

larval (Ringo 1999; Gatesoupe 2002; Planas et al. 2006), fry (Gildberg et al. 1995; 

Gildberg et al. 1997; Gildberg & Mikkelsen 1998; Robertson et al. 2000; Ghosh et al. 

2008), fingerling (Mborn et al. 1997; Robertson et al. 2000) and juvenile stages (Panigrahi 

el al. 2005; Carnevali et al. 2006). 

Many of these studies have focused investigations of immune status and many have shown 

a resultant immunostimulating effect related to probiotic feeding. 

Enhancement of the immune response 

Nikoskelainen et al. (2003) demonstrated that rainbow trout immune parameters were 

enhanced by using LAB strains. Specifically, serum immunoglobulin levels were elevated 

along with serum mediated killing of Es. coli. Although Villamil et al. (2002) 

demonstrated a significant increase in macrophage chemiluminescent (CL) responses and 

an increase of nitric oxide (NO) production in turbot (Scophthalmus maximus) treated with 

La. lactis, the precise mechanism of the response was not determined. It was suggested 

that the enhancement of the CL response could be related to an improvement of disease 

resistance, as it may be of importance to phagocytic activity. NO has also been shown to 

be involved in the regulation of immune ffinctions, as well as having antimicrobial 

Properties against fish pathogens (Gunasegaran et al. 1993; Campos et al. 2000). 

The effect of L. rhmnnosus on rainbow trout serum lysozyme activity is variable with both 

no effect (Panigrahi el al. 2005) and improved activity having been reported (Panigrahi et 
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al. 2004). Rainbow trout treated with C divergens demonstrated an increase in serum 

lysozyme activity whereas C maltaromaticum treatment did not (Kim & Austin 2006). 

However, both species elevated lysozyme activity of gut mucus. Several other studies 

have demonstrated that serum lysozyme activity may be affected by using LAB probiotics 

in trout. Balcizar el al. (2007a) found a significant increase in lysozyme activity when 

administering La lactis and Leu mesenteroides to brown trout (Salmo tmtta) but no 

difference was found using L. sakei. However, all 3 species failed to enhance serum 

lysozyme in rainbow trout (Balckm et al. 2007b). An increase in lysozyme activity was 

also observed by Irianto & Austin (2002b) along with stimulation of rainbow trout cellular 

immunity including an elevated number of erythrocytes, macrophages and lymphocytes. 

The net result of probiotic feeding for up to 14 days was a reduction of mortalities after 

challenge with A. salmonicida. 

Wang et al. (2008) found no improvement of Nile tilapia total serum protein, albumin, 

globulin and albumin/globulin ratio with the addition of E. faecium to aquaria water at Ix 

107 CFU mL-1 every 4 days for a total of 40 days. However, enhanced lysozyme activity, 

respiratory burst and complement component was found. 

Improvement of gastro-intesdual structure 

Maintaining a healthy gut microbiota is likely to beneficially affect the gut epithelial 

architecture. Reducing the number of potential pathogens present within the gastro- 

intestinal tract can prevent the reduction of intestinal surface area by reducing mucosal 

damage (Collet 2004). Indeed, many fish pathogens can disrupt the integrity of the 

intestinal epithelium (Austin & Austin 1993; Ringo et aL 2007). 

Data regarding the effects of probiotics on the intestinal morphology of fish in vivo is 

scarce. However, the histological effect of probiotics on the gut epithelium of fish has 
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been assessed in vitro (Ringo et al. 2007; Salinas et al. 2008). Ringo et aL (2007) exposed 

the Atlantic salmon foregut to C divergens as well as two pathogens: A. salmonicida and 

V anguillarum. Light and electron microscopy demonstrated that pathogen induced 

damage to the Atlantic salmon foregut could not be prevented or reversed, but could be 

marginally reduced in some cases. Salinas el al. (2008) conducted a similar study; the 

Atlantic salmon foregut was assessed after exposure to a probiotic (La. lactis) and a 

pathogen (A. salmonicida). A. salmonicida caused disruption of enterocyte integrity when 

inoculated with foregut tissue that did not receive a La. Lactis pre-treatment. Confocal 

microscopy demonstrated that La Lactis was able to colonise the foregut. Subsequently 

light and electron microscopy demonstrated, that La. Lactis treatment provided protection 

against damage caused by A. salmonicida. 

Despite the lack of in vivo literature regarding the effects of probiotic on fish gastro- 

intestinal morphology, studies using prebiotics, such as mannan oligosaccharides (MOS) 

have proven effective at enhancing the microvilli morphology of fish. Specifically, 

improved microvilli length has been observed in Cobia, Rach)centron canadum (Salze et 

al. 2008) and both improved microvilli length and density has been observed in rainbow 

trout (Dimitroglou, et al. 2008) with 0.2% dietary MOS. 

It is conceivable that benefits to gut histology, especially at the brush border level, could 

be a contributory fiwtor to some of the improvements of feed utilisation and growth 

Performance observed in probiotic studies discussed in the next section. 

Nutridonal role 

It is generally accepted that the intcstiDal microbiota of mammals plays a key role in 

digestion (Bach-Knudsen et at. 1991; Titus & Ahearn 1992; Jensen & Jorgensen 1994; 

Stevens & Hume 1998), however, the role and importance of microbiota in lower 
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vertebrates remains largely unknown. Even so, many studies have demonstrated that fish 

intestinal bacteria can produce a range of enzymes which may contribute towards 

digestion (Kamei el al. 1985; Rimmer & Weibe 1987; Pollack & Montgomery 1994; 

Ringo el al. 1995; Sugita et al. 1997; Stevens & Hume 1998; Ramirez & Dixon 2003; 

Balcizar el al. 2006; Saha et al. 2006). 

Bacteria indigenous to the gastro-intestinal tract of a variety of animals are reported to 

ferment carbohydrates into short-chain fatty acids (SCFAs; e. g. acetate, propionate and 

butyrate), which can both provide energy and enhance absorption of H20 and Na (Stevens 

& Hume 1998). SCFAs are currently an area of high interest, as it is thought that 

microbial fermentation provides significant levels of nutrients to terrestrial host organisms 

in the form of SCFAs (Titus & Ahearn 1992). One of the most important energy substrates 

for intestinal microbial fermentation are non-digestible oligosaccharides (Bach-Knudsen er 

al. 1991; Jensen & Jorgensen 1994). The energy available, in the form of SCFAs, to the 

host animal after microbial &-rinentation is approximately 60% of that of the fermented 

substrate. Titus & Ahearn (1992) suggest that microbial fermentation could account for as 

much as 80% of maintenance energy requirements in ruminant herbivores, and up to 10% 

in carnivores and omnivores. Despite no such detailed reports specifically regarding 

symbiotic microbial fermentation in fish, it is highly likely that microbial fermentation 

could play a significant role in many fish species. 

Possible examples of this include dietary application of oligosaccharides such as MOS, 

inulin and galacto-oligosaccharides (GOS). Staykov et al. (2007) found improved growth 

performance, feed utilization and survival of rainbow trout when feeding MOS at 0.2%. A 

significant increase of European sea ban (Dicentrarchus labrax) growth has also been 

observed with dietary supplementation of MOS at 0.2% and 0.4% for 67 days (Torrecillas 

et al. 2007). Perhaps more telling is a recent study demonstrating improved SBM 
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digestibility, particularly protein, by red drum (Scidenops ocellatus) when fed MOS, 

inulin and GOS (Buff et al. 2008). Indeed, the indigenous microbiota of Siberian sturgeon 

(Acipenser baerfi) has been documented to produce SCFAs from inulin and FOS 

(Mahious el al. 2006a). Many potential candidate probiotics, such as Bacillus spp. 

(Mahious, et al. 2006b) and Carnobacterium spp. (Ringo & Holzapfel 2000), can utilise 

such oligosaccharides. 

Candidate probiotics produce a wide range of extracellular enzymes and vitamins which 

are likely to contribute towards the host's digestive function (Moriarty 1996; Rosvitz et 

al., 1998; Bairagi et al. 2002; Martens et al. 2002; Azokpota et al. 2006; Yanbo & Zirong 

2006; Ziaei-Nejad et al. 2006). Indeed, stabilising or modulating the indigenous intestinal 

populations with probiotics population has proven to enhance the digestive function of 

several fish species (Bogut et al. 2000; EI-Haroun et al. 2006; Yanbo & Zirong 2006; 

Bagheri et al. 2008; Wang et al. 2008). A study by Bagheri et al. (2008) demonstrated 

improved FCR, SGR, K-fitctor, PER and carcass composition of rainbow trout fry after 

dietary supplementation with B. subtilis and B. licheniforpnis. Similarly, improved weight 

gain, SGR, PER, protein productive value and energy retention of Nile tilapia has been 

observed with a commercial product containing B. subtifis (El-Haroun et al. 2006). 

Increased weight gain of sheat fish (Bogut et al. 2000) and Nile tilapia (Wang et al. 2008) 

has been observed after probiotic applications of E. jaecium. 
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Thesis research objectives 

The airn of the current research can be broken down into several objectives: 

1. Investigate indigenous intestinal microbiota of farm reared rainbow trout 

2. Investigate indigenous intestinal microbiota of aquarium reared rainbow trout 

3. Investigate selected conunercially available probiotics (LAB and Bacillus spp. ) on 

rainbow trout growth performance, feed utilisation, intestinal colonisation, 

intestinal histology and selected health parameters 

4. Investigate Lf on rainbow trout growth perfonnance, feed utilisation, intestinal 

colonisation, intestinal histology and selected health parameters 

5. Observe the effect of selected probiotics and Lf on rainbow trout growth 

performance, feed utilisation, intestinal colonisation, intestinal histology and 

selected health parameters after the administration of antibiotics 

6. Investigate probiotic colonisation patterns 
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All experimental analyses were carried out with the following protocols unless otherwise 

stated. Chemicals, reagents and culture media were sourced from Fisher scientific Inc. 

(Hampton, NH, USA), Sigma-Aldrich corp. (St. Loius, MO, USA) or Oxoid Ltd unless 

otherwise indicated. All experimental work involving fish was carried out under the Home 

Office project licence #30/2135 and personal licence #30/7212. 

Aquarium facffities 

All feeding experiments were conducted at the University of Plymouth's Aquaculture and 

Fish Nutrition Research Aquarium. Unless otherwise indicated all trials were conducted in 

experimental system E (Plate 2.1). The system is a closed recirculation system with a total 

system volume of --6200 L. Mechanical filtration is provided by an Aquasonic DFIOO 

drum screen filter (Aquasonic Ltd, Wauchop, Australia; Plate 2). Biological filtration was 

provided by a submerged biological filter bed containing Nitrosomonas and Nitrospira 

spp. - The experimental holding unit comprised of 20 x 150 L fibreglass tanks, each 

provided with -99% (the system received a constant flow of water at IL W1 to maintain 

volume) re-circulated aerated freshwater at a rate of -750 L hr-1. A 12 hr light, 12 hr dark 

photoperiod was maintained throughout the trial periods. Water changes (-900 L, 

approximately 15% of system volume) were conducted every 72 hr to minimise 

accumulation of background probiotic levels. The system pH, dissolved oxygen and 

temperature were monitored daily (Hach HQ 40d). The system was buffered with sodium 

bicarbonate (NaHC03) as required to maintain pH 6-8. The water temperature was 

maintained at 15 ±I OC with a thermostatic controlled chiller (Zodiac, France) and 

dissolved oxygen levels maintained > 80% saturation with additional aeration provided by 
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an air stone supplied by a low pressure side channel blower (Rietschle, UK). Nitrogenous 

waste was monitored on a weekly basis using a Hach Lange DR 2800 and cuvettes for 

ammonia (Lange LCK 304), nitrite (Lange LCK 341) and nitrate (Lange LCK 340). 

Acceptable levels were considered to be < 0.1 mg L-1, < 1.0 mg L-1 and < 50 mg L-1 for 

ammonia (un-ionized), nitrite and nitrate, respectively. Levels were maintained with water 

changes when necessary. 

Experimental fisb 

5 separate batches of fish were obtained to conduct the 5 experimental trials. Rainbow 

trout (Oncorhynchus mykiss Walbaum) of all female origin were obtained from 

Hatchlatids Fisheries (Greyshoot Lane, Rattery, South Brent, UK). Fish were transported 

from the fish farm directly to the Aquaculture and Fish Nutrition Research Aquarium in a 

1000 L tank supplied with pure oxygen (BOC, UK). Transportation time did not exceed 

approximately 30 min. Fish were allowed to recover from transport in darkness for 12 hr 

before light levels were slowly increased to full light intensity. Fish were fed commercial 

trout diets (Skretting) ad libitum until grading and random distribution into tanks to 

proceed with the experimental trials. 

Feeding and weighing protocol 

During the experimental trials fish were fed rations relative to % biomass day -1, provided 

in equal rations at 0900 and 1700 br. Daily feed was adjusted on an assumed FCR =I and 

was corrected every 2 weeks by batch weighing following 24 hr starvation. 
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- 

Plate 2.1. Sýstcin E, recirculation system, Aquaculture and Fisli Nutrition Research 
Aquarium, The University of Plymouth (Above). 

Plate 2.2. Aquasonic DFIOO drum 

screen filter, providing mechanical 
filtration for experimental system E 
(left). 
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Growth and feed utiffsation calculations 

_Chapter 
2 

Growth performance and feed utilisation was assessed by mean final weight gain, SGR, 

FCR, PER and K-factor. Calculations were carried out as follows: SGR = 100((InFW- 

InM/T); FCR = WG/FI; PER = WG/PI; K= FW/(FL 3). Where FW = final weight, IW = 

initial weight, T= duration of feeding (days), WG = wet weight gain, F1 = feed intake, PI 

= protein ingested and FL = final length (cm). 

Chemical and proximate analysis 

Fish carcass and diets were subjected to analysis for the determination of moisture, ash, 

protein, lipid and gross energy content. Fish were sampled at the beginning and end of the 

trial to determine carcass composition. Typically, samples were analysed in triplicate 

according, to AOAC (1995) protocob. 

Moisture 

All samples were dried at 105 ̀C in a fan assisted Oven (Genlab Itd, UK) until a constant 

weight was achieved. Moisture content was calculated as: ((WW - DW)/WW)* 100 

Where WW is wet weight (g) and DW is dry weight (g). 

Ash 

Ash (total mineral or inorganic content) content was determined by adding a known 

weight of sample (-500 mg) to a pre-weighed crucible. The crucible was then incinerated 

in a muffle furnace (Carbolite, Sheffield, UK) at 550*C for 12 hr. Ash was calculated as 

follows: ((SR - CW)/SW)* 100 

Where CW is crucible weight (g), SR is sample residue (including the crucible, g) and SW 

is the initial sample weight (g), 
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Upid, 

Lipid content was determined using the Soxhlet extraction method. Approximately 3g of 

sample material was placed into a cellulose thimble, lightly plugged with cotton wool and 

inserted into the condensers (rinsing position) of a SoxTec extraction system (Tecator 

Systems, H6ganAs, Sweden; model 1043 and service unit 1046). Pre-weighed cups 

containing 40 mL of petroleum ether were clamped into the condensers and the extraction 

knobs were moved to the boiling position for 30 min. The extraction knobs are then 

moved to the rinsing position for 45 min. The cups were then transferred to a fume 

cupboard for 30 min before weighing. Lipid content is then determined as: (LW / SW) x 

100 

Where LW is lipid weight (determined from weight increase of cup, g) and SW is the 

initial sample weight (g). 

Protein 

Determination of crude protein was achieved by the Kjeldahl method to establish the total 

nitrogen content of samples. This amount is then multiplied by a factor 6.25 to calculate 

the crude protein content. Briefly, 100 mg of sample was transferred into a Kjeldahl 

digestion tube along with catalyst tablet (3 g K2 S04,105 mg CuSO4.5H20 and 105 mg 

Ti02; BDH Ltd UK), and 10 ml, of concentrated H2SO4 (Sp. Gr. 1.84, BDH Ltd UK). 

Digestion was performed on a Gerhardt Kjeldatherm digestion block (Gerhardt Laboratory 

Instruments, Bonn, Germany) at 225 OC for 40 min and at 380 "C for 60 min. After the 

digestion stage the samples were distilled using Vapodest 40 automatic distillation unit 

(Gerhardt Laboratory Instruments, Bonn, Germany). 

Crude protein is then determined as: (((ST - BT) x 0.10 x 14 x 6.25) / SW)* 100 
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Where 0.1 is the molarity of the acid, 14 the relative atomic mass of nitrogen, 6.25 is the 

constant relationship between N and animal protein, ST is sample titre (mL), BT is blank 

titre (ml-) and SW is the initial sample weight (mg). 

Gross energy 

Gross energy was determined using a Parr Adiabatic Bomb Calorimeter model 1356 (Parr 

Instrument Company, IL, USA). 

. '-,; 0, - .. II. - 

Plate 2.3. Rainbow trout gastro-intestinal tract. Regions: S= stomach, PC ý pyloric ceaca, 
A= anterior intestine &P= posterior intestine. 
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Microbiological investigations 

Fish dissection 

Nitrile gloves, regularly wiped down with 99% ethanol, were used and aseptic technique 

maintained throughout the entire dissection process. After an external examination to 

ensure good health, fish were sampled as follows: the underside of the fish was washed 

with 70% ethanol and the peritoneal cavity was opened with a sterile scalpel blade. The 

entire gastro-intestinal tract was removed from the peritoneal cavity (refer to Plate 2.3). 

The anterior section was determined as the region between the distal most pyloric ceaca 

and the proximal border of the posterior section with the posterior section determined as 

the region between the increase in diameter of the gastrointestinal tract and the anus. After 

anterior and posterior regions were differentiated they were fixed using sterile clips in 

order to prevent the movement and mixing of intestinal contents within the intestinal tract. 

The intestine was divided into four sampling points, the anterior digesta (AD), posterior 

digesta (PD), anterior mucosa (AM) and the posterior mucosa (PM). After cutting at the 

proximal border between the regions (where clamped), digesta from the anterior section 

and posterior sections were removed separately. The anterior and posterior intestinal 

mucosal tissue was then excised and washed thoroughly 3 times with phosphate-buffered 

saline (PBS; pH 7.3) and homogenized in a macerator (MSE, London, UK). 

Plating and colony counts 

Typically, the resulting material from 3 fish was pooled into one sample. Feed was 

suspended in 10" dilution of PBS and homogenized in a stomacher (Seward laboratory, 

London, UK). Intestinal, feed and water samples were then serially diluted to 10-7 with 

PBS and 100 RL was spread onto appropriate duplicate agar plates and incubated. Viable 

counts were then performed using a Gallenkamp colony counter (Weiss-Gallenkamp, 
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Loughborough, UK). Aerobic heterotrophic counts were performed after 7 days aerobic 

incubation at 20 T on duplicate TSA after Huber et at. (2004). TSA is a general purpose 

medium which supports a wide range of bacterial species and has shown high correlation 

between viable counts and the number of bacteria enumerated by direct counts (using 

DAPI) from rainbow trout (Spanggaard et at. 2000; Huber et d. 2004). Colony forming 

units (CFU) mL-' or g-1 were determined for viable bacterial populations. 

Phenotypic bacteriological identification 

Approximately 25 colonies were randomly taken from all plates containing between 30- 

300 colonies and sub-cultured on TSA until pure cultures were achieved. All isolates were 

then tentatively, placed into groups or genera, according to standard methods (Cowan & 

Steel 1993; Holt & Bergey 1994) based on colony morphology, cell morphology, Gram 

stain, production of catalase (3% H202), oxidase, glucose fermentation (glucose peptone 

water), motility (hanging, drop) and endospore formation (observed from Gram stain). 

Molecular microbial invesdgadons 

All molecular methodologies and protocols were carried out in a Labcaire PCR 

workstation (Labcaire Systems Ltd, Clevedon, UK). 

16S rRNA sequence analysis ofpure cultures 

DNA extraction 

A pure colony was suspended in 200 gL of distilled water and subjected to a 10 min 

boiling pre-treatment. DNA was extracted using a QlAamp'D Stool Mini Kit (Qiagen)q 

with slight changes to the manufacturer's instructions, as described in the Appendix I- 

47 



Chapter 2 

Polymerase chain reaction (PCR) 

PCR amplification. of the V3 region of 16S rRNA genes was undertaken using the reverse 

primer P2 (5'-ATT ACC GCG GCT GCT GG-3') and the forward primer P3 with a GC 

clamp (5-CGC CCG CCG CGC GCG GCG GGC GGG GCG GGG GCA CGG GGG 

GCC TAC GGG AGG CAG CAG-3') after Muyzer et al. (1993). These primers 

correspond to position 341 to position 534 in the 16S rRNA of Es. coli, which produces a 

fragment of 233 bp. The following reagents were included in each PCR tube: I RL of 

primer P2 and I pL of P3 (50 pmol gL-1; MWG-Biotech AG, Germany), 3 JIL DNA 

template, 25 pL ReadyMIXTm Taq PCR Reaction Mix with MgC12 and 21 pL PCR grade 

water. Giving a final concentration of 1.5 units Taq DNA polymerase, 10 mM Tris-HCI, 

50 mM KCI, 1.5 mM MgC12,0.001% gelatin, 0.2 mM dNTPs. Thermal cycling was 

conducted under the following conditions: 94 T for 10 min, then 30 cycles at 94 T for I 

min, 65 OC for 2 min, 72 T for 3 min. Thermal cycling was conducted using either a 

GeneAmp* PCR System 9700 (Perkin-Ekner, CA, USA) or a Techne TC-312 thermal 

cycler (MIDSCI, MO, USA). 

Agarose gel electrophoresis 

Before conunencing downstream procedures DNA extracts and PCR products were run on 

agarose gels to assess quality. Unless otherwise indicated, all standard electrophoresis was 

conducted using 1.2% agarose (Cambrex Bio Sciences, ME, USA) containing ethidiurn 

bromide (EtBr, 0.5 mg mL-1) run with Ix Tris-borate-EDTA (TBE) buffer in a Pharmacia 

electrophoresis tank. Typically 5 gL of sample was loaded with 1 111, of loading buffer 

(Bioline). 5 jil, of HyperLadder IV (Bioline) was used to assess the size of DNA products. 

Visualisation of agarose gels was achieved with a Bio-Rad universal hood 11 (Bio-Rad 

laboratories, Italy). 
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Sequence analysis 

The PCR products were cleaned using QlAquick PCR Purification Kit (Qiagen) according 

to manufacturer's instructions. DNA concentration was determined spectrophotometrically 

at 260 nm (Thermo Scientific NanoDropTM 1000, DE, USA), diluted to 10 - 50 ng AL"' 

with molecular grade water and sequenced by GATC laboratories (GATC-biotech 

laboratories, Germany). A BLAST search in GenBank 

(http: //blast. ncbi. nlmnih. gov/Blast. cgi) was undertaken to retrieve the taxonomic groups 

for which the sequences showed the highest alignment identities. 

Electron Microscopy 

Scanning electron microscopy (SEAV 

Fish were dissected as described on page 46. Samples for SEM were taken from 3 fish per 

tank unless otherwise indicated. Typically, intestinal samples from the anterior and 

posterior regions (ca. 2 mm) were excised and washed thoroughly in 1% S- 

carboxymethyl-L-cysteine for 30 sec in order to remove epithelial mucus. Samples were 

then fixed in 2.5% glutaraldehyde with 0.1 M sodium cacodylate buffer (1: 1 vol., pH 7.2, 

3% NaCI). Fixative removal from samples was carried out by rinsing 3 times with 0.1 M 

sodium cacodylate buffer for 15 min. Dehydration was achieved by placing samples in 

graded ethanol solutions (30%, 50%, 70%, 90%) for at least 15 min each and then twice in 

100%. After the dehydration process samples were critically point dried with ethanol as 

the intermediate fluid and C02 as the transition fluid (Emitech K850; Kent, UK). Dried 

samples are then mounted on aluminium stubs and gold coated using an Emitech K550 

sputter coater (Kent, UK). Samples were then screened using a Jeol JSM 5600 LV electron 

microscope Crokyo, Japan). 
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Fish were dissected as described in section 46. Samples for TEM were taken from 3 fish 

per tank unless otherwise indicated. Typically, intestinal samples from the anterior and 

posterior regions (ca. I mm2) were excised and fixed in 2.5% glutaraldehyde in 0.1 M 

sodium cacodylate buffer (1: 1 vol., pH 7.2,3% NaCI). Samples were rinsed with buffer 

twice for 15 min (minimum) in order to remove fixative. The samples were then 

secondary fixed for I hr in 1% osmium tetroxide (OsO4). After, the samples were rinsed 

again with buffer (0.1 M sodium cacodylate) in order to remove the residual osmium. 

Samples were then dehydrated in graded ethanol solutions 30%, 50%, 70%, 90% (for 15 

min) and then twice in 100% (for 15 min). Ethanol was then replaced with resin using an 

ethanol/resin solution at several graded conceitrations: 30% resin (70% ethanol) for 24 hr, 

50% resin (50% ethanol) for a minimum 5 hr, 70% resin (30% ethanol) for a minimum of 

5 hr and finally in absolute resin for 24 hr. Tissues were placed in beem capsules in 

preparation for resin polymerisation (70 T overnight). Blocks were trimmed; semi-thin 

sections (0.5 pm) were cut with a glass knife and stained with methylene blue for initial 

examination under light microscope. Ultrathin sections were cut with a diamond knife 

(-90 nm). Sections were placed in copper grids and stained with saturated uranyl acetate 

solution for 30 min, rinsed with distilled water and post stained with Reynolds lead citrate 

(Knight & Lewis 1977) for 30 min. Ultrathin sections were then screened with a ISM 

1200 EX transmission electron microscope at l20kV (Jeol, Tokyo, Japan). 

Sample screening and image analysis of microvill! 

SEM images were taken at various magnifications for general structmi observations and 

observations of bacterial communities. Images were taken at x 20 000 magnification and 

analysed using Image J 1.40 (http: //rsb. info. nih. gov/ij/download. htmi) to assess microvilli 
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density. Images were converted to 8-bit and then the foreground (nnuovilli) was 

differentiated from the background (spacc bctween microvilh) by thresholdim, the image 11 

(as depicted in Plate 2.4). The ratio of foreground/backgrOUnd is then calculated to give a 

density value (as arbitrary units, AU). Irriages were analysed blind to prevent blas and 

typically 3 images per sample were analysed. 

TEM images were analysed with Image J 1.40. TEM (Magnification x 20 000) lin order to 

measure microvilli length after Hu ef al. (2007). 10 well orientated individual microvilli 

were measurcd per image, with typically 3 images per sample. 
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Plate 2.4. Lxaniplc (4thi-cshold adjustincrits of'SEM micrographs (raillbow trOLIt 111M-101' 
intestine) using Image J (V. 1.40) for tile '111,11YSIS of 1111crox 1111 density. LCII: "parse (top) 
and dense (bottom) inicrovilli. Right transformed images fior analysis. Ratio of black to 
white is thcri calculated to give a density ratio (expressed as arbitrary units, AU). 
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Haematological and immunological parameters 

Typically blood samples were taken from 3 fish per tank at the end of the growth trial. 

Fish were either A) euthanized by overdose of Tricaine methanesulfonate (MS222; 

Pharmaq, Fordingbridge, UK; 200 mg L-1 water for 15 min) followed by destruction of the 

brain, or B) sedated by, transfer to an anaesthetic bath of 80 mg L-1 MS222 (Alpharma 

tech. bulletin). Fish were judged as suitably sedated for subsequent sampling by loss of 

equilibrium. Blood was sampled from the caudal vein using a 25 gauge needle and I mL 

syringe. Blood was left to clot for 3 hr before serum was removed. Serum samples were 

stored at -80 *C until analysis of lysozyme and alternative complement activity. 

Lysozyme activity 

Lysozyme activity was assessed using a turbidometric assay (Ellis 1990). Briefly, 50 AL 

of serum was added to 950 IiL of the lysozyme sensitive Gram-positive Micrococcus 

lysodelkticus; at a concentration of 200 mg mL-1 in 0.05 M Na2HP04 (pH 6.2). After 

mixing the reduction in turbidity was measured between 0.5 and 4.5 min at 530 nm at 22 

OC. I unit of lysozyme activity was defined as a decrease in absorbance of 0.001 units min- 

Alternative complement activity 

Alternative complement activity was assayed using rabbit red blood cells (RaRBC; TCS 

Biosciences, Claydon, UK) following the procedure of Yano (1992). Briefly, RaRBC were 

washed 3 times and adjusted to cell concentration of 2x 108 mL" in 0.0 1M in EGTA-Mg- 

gelatin PBS buffer (pH 7.5). The 100% lysis value (OD 414 MM) was obtained by lysing 

100 pL rabbit erythrocytes with 3.4 mL distilled water. Serum was subjected to an initial 

1/20 dilution. Dilutions of serum were made using 0.01M in EGTA-Mg-gelatin PBS 
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buffer to give the following concentrations in a total volume of 250 pL: 5%, 4%, 3.2%, 

2.5% and 2% (v/v). 250 gL RaRBC was added and tubes and then incubated at 20 "C for 

90 min with manual shaking. The volume of each tube was adjusted to I mL using 0.01M 

in EGTA-Mg-gelatin PBS buffer. Tubes were then centrifuged (1600 g) for 5 min and 200 

gL of supematant was trawferred to a 96-well plate. The OD (414 mm) of the supematant 

was measured in an Optimax microplate, reader with Kinetic software SOFTmax V 

(Molecular Devices, USA) and % haemolysis was calculated. A lysis curve was obtained 

by plotting haemolysis against volume of serum. The volume of serum yielding 50% 

haernolysis was determined and used to calculate the complement activity of the sample 

(ACH50 value units mL-1). 

Haematocpit 

In order to measure haematocrit fresh blood was drawn into microhaematocrit tubes by 

capillary rise and sealed with Cristaseal. Capillaries were centrifuged for 5 min (3600 g) in 

a microhaematocrit centrifuge. Haematocrit values were measured using a Hawksley 

reader as % packed cell volume (%PCV). 

Leukocyre counts 

In order to quantify total leukocyte counts 5 gL whole blood was smeared on to 

microscope slides. Slides were allowed to air dry and were then fixed in 95% methanol. 

Slides were stained with 6% Giemsa (BDH) for 20 min and mounted in DPX (BDH). 

Images were taken using a DCM130 digital camera (Brunel microscopes Ltd, Wiltshire, 

UK) using ScopePhoto (ScopeTeO, China) and a Medilux-12 light microscope (Kyowa). 

Counts were performed on digital images and levels were quantified as total number of 

leukocytes per 1000 blood cells. 
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Statistical analysis 

Data transformations were carried out where necessary and unless otherwise indicated 

relevant statistical analysis was carried out using SPSS 15.0 (Chicago, IL, USA). Shapiro- 

Wilk test was conducted in order to test for nonnal distribution of data. Typically a One- 

Way ANOVA and post hoc LSD was used for the analysis of norinally distributed data 

and Kruskal-Wallis and post hoc Bonferroni was used for analysis of non-normally 

distributed data. Significance was accepted at P<0.05 level. Results are presented as 

mean ± standard deviation unless otherwise indicated. 
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Chapetr 3. The indigenous intestinal microbiota of rainbow trout 

Chapter 3A. The indigenous intestinal miCrobiota of farm reared 

rainbow trout 

Abstract 

Bacterial connnunities from the intestinal tract of rainbow trout were investigated to assess 

transient and resident microbial communities using both culture-based and culture- 

independent techniques. Viable counts attached to the intestinal mucosa were in the range 

of log 4.77-5.38 CFU g-1 and log 6.67-6.79 CFU g-1 in the intestinal contents. 

Pseudomonas spp. and Enterobacteriacaea constituted nearly 80% of the allochthonous 

population but less than 60% of the autochthonous, populations. This coincided with an 

elevated mucosal level of a group of Gram-positive rods from - 2% in the digesta to -25- 

35% on the mucosa. This group was identified by 16S rRNA as Arthrobacter aurescens 

and Janlbacter spp.. Analysis of DGGE banding patterns revealed complex communities 

in all intestinal regions. Similarity coefficients revealed that mucosal communities were 

-70% similar to digesta communities yet due to the presence of bands found uniquely 

either in the digesta or on the mucosa the conununities are distinctly different. Scanning 

electron microscopy confirmed mucosal bacterial populations and highlighted a possible 

localised colonisation between mucosal folds. The study highlights the complexity of 

resident microbial communities which have not been fully explored in previous rainbow 

trout studies; this is especially true with probiotics/prebiotic investigations. 
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Introduction 

In order to fully analyse and understand the effects of probiotics on rainbow trout growth 

the indigenous gut microbiota must first be investigated. To achieve this, and develop 

relevant techniques, an investigation was carried out to characterise the microbial 

communities of different intestinal regions of farm reared rainbow trout. Previous 

investigations of the rainbow trout gut microbiota have given a broad solid foundation but 

are sometimes limited by the number of gut regions and the numbers of isolates tested 

(Trust & Sparrow 1974; Trust et al. 1979; Austin & Al-Zahrani 1988; Spanggaard et al. 

2000; Spanggaard et al. 2001; Huber et al. 2004; Heikkinen et al. 2006; Pond et al. 2006). 

Many of these previous studies have focused on the allochthonous microbiota as opposed 

to the autochthonous communities found associated with the intestinal lining. Early 

studies have suggested that the microbiota associated with the epithelial mucosa is 

considerably less than that in the digesta; 2-3 log units difference (Austin & Al-Zahrani 

1988; Spanggaard et al. 2000). It is because of this that recent studies that explore the gut 

microbiota of rainbow trout are concerned with the transient populations found within the 

digesta. The microbiota associated with the gut epithelium is thought to play a role as a 

barrier against pathogenic infection (Ringo & Birkbeck 1999) and numerous papers have 

also demonstrated the influence of the adherent population on the integrity of the epithelial 

surface (for a review see Ringo et at. 2007). The key aim of the experimental investigation 

of this section is to give a comprehensive analysis of autochthonous and allochthonous 

intestinal microbial communities of the rainbow trout, as well as the bacteriology of the 

rearing environment. 
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Rainbow trout were collected from a local fish farm (Rattery Devon, UK; page 41). A 

total of 12 fish were sampled in June and July 2005. Water temperatures ranged between 

15 - 16 T during this period. Fish were fed a conunercial diet (Skretting elite; 42% 

protein, 20% lipid) and had a mean weight of 100.0 ± 6.7 g. 

Dissection and, sampling procedure 

Fish were euthanized by a hard blow to the head, followed by destruction of the brain and 

placed on ice for transportation to the laboratory. Triplicate samples of water, originating 

from three different regions of the farm, along with triplicate samples of feed were taken. 

Time between termination and dissection did not exceed 2 hr. Fish were dissected (as 

described on page 46) to differentiate samples of the anterior intestinal mucosa, (AM), 

anterior digesta (AD), posterior mucosa (PM) and posterior digesta (PD). The resuking 

material from 3 fish was pooled into I sample, thus, yielding a total of 4 samples. 100 rag 

of sample material was then separately homogenized in 900 IiL PBS (10-1). 

Bactedal idendficadon 

Culture-based methodologies 

Plating and culture-based identification was carried out as explained on pages 46-47. 

Duplicate plates were also incubated anaerobically in a modular atmosphere controlled 

system (DW Scientific, Shipley, UK) to determine the number of obligate anaerobes. 

Anaerobic gas (10% H2, ) 10% C02 and 80% N) was supplied by BOC (Surrey, UK). 

Isolates were picked and re-streaked on TSA for aerobic incubation to differentiate the 

strict anaerobes from the facultative anaerobes. 
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Several isolates were subjected to BLAST analysis following DNA extraction, PCR and 

sequence analysis as described on pages 47 - 49. 

Culture-Indlependent Invesdgadons 

DNA extraction 

Intestinal samples were incubated with lysozyme solution (50 mg mL" in TE buffer) for 

30 min at 37 T. DNA was then extracted from 2 pooled samples per gut region using a 

QIAampP Stool Mini Kit (Qiagen) with minor modifications to the manufacturers' 

instructions (Appendix 1). 

Ribosomal inte? genic spacer analysis 

PCR amplification of 16S and 23S intergenic spacer region was undertaken using the 

primers B1055 (5'-AAT GGC TGT CGT CAG CTC GT-3') and 23SOR (5'-TGC CAA 

GGC ATC CAC CGT-3') after Acinas et al. (1999). The following reagents were included 

in each PCR tube: I jiL of primer B1055, I jiL of primer 23SOR (100 pMDI IIL"; MWG- 

Biotech AG, Germany), 2 pL DNA template (25 ng pL"), 10 pL ReadyMIX'" Taq PCR 

Reaction Mix with MgC12, and PCR grade water to a final volume of 20 pL. Thermal 

cycling was conducted using a Techne TC-312 thermal cycler, under the following 

conditions: 95 *C for 5 min, then 35 cycles of 94 OC for I min, 55 OC for I min, 72 OC for 

2 min with a final extension step of 72 OC for 10 min. 5 pL of the PCR products were then 

run on a 2% agarose gel in Ix TBE. For comparative purposes samples were run on 

several gels. Two gels containing EtBr (0.5 and 1.0 mg mL-1) and one with GelRed 

(Biotiumý 0.1 gL mL"'). Gels were visualised with UV (Bio-Rad universal hood 11). 
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Images were optimised for analyses by enhancing contrast and greyscale using Quantity 

one'O version 4.6.3 analyses software (Bio-Rad laboratories, CA, USA). 

Denaturing gradient gel electrophoresis (DGGE) 

PCR amplification of the V3 16S rRNA genes was undertaken as described on page 48 

with the following modifications: 

*5 pL DNA template 

* Touchdown thermal cycling was conducted under the following conditions: 94 T 

for 10 min, then 30 cycles starting at 94 *C for I min, 65 T for 2 min, 72 T for 3 

min. The annealing temperature decreased by I *C every second cycle until 55 T 

and then remained at 55 T for the remaining cycles. 

The DGGE was performed using a DGGE-2001 system (C. B. S. scientific, CA, USA; Plate 

3.1). 15 pL of standardized PCR products (40 ng RU') were run on 8% acrylamide gels 

(16 cm x 16 cm xI mm) with a denaturing gradient of 40 - 60% (where 100% denaturant 

is 7M urea and 40% formamide). Gets were poured using a Bio-Rad gradient delivery 

system (model 475, Bio-Rad laboratories). All samples were run on the same gel to 

prevent issues of reproducibility and outside lanes were not used. The gel was run at 65 V 

for 16 hr at 60 "C in Ix TAE buffer (66 mM Tris, 5 mM Na acetate, I mm EDTA). 

Preliminary staining using EtBr (up to I jig mL" for 30 min) was not sensitive enough as 

only a few bands were observed. Therefore, visualization of the DGGE bands thereafter 

was achieved by the more sensitive, optimized silver staining method of Benbouza et al., 

(2006). Briefly, the gel was soaked in fixation buffer (dH20 containing 10% ethanol and 

0.5% acetic acid) for 5 min followed by 6-7 min in impregnation solution (I L CIH20 

containing 1.5 g AgN03i 1.5 mL 37% formaldehyde). The gel was then briefly washed in 
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dH20 before transferring to development solution (I L dH20 containing 15 g NaOH, 2 ml, 

37% HCOH) for 3-5 min or until bands are clearly visible. The gel was then transferred 

to the fixation buffer to terminate development (2 min). The Gel was scanned in a Bio-Rad 

universal hood 11 (Bio-Rad laboratories, Italy) and optimized for analyses by enhancing 

contrast and greyscale. 

Electron microscopy 

Samples for SEM were also taken from 5 individual fish as described on page 49. 

Statistical analysis 

Statistical analysis of culture-based microbial populations was carried out as described on 

page 54. Due to the nature/sensitivity of the silver staining procedure, excessive staining 

of lanes may sometimes occur, therefore analysis of banding patterns from silver stained 

gels were conducted on a presence/absence basis instead of including band intensities. 

Jaccard similarity calculation was conducted from binary analysis of the presence/absence 

of bands present from the DGGE fingerprints in order to construct a silnilaritY half matrix. 

Jaccard similarity was calculated as follows: S= NAB/(NA + N13 - NAB), where NAB is the 

number of common bands, NA is the number of bands in lane A and NB is the number of 

bands in lane B. 
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Resufts 

Culture-based analysis 

Viable counts in the feed were log 5.87 CFU g-1; dominant microbial groups were 

identified as Enterobacteriaceae, Pseudomonas spp., Micrococcus spp. and yeast. Viable 

counts in the rearing water were log 4.43 CFU mL-1; dominant bacterial genera were 

Enterobacteriaceae, Pseudomonas spp. and other Gram-positive rods. The aerobic 

heterotrophic bacterial populations associated with the rainbow trout intestine is displayed 

in Table 3.1. The number of viable autochthonous microbes were less than the level of 

allochthonous microbes by approximately 1-1.5 log units. Mean viable counts were log 

4.77 CFU g" in the anterior mucosa; log 5.38 CFU g-1 in the posterior mucosa; log 6.67 

CFU g-1 in the anterior digesta; and log 6.79 CFU g" in the posterior digesta. The 

autochthonous level was significantly lower than the allochthonous level in the anterior 

intestine (P = 0.014) but not the posterior. Staphylococcus and Acinetobacter spp. were 

observed as minor allochthonous populations but were completely absent on the mucosa. 

Levels of Pseudomonas spp. were consistently found to be significantly higher in the 

digesta than the mucosa (P < 0.05). The percentage of allochthonous Pseudomonas spp. 

was 35.81% and 43.55% in the anterior and posterior intestine, respectively. However, 

autochthonous levels were only found at 16.80% and 18.58% in the anterior and posterior 

intestine, respectively. This coincided with a considerable increase in the number of 

unidentified Gram-positive rods. Dominant isolates from this group were identified by 

16S rRNA as Arthrobacter aurescens (100 %) and Janibacter spp. HTCC2649 (99 %). 

Combined, they were found at levels lower than 2% in the digesta but comprised 36.79% 

and 24.71% of the total microbial population identified on the anterior and posterior 

mucosa, respectively. 
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Table 3.1. Composition of rainbow trout microbiota isolated from different intestinal 
regions: AM, anterior mucosa; AD, anterior digesta; PM, posterior mucosa; PD, posterior 
digesta, F, feed; W, water. Microbial composition expressed as percentages. 

AM AD PM PD F w 
Viable count (CFU g") 4.77' 6.6715 5.38 6.79 5.87 4.43 
Composition (%) 
Enterobacteriaceae 31-44 41.41 38.88 35.13 17.68 10.93 
Pseudomonas spp. 16.80' 35.8 lb 18.58' 43.55b 27.26 59.71 
Staphylococcus spp. - 3.22 - 3.35 - - 
m7crococcus spp. 3.80 9.19 5.03 6.76 28.21 1.99 
Acinetobacter spp. - 0.49 - 2.89 0.46 2.48 
Aeromonas spp. 7.80 7.98 12.80 7.35 4.17 8.95 
vibrio spp. - - - - - 1.00 
Bacillus spp. 1.89 0.49 - - 3.47 3.99 
Other Gram + rods* 36.79 1.41 24.71 0.98 6.28 10.95 
Yeast 1.47 - - - 12.49 - 
Total number of isolates 206 214 210 207 209 201 

" Different superscripts within the row and same intestinal region (i. e. anterior or 
posterior) denote a significant difference between mucosal (autochthonous) and digest& 
populations (allochthonous) (P < 0.05). 
* Dominant isolates identified by 16S rRNA as Arthrobacter aurescens and Janibacter 
SM. 

- not detected. 
'CFU mUl 
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RISA o/ bacterial commimil. 1, profiles 

PCR-RISA resulted in the presence of very few, bands (Figure 3.1 ). Two distinct bands of 

size 600 - 700 bp were identified and were collillioll to aII samples. Several otlicr fiallit 

bands were present in sorne samples. Feint 

Unclean Clean 

Figure 3.1. Negative image of c1can and Linclean ITR-Rl'ý, A run on a agarose gel. 
Ladder I -, 1000-100 bp ladder (Ilyperl, a(lder IV, Biolille, loo hp increments). Ladder 2, 

2000-50 bp ladder (Hyperl-adder 11, Moline, 2000,1800,1600 1400,1200,1000,800, 

600,500,400,300,200,100,50 bp). Banding patterns represent tingerprints of the 
bacterial communities present in the intestinal tract of rainhow trout. Only 2 or 3 distinct 

bands present (ranging from -500 - 700 bl)). 
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DGGE analysis of bacterial community profiles 
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DGGE analysis revealed complex microbial communities present in both replicates from 

all intestinal samples (Figure 3.2). A total of 27 distinct bands (presumed species) were 

observed on the gel. The number of different species present in each of the samples ranged 

between 18 - 23; of these, 15 were common to all samples and all replicates. However, 2 

species (bands C and K) were found present in the digesta that were not detected in any 

mucosal samples, likewise 3 species (bands V, Y and Z) were found only on the mucosa. 

Jaccard similarity half matrix is shown in Table 3. Mean pairwise similarities between 

band pattems from autochthonous and affochthonous samples were 73.46 ± 8.45% in the 

anterior region and 70.85 ± 8.84% in the posterior region. Pairwise similarity between the 

two mucosal populations (AM x PM = 79.34 1 14.40) was considerably less than the two 

digesta conununities (AD x PD similarity = 89.01 :k5.38%). It is also worth noting that 

comparing the 2 replicated pooled samples for each region the posterior mucosal the 

pairwise similarity value was one of the lowest values recorded (PM Ix PM2 = 64.00%) 

as opposed to the other regions which were relatively similar (AM = 78.26 %, AD = 83.33 

and PD = 86.32 %). 
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AD1 AD2 AM1 AM2 PM1 PM2 PD1 PD2 

A 
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Figure 3.2. NcgatiNc knagc ofa silvcl- stained 40 - 00"o OOGFý ocl, shmN banding (A- 
Z2) patterns of PCIZ-amplified bactenal 16S i-RNA fi-apments. Bandint, pattenis i-epivsent I- -- 
fingaprints of' the bactenal commUllItICS I)I-CSCIlt on the antenot, muco. s'a (AM), antenor 
digesta (AD), postenor 111LIcosa (PM) and postenoi- dioesta WD) ofra nbow trout. Fach 
lane i-epresents 2 samples pooled fi-om 6 fish. 
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Table 3.2. Similarity half matrix between presence\absence of DGGE bands of rainbow 
trout microbial communities isolated from different intestinal regions (Jaccard calculation, 
values expressed as %). AD = anterior digesta; AM = anterior digesta; PD = posterior 
digesta; PM = posterior mucosa. 

Region AD AM PD PM 
Replicate 1212 1 2 1 2 

1 100.00 83.33 64 00 84 00 87 50 82.61 61.54 80.00 AD 2 . . 100.00 69.57 76.00 . 95.45 90.48 66.67 72.00 
1 100.00 78.26 60.00 68.18 94.74 60.00 AM 2 100.00 80.00 68.00 82.61 80.00 

PD 1 100.00 86.32 64.00 83.33 
2 100.00 65.22 70.83 

PM 1 100.00 64.00 
2 100.00 

Table 3.3. Number of bacterial species present in samples from DGGE lanes and mean 
pairwise comparisons of similarity indices of the bacterial communities present in the 
rainbow trout intestine. Intestinal regions: anterior mucosa, (AM), anterior digesta (AD), 
posterior mucosa (PM) and posterior digesta (PD). 

Region # Species 
AD 1 23 
AD 2 21 
AM 1 18 
AM 2 23 
PM 1 19 
PM 2 22 
PD 1 22 
PD 2 19 

Pairwise comparisons (O/o) 
AD x AM 73.4: k 8.6 
PD x PM 70.9 ± 8.8 
AD x PD 89.0: L 5.4 
AM x PM 79.3 ± 14.4 
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Electron microscopy 

Tile scanning electron micrographs clearly demonstrate that bacterial populations are 

adhered to the mucosal lining (Figures 3.3 and 3.4) and can be considered as resident 

(autochtlionous); thus, confirming the conventional and molecular microbial analysis. 

Mixed populations of rods and cocc) can be seen on the surlace ofthe mucosa. Sporadic 

colonisation by bacteria] cells appeared throughout tile anterior and posterior intestine, 

however, a noticeable locallsed effect was evident between the mucosal tiolds and at the 

bases of tile villi (FIgUre 3.5). 

cc 

cc 

RC I I. 

IWO 

A: V4ýc ý 
oyi" 

. ; bb 

Figure 3.3. SEM 1111clogi-aph of tile anterior liltestillal II)LICO. Sa Oftl-01.1t. \1 XCd 11011LIlat Z7 1 lolls 
of' rods (RC; rod cells in division) and coccl-llkc cells (('(') adhered to the 11111cosal 
SLII'I'aCC. Scale bar - 10 p m. 
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ý, -1 , 11TR -, air 

Figure 3.4. SLNI micrograph of the anterior Intestinal 11111cosa. Example" ol, closc 
i Moll ol, hýlctcmll iml cclk 1)111 [1111 

UP'. 111-C 3.5. MM 1111C10,11,11)JI ofthe posterior 111tcStIlial 111LICO"a. Local "cd cohm*sat oil of' Z7 111 

hacterial cells between mucosal folds and at tile base of the villi. Scale bar 10 p Ill. 
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Discussion 

The bacterial populations identified are in line with that of similar studies and confirms 

that the dominant groups associated with the gut of rainbow trout belong to the y subclass 

of Proteobacteria, in particular Pseudomonas spp., Aeromonas spp. and 

Enterobacteriaceae (Austin & Al-Zahrani 1998; Spanggaard et al. 2000; Spanggaard et al. 

2001; Huber et al. 2004; Heikkinen et al. 2006; Pond et al. 2006; Kim et al. 2007). 

Similarly, as reported in many of these papers, fluctuations of microbiota between samples 

and the 2 sampling visits were also observed. This is to be as expected as the bacterial 

populations found to be associated with fish are largely influenced by the fluctuating 

nature and bacteriology of their environments (Cahill 1990; Ringo et al. 1995; Ringo & 

Gatesoupe 1998; Ringo & Birkbeck 1999). It is clear from the present study that the most 

dominant groups associated with the feed and water are often reflected by their dominance 

within the gut regions. This is most evident with Pseudomonas spp. and 

Enterobacteriaceae. The number of viable microbes found in the digesta (105 -I Cý CFU g' 

1) is in agreement with earlier studies and it was also observed that the viable microbial 

communities associated with the intestinal mucosa are lower than that found passing 

through the lumen in the digesta. However, typically only aI-2 log unit decrease in the 

viable microbial communities was observed on the mucosal surfaces, as opposed to 2-3 

log units reported previously (Austin & Al-Zahrani 1988; Spanggaard ef al. 2000). In the 

present study log viable counts in the intestine were in the range of 4.77 - 5.38 CFU g-' on 

the mucosal surfaces and 6.67 - 6.79 CFU g" in the digesta. Comparably high levels of 

adherent gut mucosal populations have been identified in other fish species. Viable counts 

in the order of log 4.93 - 6.34 CFU g" have been found on the hindgut Mucosa of Atlantic 

salmon (Ringo et al. 2006a) and counts in the range of log 4.55 - 5.68 CFU g" have been 

reported to be associated with the mucosa of Arctic charr (Ringo et al. 2006b). Similarly, 
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viable bacterial counts found adherent to the intestinal mucosa of Atlantic cod have been 

reported in the range of log 3.95 - 4.77 CFU g-1 in the mid intestine and log 4.73 - 5.50 

CFU g" in the distal intestine (Ringo et al. 2006c). These values are only approximately 

one log unit lower than the values reported in the digesta; log 4.96 - 5.45 CFU g" in the 

mid intestine and log 5.35 - 5.56 CFU g-1 in the distal intestine. Kim et al. (2007) 

investigated rainbow trout microbial populations of the intestinal mucus and intestinal 

contents. Iower numbers of viable bacteria were found in the mucus (log 6.48 ± 6.66 CFU 

g-1) than in the digesta, (log 6.68 ± 6.81 CFU g-1); however, these were not significantly 

different (P > 0.05). The microbial population found was similar, yet smaller in diversity, 

than the communities found in the digesta. This suggests that the mucus associated 

microbiota may be distinctly different from the transient population associated with the 

intestinal contents. The mucus bacterial population may itself be a population representing 

a different niche between the intestinal contents and the epithelial associated community. 

In the present study a higher level of the group identified as "other Gram-positive rods" 

were isolated from the mucosa than the digesta. These isolates were identified by 16S 

rRNA as closest nucleotide sequence matches to Arthrobacter aurescens and Janibacter 

spp. HTCC2649. Arthrobacter spp,. have been identified from the rainbow trout digestive 

tract (Huber et al. 2004; Kim et al. 2007), however, to the author's knowledge 

Arthrobacter aurescens and Jantbacter spp. HTCC2649 have not been isolated from the 

rainbow trout digestive tract previously. Both Janibacter and Arthrobacter are genera of 

the Actinomycetales order and are robust enough to survive environmental fluctuations 

and are thus able to survive gastric Ummit to be found in the rainbow trout intestine. A. 

aurescens are ubiquitous soil bacteria and were likely present in the soil and pond water at 

the trout finn. Arthrobacteria, can degrade pesticides and other toxic compounds and could 

be important in terms of bioremedation (Megharaj, Avudainayagam, & Naidu 2003). 
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J'anibacter spp, HTCC2649 is an aquatic bacterium originally isolated from the Sargasso 

Sea, Atlantic Ocean. The name Janibacter is derived from Janus, because the bacterium 

has a changing rod - cocci morphology during the growth cycle (Loubinoux, Rio, Mihaila, 

Fols, Le Fleche, Grimont, Marie, & Bouvet 2005). Related Gram-positive rod genera, 

such as Arthrobacter also show a rod - cocci growth cycle and thus such species are 

difficult to identify with culture-based methods alone. These species may have been 

misidentified in previous studies which have not incorporated 16S rRNA analysis or they 

may not have been isolated previously due to the fact that these organisms were low in the 

digesta, the sampling region which has been the focal point of most previous 

investigations. Future studies focusing on the mucosa will reveal whether these species are 

commonly found as epithelial populations or whether this is an isolated case, confined to 

the present farm. 

The results from the RISA based fingerprinting method in the present study were not very 

informative with regards to community analysis due to the very small number of bands. 

However, RISA has been used successfully to demonstrate differences of microbial 

communities associated with range environmental samples, including aquatic bacterial 

communities (Fisher & Triplett 1999; Yu & Mohn 2001). The ineffective nature of RISA 

in the present study may be due to that fitct that the length of intergenic spacer region of 

the different species recovered were relatively similar. Despite this, differentiation of 

bands may have been more effective using Metaphor agarose get or polyacrylamide gel 

electrophoresis (PAGE). 

Statistical analysis of gel electrophoresis fingerprints is a useful tool for comparing 

complex microbial conununity profiles from different environmental samples and it can be 

utilised as a tool without the need for sequencing of bands (Eichner et al. 1999; Zhang & 

Fang 2000; Yang et al. 2003; Dilly et al. 2004). Although binary similarity calculations 
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are routinely used, these estimates are likely to overestimate similarities due to the non- 

weighted quantification of each band (Yu & Mohn 2001); thus, similarity coefficients 

presented in the current study should be considered as maximum estimates. The current 

study utilised banding pattern analysis to demonstrate the complexity of the microbiota 

found within the rainbow trout intestine, with specific emphasis on mucosal populations in 

a way that has not been conducted before. While gel electrophoresis techniques have been 

used previously in rainbow trout studies they have been used only as a means for excision 

and sequencing of bands (Spanggaard et al. 2000; Huber et al. 2004; Pond et al. 2006; 

Kim et al. 2007). The data from the present study show that the number of autochthonous 

species and allochthonous species within the intestine is not significantly different (-20 in 

both intestinal regions). However, when comparing the species from respective mucosal 

and digesta, samples by banding similarity matrices, mean pairwise comparisons are only 

approximately 70%. Pairwise similarity between the two mucosal populations (-79%) was 

considerably less than when comparing the two digesta communities (89%). This suggests 

that the autochthonous, microbial community may be more specific to different intestinal 

regions than the digesta populations, which appear to only alter slightly during intestinal 

passage. Further investigation is clearly required. DGGE based analysis appears to 

confirm the conventional culture-based findings and shows that autochthonous and 

allochthonous; communities are distinctly different. Autochthonous; communities in the 

posterior intestine appeared highly variable with one of the lowest pairwise values 

recorded when comparing the replicate fingerprints. Future studies should incorporate 

sequence analysis of DGGE bands isolated from intestinal epithelial samples in order to 

identify non-cultured species and finther assess variability of autochthonous populations. 

Electron microscopy is an important tool for investigating intestinal mucosal bacterial 

populations and in recent times the gut microbiota of several fish species have been 
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investigated with electron microscopy (Ringo et at. 2003; Ringo et at. 2007). Such species 

include Atlantic salmon (Ringo et aL 2006a), Arctic charr (Ringo et al. 200 1; Ringo et al. 

2006b) and Atlantic cod (Ringo et at. 2006c). However, the use of SEM as tool for the 

investigation of rainbow trout mucosal bacterial populations is not well documented. Lesel 

& Pointel (1979) used SEM to demonstrate bacterial colonisation of the rainbow trout 

mucosal epithelium; they found that it was only possible to observe bacteria associated 

with pyloric caeca and middle intestines, but not the posterior intestine. Austin & Al- 

Zahrani (1988) reported a lack of colonisation of the intestinal mucosa but demonstrated 

adherent bacteria on the mucosa of the stormch with the use of SEM. Contrary to these 

fmdings, the present study revealed sporadic colonisation of both the anterior and 

posterior intestinal mucosa; in addition to this, large levels of colonisation were evident 

between the folds of the mucosal surface. Presumably, residence is more easily established 

and sustained at the base of the villi and between the mucosal folds due to reduced 

exposure to shear (peristalsis) of the transient digesta. as it passes through the lumen. SEM 

also demonstrated a very close association of bacterial cells with the epithelial mucosa 

which may play a role in host immunostimulation. SEM is an especially useful toot for 

demonstrating mucosal colonisation throughout the digestive tract of fish and should be 

incorporated in fiiture investigations. 
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Chapter 3B. The indigenous intestinal microbiota of aquarium reared 

rainbow trout 

Abstract 

Rainbow trout were fed either a diet containing fishmeal (FM) as the crude protein source 

or a diet containing 50% replacement with soybean meal (SBM) for 16 weeks. An 

enteritis-fike effect was observed in the SBM group; villi, entemcytes and microvilli were 

noticeably damaged compared to the FM group. The posterior gut microvilli of SBM fed 

fish were significantly shorter (1.19 :L0.18 and 0.80 ý: 0.15pm respectively) and the 

anterior microvilli significantly less dense than the FM fed fish. Electron microscopy 

confirmed the presence of autochthonous bacterial populations associated with microvilli 

of both fish groups. Reduced density of microvilli consequently led to increased exposure 

of enterocyte tight junctions which combined with necrotic enterocytes is likely to 

diminish the protective barrier of the intestinal epithelium No significant differences in 

total viable counts of culturable bacteria were found between the groups in any of the 

intestinal regions. A total of 1500 isolates were tentatively placed into groups or genem 

according to standard methods and subsequent partial 16S rRNA sequencing revealed 

species that have not been identified from the rainbow trout intestine previously. 

Compared to the FM group, levels of Psychrobacter spp. and yeast were considerably 

higher in the SBM group; a reduction of A eromonas spp. was also observed. 
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Introduction 

It is highly likely that a more controlled aquarium systern, with recirculation facilities, will 

reduce environmental variation and influences on the intestinal microbiota. This will likely 

result in a difference of the microbial populations found within the intestinal tract of 

aquarium reared rainbow trout compared to fitrmed or wild rainbow trout. As probiotic 

experiments are to be carried out under aquarium conditions it is also necessary to 

evaluate microbiota of aquarium reared trout. Due to current difficulties in the supply and 

price of fishmeal along with the knowledge that the gut microbiota is sensitive to changes 

of dietary components (Ringo et al. 1995; Ringo & Gatesoupe 1998; Ringo & Birkbeck 

1999) it would be interesting to incorporate an alternative protein source into the present 

investigation. Plant feedstuffs are conunonly utilised as key alternative protein sources due 

to competitive prices and relative availability (Gatlin et al. 2007). Soybean meal (SBM) is 

moderately, rich in protein and is currently one of the major plant proteins included in 

salmonid diets (Storebakken et al. 2000). However, SBM has been demonstrated to induce 

histological and functional changes of the fish gastro-intestinal tract which include 

enteritis, increased susceptibility to bacterial infection, changes in absorptive cells, 

increased presence of inflanunatory cells, shortening of villi/mucosal folds and irregular 

microvilli (Van den Ingh et al. 199 1; Baevejord & Krogdahl 1996; Burrels el al. 1999; 

Krogdahl et al. 2000; Bakke-McKellep et al. 2000; Krogdahl et al. 2003; Heikkinen el al. 

2006; Ringo et al. 2006c; Bakke-McKellep et al 2007a). While much effort has focused 

on evaluating the extent of SBM induced histological damage, the effect on the gut 

microbiota, which responds both directly and indirectly to dietary changes (Ringo et al. 

1995; Ringo & Gatesoupe 1998; Ringo & Birkbeck 1999) is not so well documented. 

However, recent investigations have demonstrated SBM induced changes in gut 

microbiota of Atlantic cod (Ringo et al. 2006c) and Atlantic salmon (Bakke-McKellep et 
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at 2007b; Ringo et at. 2008). Moreover, a study by Heikkinen et at. (2006) begins to shed 

light onto the complicated dynamics of rainbow trout gut microbiota when fed dietary 

SBM. Changes in allochthonous bacterial populations were observed, however, 

autochthonous populations were not investigated. 

Given the high numbers and complexity of the autochthonous bacterial communities 

identified in Chapter 3A, further research into the intestinal microbiota of aquarium reared 

rainbow trout and the effect of SBM is wan-anted. Therefore, the aim of the present study 

was to investigate the indigenous intestinal microbiota of aquarium reared rainbow trout. 

The study will also incorporate a SBM diet in order to ffirther the research of Heikkinen et 

aL (2006) and provide a quantitative analysis of the effect of SBM on allochthonous as 

well as autochthonous gut microbial populations. Additionally, the ultrastructural 

morphology of the intestinal tract is assessed using electron microscopy. 

Material and methods 

Aquaplum system 

The feeding trial was conducted in system A at the Aquaculture and Fish Nutrition 

Research Aquarium (University of Plymouth; Plate 3.3). The system holds a total volume 

of -5500 L. Mechanical filtration was provided by plastic scourers which trap large faecal 

waste; water is then pumped through a Lacron Hi Pressure sand filter (Lacron Limited, 

Kent, UK) to remove finer faecal solids. Biological filtration was provided by a 

submerged biological filter bed, composed of a porous clay filter medium containing 

Nitrosomonas and Nitrospira spp.. 
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Experimentalfish 

Rainbow trout (25 - 35 g) in weight were obtained from a local farm (page 41). The fish 

were acclimated to the experimental system and fed a standard Skretting (2 -3 mm) diet 

until reaching mean weight of -40 g. All fish were graded and 25 fish were randornly 

distributed into 6 130 L, round edged (30') square fiberglass tanks. Each tank was 

provided with -99% re-circulated freshwater at a rate of 800 L hr-'. Additional aeration 

was provided by an air stone supplied by a low pressure side channel blower (Rjetschle, 

UK). 

"" 

Plate 3.3 . Recirculation system A, Aqwiculture and Fish Nutrition Rcscarch Aquarium. 
The University of Plymouth. 
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Dietformulation andfeeding 

Experimental diets were formulated according to standard specifications to comply with 

known nutritional requirements for salmonid fish (NRC 1993). A standard diet was 

formulated with fishmeal (diet FM) as the protein source and a second diet was formulated 

with fishmeal and a SBM each providing 50% of dietary crude protein (diet SBM). The 

diets were prepared by a commercial feed manufacturer (Nutreco ARC, Norway) using a 

pilot extruder to produce low density 3 nun pellets with identical characteristics to 

commercial extruded trout diets. All nutrient analysis was undertaken according to AOAC 

(1995) methods. Diet formulation and chemical composition is shown in Table 3.4. Fish 

were fed 1.0 - 1.8% biomass day-' for a period of 16 weeks. Water teniperature was 

maintained at 15 ±IT and dissolved oxygen levels maintained above 75% saturation. A 

14 hr light/ 10 hr dark photoperiod was maintained throughout the entire trial duration. 
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Table 3.4. Formulation and nutrient analysis of experimental diets. All dietary ingredients 
provided by Nutreco ARC, Norway. 

Ingredients (g kg") FM 
Diet 

SBM 
Fishmeal' 640 322 
Marine fish oil 150 170 
Soybean meae 0 460 
Whole wheat 199 37 
Vitamins 3 5 5 
Minerals4 5 5 
Yttriurn oxide 1.0 1.0 

Nutrient analysis 
Dry Matter 919 928 
Protein 469 451 
Lipid 218 220 
Ash 102 83 
NFE5 130 174 
Gross energy6 (MI kg-1) 22.0 22.4 

1 LT-fishmeal, Norwegian herring meal 
2 HiPro soybean meal (48% protein), Central Soya Ltd 
3 Vitamin premix, formulated by Skretting to meet NRC (1993) requirements 
4 Mineral premix, formulated by Skretting to meet NRC (1993) requirements 
5 Nitrogen Free Extracts (NFE) = Dry Matter - (crude lipid + crude ash + crude protein) 
6 Gross Energy calculated using factors of 23.62,39.5 and 17.56 W g" for protein, lipid 
and carbohydrate, respectively (NRC 1993) 

Bacteria[ identification 

Phenotypic characterisation 

A total of 1500 isolates were tentatively placed into groups or genera, according to 

standard characterisation as described on page 47. Additionally, dominant colonies from 

each Gram-negative group/genera were identified to species level using MicrobactTm 24E 

test kits (Oxoid Ltd, Plate 3.4). 
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The MicrobactTm 24E Gram-negative kit is used for the identification of aerobic and 

facultatively anaerobic Gram-negative bacteria (Enterobacteriaceae and miscellaneous 

Gram-negative bacteria). Organism identification is based on pH change and utilisation of 

up to 25 individual substrates. The kit was used as per manufacturer's instructions. 

Briefly, a loop full of fresh pure culture was suspended in 2.5 mL of saline and 100 gL 

aliquoted into each well. Results were read after 24 - 48 hr and assessed using 

MicrobactTm 2000 Computer Aided Identification Package (V. 2.03; Oxoid Ltd). The kit 

aflows for the identification of approximately 150 species from 40 genera (Appendix 2). 

16S rRNA sequencing 

25 of the dominant isolates were selected for 16S rRNA sequence analysis. DNA 

extraction, PCR, sequence analysis and BLAST search was carried out as described on 

pages 47 - 49. The majority of isolates were selected from Gram-positive genera and 

particular attention was paid to Bacillus spp.. 

Electron microscopy 

Intestinal samples from 3 fish per tank were retained for histological examination by SEM 

and TEM. Sampling and processing procedures are described on pages 49 -51. Microvilli 

length, microvilli density and microbial colonisation patterns were assemed. 

Statistics 

Data were transformed where necessary and an independent samples two-tailed T-test was 

carried out using SPSS 15.0 in order to evaluate the effect of SBM on intestinal histology 

and microbiota. 
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Results 

MYcroblology 

Log total viable counts (TVC) of allochthonous and autochthonous microbiota from the 

anterior and posterior intestine of rainbow trout under different dietary regimes are shown 

in Tables 3.5 and 3.6, respectively. Mean log TVC were in the range 5.65 - 5.79 CFU g-1 

on the anterior mucosa, 5.97 - 6.10 CFU g" on the posterior mucosa, 6.63 - 6.67 CFU g-1 

in the anterior digesta and 6.90 - 6.93 CFU g-1 in the posterior digesta. In general the 

viable bacterial populations were found to be higher in the posterior intestine than the 

anterior intestine; however, these differences were only around I log unit in all cases, 

which was not significant (P > 0.05). No significant differences of viable populations 

between the dietary groups were found in any of the intestinal regions investigated. 

However, clear differences of microbial communities comprising the populations are 

evident (refer to Tables 3.5 and 3.6). Common groups identified belong to the y subclass 

of Proteobacteria, in particular Pseudomonas spp., Aeromonas spp., Vibrio spp. and 

Enterobacteriaceae. A clear reduction of the level Aeromonas spp. was isolated from the 

SBM fed fish. This was particularly true with allochthonous populations whereby no 

Aeramonas spp. were recovered from the SBM fed fish, however, Aeromonas spp. 

accounted for 37.3 % in the anterior intestine and 32.0 % in the posterior intestine of fish 

fed the FM based diet. Similarly, autochthonous Aeromonas spp. accounted for - 23 % of 

the total viable populations of the FM group but 
-<4 

% of the SBM group. Considerably 

higher numbers of yeast were observed in the SBM group. This was most evident 

regarding the allochthonous populations, with the relative abundance increasing from 

-14% in the FM to -50% in the SBM group. These isolates were presumptively identified 

as Saccharomyces spp. (smooth butyrous colony, oval/circular cell morphology, no 

pseudomycelium and positive glucose fermentation). According to MicrobactTm 24E 
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identification the dominant Aeromonas spp. were A. hydrophila and A. cavlae, Vibrio sPP. 

were V alginolyticus, Pseudomonas spp. were P. stutzerl and P. putida and members of 

the Enterobacteriaceae were Enterobacter hormaechel and Citrobacter spp. After 16s 

rRNA sequencing a GenBank BLAST search revealed the species with the closest 

phylogenetic relationship with the selected isolates. The 25 sequences identified 

corresponded to 7 genera. Dominant Enterobacteriaceae species were identified as 

Enterobacter spp. 638 and Salmonella enterica. The group of "Gram-negative cocce', 

which were only isolated from SBM fed fish, were identified as Psychrobacter spp. 

(species could not differentiated from Psy. spp. PRwf-1, Psy. cqohalolends or Psy. 

arcticus). The group "other Gram-positive rods" were identified as Arthrobacter 

aurescens, Jlanibacter spp. and Streptomyces coelicolor. Bacillus spp. were identified as 

Bacillus spp.. SG-I, B. subtilis, B. licheniformis, B. cereus and B. pumilus. 
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Table 3.5. Con3position of rainbow trout culturable autochthonous intestinal microbiota 
from fish fed fishmeal (FM) as protein source and soybean meal (SBM) as 50% protein 
replacement. N=3, pooled from 9 fish. 

Anterior Posterior 
FM SBM FM SBM 

Viable population (CFU g-') 5.65 5.79 5.97 6.10 
Composition (%) 
Enterobacterial 2.67 8.67 11.33 9.33 
Pseudomonas spp. 2 8.00 6.00 6.67 8.67 
Staphylococcus spp. - 0.67 - - 
Micrococcus spp. - 12.67 - 2.67 
A cinetobacter spp. 
A cromonas spp. 3 

Vibrio spp. 4 
3acillus spp. 5 
Other Gram - coccP 
Other Gram - rods 
Other Gram + rodS7 
Yeast 

23.33 2.00 22.67 4.00 
8.00 7.33 1.33 
16.00 0.67 2.67 13.33 

- 14.00 - 14.67 

- 0.67 - - 
33.33 15.34 32.00 26.67 
8.67 39.33 17.33 19.33 

Total isolates 150 150 150 150 

not detected 
Dominant isolates identified by 16S rRNA as Enterobacter spp. 638 and Salmonella 

enterica and by MicrobactTm 24E as Enterobacter hormaechei and Citrobacter spp. 
2 Dominant isolates identified by MicrobactTm 24E as P. stutzer! and A putida 
3 Dominant isolates identified by MicrobactTm 24E as A. hydrophila and A cavide 
4 Dominant isolates identified by MicrobactTm 24E as V alginolydcus 
5 Dominant isolates identified by 16S rRNA as Bacillus. spp. SG-I, B. subtilis, B. 
lichenifiwmis, B. cereus and B. pumilus 
6 Dominant isolates identified by 16S rRNA as Psychrobacter spp. 
7 Dominant isolates identified by 16S rRNA asArthrobacter aurescens, Janibacter spp. 
and Streptomyces coelicolor 
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Table 3.6. Composition of rainbow trout culturable, allochthonous intestinal microbiota 
from fish fed fishmeal (FM) as protein source and soybean meat (SBM) as 50% protein 
replacement. N=3, pooled from 9 fish. 

Anterior Posterior 
FM SBM FM SBM 

Viable population (CFU g-') 6.63 6.67 6.90 6.93 
Composition (%) 
Enterobacterial 5.33 3.33 4.67 5.33 
Pseudomonas SPP. 2 4.00 5.33 4.67 2.00 
Staphylococcus spp. - - - - 
M11crococcus spp. 6.67 12.67 9.33 8.67 
A cinetobacter spp. - 0.67 2.00 - 
Aeromonas SPP. 

3 37.33 - 32.00 - 
Vibrio spp. 

4 18.00 - 20.00 - 
Bacillus spp. 5 4.67 0.67 1.33 - 
Other Gram - coccP - 5.33 - 4.67 
Other Gram - rods 2.67 - - 0.67 
Other Gram + rods' 8.67 19.33 12.00 30.00 
Yeast 12.67 52.67 14.00 48.67 
Total isolates 150 150 150 150 

not detected 
Dominant isolates identified by 16S rRNA as Enterobacter spp. 638 and Salmonella 

enterica and by Microbactrm 24E as Enterobacter hormaechei and Citrobacter spp. 
2 Dominant isolates identified by MicrobactTm 24E as P. stutze? i and P. putida 3 Dominant isolates identified by MicrobactTm 24E as A. hydrophila and A. cavide 
4 Dominant isolates identified by MicrobactTm 24E as V alginolydcus 
5 Dominant isolates identified by 16S rRNA as Bacillus. spp. SG-I, B. sublifis, B. 
licheniformls, B. cereus and B. pumdus 6 Dominant isolates identified by 16S rRNA as Psychrobacter spp. 
7 Dominant isolates identified by 16S rRNA asArthrobacter aurescens, Janibacter spp. 
and Streptomyces coelicolor 
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Histology 

SEM and TEM confirmed the presence of bacterial - like populations of morphologically 

different rods and cocci associated with the epithelial mucosal layer (Figures 3.6 & 3.7). 

Populations of straight rod - like, curved rod - like and cocci - like bacteria can be seen 

associated with the microvilli (Figures 3.6 & 3.7). Electron microscopy also revealed 

enteritis-like symptoms in the fish fed the SBM diet. Damage to the mucosal epithelium 

was evident at the villi, enterocyte and microvflli level (Figures 3.8,3.9 & 3.10). 

Microvilli morphology of apparently non-damaged enterocytes was significantly different 

compared to the control fish; microvilli appeared to be thicker, significantly shorter and 

less dense (Table 3.7, Figure 3.8,3.9 and 3.10). Compared to the control fed fish, the 

density of microvilli in the anterior region of the intestine was significantly lower in the 

SBM fed fish (from 16.6 ± 4.0 AU in the FM group to 5.3: 1: 0.7 AU in the SBM group). 

There was no significant difference in the anterior region. Figure 3.8b also reveals that the 

irregular and less densely packed microvilli on the enterocytes surfitce, lead to exposed 

tight junctions which appeared to be susceptible to bacterial infection/invasion (Figure 

3.8c). Microvilli length from the posterior intestine was significantly longer in the FM 

group than the SBM (FM = 1.19 =L 0.18 prn, SBM = 0.80 ± 0.15 pm; P=0.00 1), refer to 

Table 4 and Figure 5. However, there were no significant differences in the anterior 

region, 

Table 3.7. Microvilli morphology of rainbow trout fed either a fishmeal based diet (FM) 
or soybean meat based diet (SBW. Values expressed as mean ± standard deviation. 

Parameter Intestinal region FM SBM 
Anterior 16.6: L 4.0' 5.3 1 0.1b 

Microvilli density* 
Posterior 11.7: h 3.4 6.3 :k0.9 
Anterior 1.65 0.12 1.68-+0.47 

Microvilli length (pm) 
Posterior 1.19 0.18a 0.80 ± 0.15 b 

*Arbitrary units (AU) 
'b Values within the same row with different superscripts are significantly different (P < 
0.05) 
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Figure 3.8. Comparative SEM micrographs of anterior intestine of rainbow trout. A) FM 
fed fish with healthy, regular shaped enterocytes (scale bar = 10 ýIrn). B) SBM fed fish 
displaying irregular shaped enterocytes with irregular and deformed microvilli (scale bar - 
10 pm). C) brush border of SBM fed fish showing exposed tight junctions and invading 
bacteria - like protile (13) (scale bar -I [tin). 

- 

Figure 3.8 continued on the next page 
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Discussion 

Heterotrophic aerobic populations ranged between 105 and 107 CFU g-1, which is within 

the range of values reported in previous rainbow trout investigations (Austin & Al-Zahrani 

1988; Spanggaard et aL 2000, Heikkinen et at. 2006; Kim et al. 2007; Chapter 3A). SBM 

did not significantly alter viable microbial numbers in the intestinal tract. The results of 

the present study, along with those found by Ringo et at. (2008) suggest that quantitative 

changes of total viable populations of gut microbiota of salmonids may be less influenced 

by SBM in than other species, such as Atlantic cod (Ringo et at. 2006c) which often 

resulted in higher populations. However, contrary to this Heikkinen et at. (2006) and 

Bakke-McKellep et al. (2007b) observed changes in total microbial populations in 

rainbow trout and Atlantic salmon, respectively. Heikkinen et at. (2006) demonstrated that 

SBM fed rainbow trout displayed an initial increase of viable intestinal microbes but after 

8 weeks feeding these levels dropped below that of the control fed fish. Bakke-McKellep 

et al. (2007b) observed significant increases of TVC of autochthonous populations in both 

the mid and distal intestine of SBM fed Atlantic salmon compared to the control group. 

Allochthonous populations in the distal intestine were also significantly higher in the SBM 

fed fish 

However, despite no change in viable counts in the present study, changes of the 

microbiota populations comprising the microbial community were observed, confirming 

previous findings (Heikkinen et al. 2006; Ringo et al. 2006a; Bakke-McKellep et al. 

2007b; Ringo et al. 2008). The inclusion of dietary SBM had a pronounced effect on 

Aeromonas levels isolated from the intestinal tract in the present study. The reason for the 

large reduction within the SBM fed fish is not clear but is comparable to the findings of 

Heikkinen et al. (2006). Heikkinen et al. (2006) identified Aeromonas spp. as 

approximately 19.6 % of intestinal isolates from FM fed rainbow trout yet Aeromonas spp. 
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where approximately half this value, 9.8 % of SBM isolates. However, these values should 

be viewed with caution as they are based on the identification of a total of only 94 isolates. 

Members of the Aeromonas genus, such as Aeromonas salmonicida are potentially 

pathogenic and are responsible for destructive diseases such as ffirunculosis (Austin & 

Austin 1993; DaIsgaard & Madsen 2000) and it has been suggested that the intestinal tract 

is a possible route of infection (Ringo et aL 2003; Birkbeck & Ringo 2005; Ringo et al. 

2007). Taking this into consideration the findings of the current study are particularly 

interesting and worthy of finther consideration when conducting future research focusing 

on the effect of SBM on the intestinal microbiota of fish. 

Noticeably high levels of autochthonous and allochthonous Saccharomyces spp were 

identified in the SBM fed fish. Yeast have been isolated previously as part of the fish gut 

microbiota, including rainbow trout (Sakata et al. 1993; Andlid et al. 1995; Andlid et al. 

1999; Gatesoupe et aL 2005a; Gatesoupe et al. 2005b; Wachd et al. 2006; Gatesoupe 

2007). Common strains from rainbow trout have been identified as Deba? yomyces 

hansenil, Saccharomyces cerevisiae, Candida spp. and Leucosporldium spp.; natural 

proliferation of yeasts in the fish digestive tract can generally be considered as commensal 

populations in healthy fish reared under good conditions (Gatesoupe 2007). The reason for 

such a large increase in yeast populations in the present study is likely to be a direct result 

of fermentable carbohydrates provided by SBM. Ofigosaccharides typically constitute 

about 4- 5% of SBM by dry weight (Obendorf et at. 1998), of which stachyose (1.4 - 

4.1%) and raffmose (0.1 - 0.9%) are the main components (Hymowitz et al. 1972). 

Raffinose and stachyose consists of fructose, glucose and galactose (Lan el al. 2007). 

Yeasts, including Saccharomyces spp. are able to ferment various sugars, including 

glucose and galactose (Doran & Bailey 1986; Linddn et al. 1992; Barnett 2003); hence, an 

increase in number of yeast may be a result of increased available sugars. 
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The 25 sequences identified by 16S rRNA sequencing corresponded to 7 genera. Closest 

matching alignments for the group identified as "other Gram-positives" were all 

Actinomycetes: Arthrobacter aurescens, Janibacter spp. and Streptomyces coeficolor. The 

former has been isolated from wastewater treatment plants, contaminated soil, river water, 

forest soil, and groundwater but an 3 species are probably ubiquitous soil bacteria and 

hardy enough to survive significant environmental changes and therefore are likely to be 

found in fish intestinal contents. Indeed, A rthrobacter spp. have previously been identified 

from the digestive tract of raihbow trout (Huber et al. 2004; kim et al. 2007; Chapter 3A). 

Dorninant Enterobacteriaceae were identified as Enterobacter spp. 638 and Salmonella 

enterica. Enterobacter spp. 638 are endophytic plant bacteria and are ubiquitous in most 

plant species including soya beam (Roberts et at. 1999). Salmonella enterica are water 

borne organisms and may have been acquired through the ingestion of food or water. It is 

highly likely that these aerobic bacteria are likely to live in rich, organic intestinal 

contents. 

The group categorised as "Gram-negative cocc? ' were identified as Psychrobacter spp. 

Psychrobacter spp. have been previously isolated from the intestinal tract of salmonids 

(Ringo et al. 2006b; Hovda et al. 2007; Bakke-McKellep et al. 2007b; Ringo et al. 2008) 

but interestingly were only isolated from the SBM fed trout in the present study. This is 

somewhat similar to the findings of Ringo er al. (2006a), Bakke-McKellep el al. (2007b) 

and Ringo et al. (2008). Ringo et al. (2006a) only isolated Psychrobacter spp. from 3 

intestinal samples of Atlantic cod fed a FM based diet (out of 6 samples investigated); 

however, Psychrobacter spp. were isolated from all intestinal samples of fish fed either 

SBM or bioprocessed SBM rich diets. In particular P. glacincold was identified from 

virtuaUy all regions (I I of 12) with levels ranging from log 2.57 - 4.79 CFU g". Bakke- 

McKellep et al. (2007b) observed higher levels of Psychrobacter spp. in the intestinal 
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tract of Atlantic salmon fed SBM diets compared to the control. Psychrobacter isolates 

from the present study could not be differentiated from Psychrobacter spp. PRwf-1, P. 

cryohalolentis or P. arcticus; 16S rRNA sequences of the Psychrobacter isolates from the 

current study showed 100% similarity to submitted nucleotide sequences for the 

aforementioned species in the GenBank database. This highlights the fact that sometimes 

using short FCR amplicons (-200 bp in the current study) for sequence analysis may limit 

differentiation to genus level; using larger fragments produced with different primers may 

have led to identification to species level. 

Due to recent interest in probiotic applications the present study paid particular attention 

to the identification of Bacillus species. B. 11cheniforpnis and B. subtilis are commonly 

used as probiotics in terrestrial studies due to their ability to produce antibiotic substances 

and a range of vitamins and digestive enzymes (Moriarty 1996; Rosvitz et al., 1998; 

Martens et al. 2002; Yan et al. 2003; Azokpota et al. 2006). The advantage of using spore 

forniers, such as Bacillus spp., for probiotic applications is the limitation of problems 

regarding shelf life and theses species are now commercially available with EU 

registration. Recently these species have proved effective as probiotics for improving 

rainbow trout disease resistance and inununostimulation (Raida et al. 2003; Newaj-Fyzul 

et al. 2007; Bagheri et al. 2008). A licheniformis and B. subtilis were among the several 

Bacillus spp. identified in the present study, it is interesting to note that these species are 

indigenous to rainbow trout and adds further weight to their applications within rainbow 

trout aquaculture. 

Many of the isolates identified have been isolated from environmental and fish intestinal 

samples previously, but it is interesting to note that data regarding isolation of the 

organisms identified in the present study from the epithelium of rainbow trout is either 

scarce or non-existent. 
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Electron microscopy of the gastro-intestinal epithelium showed an enteritis-like effect 

associated with the fish fed SBM. Microvilli morphology was noticeably different; fish 

fed SBM displayed missing, damaged, deformed, shorter and thicker microvilli. The net 

result of this was statistically significant shorter and less dense microvilli in fish fed the 

SBM diet. Electron microscopy is also an important tool for investigating autochthonous 

intestinal bacterial populations (Ringo et at. 2003; Ringo et al. 2007). SEM investigations 

of the rainbow trout autochthonous microbiota have reported limited colonisation (Lesel & 

Pointel 1979; Austin & AI-Zahrani 1988). Contrary to this, and confirming the findings of 

Chapter 3A, the present investigation demonstrates complex bacterial populations 

consisting of morphologically different rods and cocci in close association with the 

microvilli. However, contrary to the findings of Chapter 3A, no particular colonisation 

patterns were found in fish fed either diet butit was clear that SBM affected the level of 

exposure of intra-cellular tight junctions to bacterial cells. Tight junctions are complex 

protein structures between adjacent cells that help maintain the functional barrier. Enteric 

invasive pathogens have to overcome this obstacle; indeed, many bacterial pathogens, 

including Es. coll, Yersinia spp. and Salmonella spp. penetrate the junctional complex 

resulting in translocation (Sears 2000; Tafazoli et al. 2000; KOhler et al. 2007). Over 

exposure of tight junction complexes in combination with necrotic enterocytes and other 

SBM related damage severely compromises the epithelium as a defensive barrier 

mechanism. Increased susceptibility to gastro-intestinal pathogenic infection has been 

reported previously in SBM fed fish (Krogdahl et al. 2000); it is possible that tight 

junction exposure as observed in the current study may have been a contributory fitctor. 
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The autochthonous mucosal community has previously been overlooked in trout intestinal 

microbial identification and probiotic/prebiotic studies. But the results from both the 

present investigations show that the microbiota found to be associated with the intestinal 

lining represent a complex microbial community. It is interesting to note that 

autochthonous populations were only found to be significantly lower than allochthonous 

populations in the anterior region of the farmed rainbow trout and not in aquarium reared 

rainbow trout. The reason for this is not clear but it may be due to the fact that the 

microbial populations associated with the rearing environments are different. Populations 

are likely to be more stable in the aquarium environment without the natural fluctuations 

of the more uncontrollable envirownent of a fish farm. The continual input of a rnore 

stable microbial population may allow for higher populations to colonise the intestinal 

epithelium. This autochthonous community appears to be relatively similar in many ways 

to that found in the digesta; however, they should be considered as distinctly different 

conununities due to unique species found in the respective regions. This demonstrates, as 

to be expected, that some species are better adapted at colonisation of the rainbow trout 

intestinal lining. The importance of this potentially resident microbial community has not 

been fully explored in previous rainbow trout studies. 

The results of Chapter 3B demonstrates that changing dietary protein sources has an effect 

on both autochthonous and allochthonous gut microbiota of rainbow trout; however, it is 

not clear which specific soy factors are responsible. An enteritis-like effect is clearly 

associated with the SBM fed fish, confuming previous studies. Damage at the microvilli 

level combined with increased exposure of tight junctions can severely reduce the 

effectiveness of the epithelium as a defensive barrier against potential invading pathogens. 

It would be interesting to combine the use of probiotics with a SBM rich diet in order to 
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assess the epithelial colonisation which could potentially help replenish the defensive 

barrier against pathogens or possibly influence the level of enteritis. 

When considering the findings of the present chapter and those of Kim et al. (2007) it is 

clear that further investigation of the microbial communities in the mucus and on the 

mucosal surface is required. This is especially true when screening gut microbiota for 

potential probiotics, which for the most part, has taken place using transient, digesta, 

associated microbial populations. Further investigations on the microbiota associated with 

the pyloric ceaca. 
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Chapter 4. Comparison of commercial probiotics and lactoferrin on 

rainbow trout (Oncorkynchus mykiss Walbaum) with or without prior 

antibiotic treatment 

Chapter 4A. Dietary supplementation of commercial probiotics and 

lactoferrin on rainbow trout (Oncorkynchus mykiss Walbaum) 

Abstract 

The effect of commercial probiotic strains (B. subtilis, B. fichenifortnis and E. faeclum 

used singularly and synergistically) and bovine lactoferrin (Lf) on the growth 

performance, intestinal microbiota and health status of rainbow trout (Oncorhynchus 

mykiss) was assessed. High levels of probiotic species survived transit through the 

stomach and were observed in the posterior gastro-intestinal tract as ftýansient digesta 

associated populations and potentially resident mucosal populations. Levels of Bacillus 

spp. reached over 35% of the microbial population on the mucosa and 60% in the digesta. 

Enterococci levels accounted for 45% of the mucosal population and 89% of the 

population in the digesta. A range of benefits, including significantly improved feed 

conversion ratio, lysozyme activity and elevated leukocyte levels were achieved after a 10 

week nutrition trial. No change in proximal carcass composition was observed throughout 

the groups. The results of the current study demonstrate some potential role of B. sublifis, 

B. 11cheniformis and E. faeclum to improve growth performance, gastrointestinal 

microbiota and health status of rainbow trout. 
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The potential for probiotic LAB and Bacillus spp. for the control of disease, 

immunostimulation and improved growth has been demonstrated in trout (Nikoskelainen 

et aL 2001 a; Spanggaard et al. 2001; Panigrahi et al. 2004; EI-Haroun et al. 2006; Kim & 

Austin 2006; Balcizar et al. 2007a; Balciza et al. 2007b; Brunt et al. 2007; Bagheri et al. 

2008; refer to Tables 1.1 and 1.2). Despite the increasing body of data regarding the health 

and disease benefits of these probionts, there is a lack of information concerning the 

effects of E. faecium and Bacillus spp. on growth, feed utifisation and gastro-intestinal 

microbiology of rainbow trout. 

Lactoferrin (U) is an 80-kDa glycoprotein capable of binding 2 ferric ions, present in milk 

and, to a lesser extent, in exocrine fluids such as bile and tears (Lomerdal & Iyer 1995). It 

consists of a single-chain polypeptide with two globular lobes. It is relatively resistant to 

proteolysis and is stable under acidic conditions, and therefore, most Lf can survive 

passage through the gastro-intestinal tract (L6merdal & Iyer 1995; Tomita el al. 2002). Lf 

has been used as a functional fbed additive; it can protect against certain Gram-negative 

bacteria (Reiter et al. 1975; Arnold et al. 1977; Arnold et al. 1980; Stuart et al. 1984; 

Ellison & Giehl 1991). Lf has a range of immunostimulatory properties as well as the 

potential to modify gut microbiota. The application of dietary bovine Lf has shown a 

range of benefits in several fish species; including immunostimulation (Sakai et al. 1995; 

Kumari et al. 2003, Kurnari & Sahoo 2006), enhanced disease resistance (Sakai et al. 

1993; Kakuta & Kurokura 1995; Kumari et al. 2003) and suppressed stress response 

(Kakuta 1998; Yokoyama et al. 2005; Yokoyama et al. 2006). 

The aim of this study was to observe the effect of E. faecium, A ficheniformislB. subtifis 

and Lf on rainbow trout growth performance, feed utilisation, intestinal colonisation and 

related health parameters. 
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Materials and Methods 

Diet preparation 

B. llchenifo? mis (DSM 5749) and B. subtills (DSM 5750) were cultured by adding Ig 

BioPlus, 2B'O (diet code 2B: Chr. Hansen A/S, HorsholM Denmark) to 50 mL TSB. After 

24 hr incubation at 37 T in a shaking water bath I mL aliquots were added to 50 mL fresh 

TSB and incubated for a finiher 24 hr. E. faeclum (DSM 7134) was cultured by adding Ig 

Bonvitalo powder (diet code EF: Lactosan GmbH & Co. KG, Kapfenberg, Austria) to 50 

mL TSB. After 24 hr incubation at 37 *C in a shaking water bath, I mL aliquots were 

added to 50 mL fresh TSB and incubated for a further 24 hr. After incubation, the 

probio, tic cells were harvested by centrifugation (2150 g for 15 min) washed twice with 

PBS and re-suspended in fish oil. 

Commercial feed (Aller 45/15; Aller Aqua, Christianfield, Denmark) was used as the basal 

diet. After heating (40 'Q for 2 hr the diet was top-dressed with fish oil containing either 

probiotic or PBS containing Lf (Fonterra NZMP, 90% purity) by slowly mixing in a 

Hobart food mixer (Hobart Food Equipment, Australia, model no: HL1400 - IOSTDA 

mixer). All diets were top-dressed with same volumes of fish oil and PBS to produce 

isoenergetic, identical diets with the exception of the presence of probiotics/U. 

Experimental diet composition is shown in Table 4.1. New fresh diets were produced after 

5 weeks to ensure that high levels of probiotics remained in the diets for the duration of 

the trial. Bacterial counts in the feed and the survival of the probiotics over the 

experimental period were determined by means of the total viable counts on TSA and 

S&B. 
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ýýpter 4A 

Experimental design 

Rainbow trout (Oncorhynchus mykiss) were obtained from a local commercial farm (page 

41) and acclimated for 4 weeks before beginning the trial. Each tank was randomly 

stocked with 20 fish (average -70 g) and treatments were conducted in triplicate. Fish 

were fed 2.0% biomass daf 1 for 10 weeks. Daily feed administration and weighing is 

described on pages 41. The water temperature was maintained at 15 ±I *C with oxygen 

levels maintained above 80% saturation. A 12 hr light/12 hr dark photoperiod was 

maintained ffiroughout the entire trial duration. 

Growth parameters and carcass analysis 

Growth performance, feed utilisation and carcass analysis was assessed as described on 

pages 43 - 45. 

Intestinal bacteriology 

At the end of the growth trial 3 fish per tank were euthanized by overdose (200 mg L"' 

water for 15 min) of MS222 (Pharmaq, Fordinglaridge, UK) followed by destruction of the 

brain. After aseptic dissection, posterior intestinal digesta and mucosal material were 

sampled as described on page 46. The resulting material from 3 fish was pooled into I 

sample per tank. Samples were then serially diluted to 10's with PBS and 100 AL was 

spread onto duplicate agar plates. E. faeclum levels were determined by CFU mL" or g" 

after 7 day aerobic incubation on selective medium (S&B at 37Q. Bacillus levels were 

determined by calculating the proportion of Bacillus colonies (presumptively identified by 

colony morphology and identified as Gram-positive endospore forming rods) from the 

total CFU (mL-1 or g-1) after 7 day aerobic incubation on TSA at 20T. 16S rRNA 

sequence analysis was used to confirm presumptive probiont identification (page 47 - 49). 
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Haematological and immunological parameters 

ýChapter 4A 

Haernatocrit, leukocyte levels, lysozyme and alternative complement activity was 

deteraiined as described on pages 52 & 53. 

Statistical analysis 

Data transformations were carried out where necessary and relevant statistical analysis 

was carried out as described on page 54. 
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Results and Discussion 

Growth performance and carcass composition 

Growth rates by all treatments showed efficient utilisation of feed; fish biomass increased 

by nearly 300% in all groups with FCR < 0.98 and SGR > 2.01 (see Table 4.2). A 

significant improvement of FCR was found in EF (E. faeclum; 0.93 ± 0.02) and 2B+EF 

(B. subtilis, B. licheniformis and E. faeclum; 0.93 ± 0.02) fed fish compared to the control 

group (0.98 ± 0.02). Similarly, Bogut et aL (2000) demonstrated an increase in growth 

performance when feeding E. faecium supplemented diets to sheat fish. Although 

enhanced SGR was seen in the present experimental groups they were not significant. The 

PER of the experimental groups were not significantly different from the control, 

however, PER of EF fed group (1.90 =L 0.04) was significantly higher than the 2B group 

(1.74 ± 0.02). Despite our current findings, improved growth performance of fish fed B. 

subtills probiotics has been demonstrated in previous studies (El-Haroun et al. 2006; 

Kumar et al. 2006; El Dakar et al. 2007). A recent study by Bagheri et al. (2008) also 

demonstrated that B. subfills and B. licheniformis could improve growth performance of 

rainbow trout fry when supplemented at high dietary levels. EI-Haroun et al. (2006) and 

Bagheri et aL (2008) also reported changes in carcass proximate composition; specifically 

an elevated level of protein and a reduction of crude lipid. However, proximate 

composition remained the same throughout all treatments in the present study (Table 4.3). 

Comparing the results of Bagheri et al. (2008) and the current findings it would appear 

that B. subtilis and B. 11cheniformis could be more effective at enhancing growth and 

carcass composition of fry rather than sub-adult rainbow trout. Application of Lf did not 

seem to affect growth performance of rainbow trout in the current study. Survival rates for 

all groups were in an acceptable range (> 95%). 
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Chapter 4A 

Microbial analysis 

The level of Bacillus spp. probiotic remained relatively stable in the 2B and 2B+EF feeds, 

only decreasing by approximately 15% over a5 week period (Figure 4.1). E. faecium 

pro, biotic levels in the EF and 2B+EF diets decreased by around 35 - 40% over the same 

time period. The number of viable and probiotic bacteria associated with the intestinal 

tract at the end of the feeding trial is displayed in Table 4.4 and Figure 4.2. Total viable 

counts within the digesta ranged from log 6-7 CFU g-1 which are within the range 

reported in previous rainbow trout studies (Austin & Al-Zahrani 1988; Spanggaard et al. 

2000; Heikkinen er al. 2006; Kim et al. 2007). Viable microbial levels on the mucosa 

were several log scales lower, ranging from 2.5 -4 CFU g-1; similarly, mucosal 

populations corresponding to levels several log scales lower than the digesta have been 

reported (Austin & Al-Zahrani 1988; Spanggaard et al. 2000). Bacillus and enterococci 

detected in the control fish were found to comprise less than 10% of the total microbial 

populations. Bacillus isolates were not identified as B. subtilis or B. lichenifromis and 

remain as unidentified indigenous Bacillus spp.. However, E. faecium was identified as a 

minor component of the Enterococcus spp.. Indeed, Bacillus spp. and enterococci have 

been identified as minor components of the rainbow trout indigenous intestinal 

populations previously (Heikkinen et al. 2006; Kim et al. 2007; Dimitroglou et al. 

unpublished data; Chapters 3a & 3b). 

Bacillus levels in the 2B group were found at levels of log 3.41 CFU g" on the intestinal 

mucosa, and log 7.32 CFU g-' in the digesta. This represents 36% of the microbial 

population on the mucosa and 62% in the digesta. Unlike isolates from the control group, 

Bacillus isolates from group 2B were identified as being composed entirely of the 

probiotic B. subtills and B. lichenifiormis. These levels show that dietary application of 
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Bacillus spp. in diet 2B 
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Table 4.4. Log viable counts «TU gl) froin tlie rainbow troLit Intestinal tract. 
regions: M Mucosal lining and D digesta. Dietary grotipsi: 213 13. licheniffil-Inis. B. 

subfilis; LF E. Iaecium; 2B 1 EF 8. lichellilormis, B. L*. 111 
lactoferrin 0.1 g kg- 1; IA2 ý lactoferrin 0.2 g kg-'. 

Group 
S 

m 
ample 

1) 
Control 2.62 (). ýI 

2B 3.85 7.53 
EF 2.96 7.82 

2B+EF 4.18 7.90 
Lfl 2.78 6.60 
U2 4.24 6.52 

100 
E3 Bacillus spp. 

90 
M Enterococcus spl) 

80 

70 

.0 
60 

50 
0 CL 40 

0 30 L) 
20 

00 

mDmD Ni D KI DmD Ni D 

Control group 213 group EF group 2B+EF group Lf 1 Lf2 

Figure 4.2. Intestinal microbial composition (11, )) of rambmý trout allcr 10 N%, ccks lec(ling 
MUCOS, 11 11111111-1 111d 1) Dielarv on the experimental diets. Intestinal regions: I 

groups: 213 B. li('1107ý101'111b;. B. Fl' I,, '. lacchim, 213,11' 13. licholilol -III is, B. 

sublilis 4 E. fiiecium, 1-11 - lactofierrin 0.1 g kg-'; LC -- ],, IctoIcl-, -ill o2v, kg 
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BioPlus 2BO can result in high numbers of B. subtills and B. licheniformis surviving 

passage through the upper gastro-intestinal tract to the posterior intestine, where the 

potential for colonisation is demonstrated by the high levels associated with the mucosa. 

Newaj-Fyzul et al. (2007) also demonstrated that high levels of B. subtilis dominated (104 

CFU g-1) the gut and gut mucus of rainbow trout when fed the probiotic for a period of 14 

days. Aside from continual introduction into the intestine via the feed high intestinal 

colonisation by Bacillus probiotics is likely to be due in part to antagonism against the 

indigenous microbiota. The antimicrobial properties of B. licheniformis and B. subtilis are 

likely due to a range of extracellular products but are perhaps most often attributed to the 

production of bacteriocins and of biosurfactants. Biosurfactants such as lichenysin are 

bacterial cyclic lipopeptides that have an antibiotic effect by reducing membrane surface 

tensions (Yakimov et al. 1998). Bacillocin and subtilisin are a types of bacteriocins 

isolated from B. licheniformis and B. subtilis respectively (Yakimov et al 1996; Martirani 

et al. 2002; Yan et al. 2003). Furthermore, certain B. subtilis strains are known to control 

the growth or inhibit the potentially pathogenic fish bacteria such as Aeromonas spp. 

(Newaj-Fyzut et al. 2007). 

Levels of Enterococcus colonisation of the gastro-intestinal tract of EF treated fish were 

recorded at log 2.61 CFU g-1 on the mucosa and log 7.77 CFU g" in the digesta. These 

values accounted for 45% of the mucosa, population and 89% of the bacterial population in 

the digesta (Figure 4.2). Enterococci isolates were successfully identified as E. faecium. 

Such high levels of E. faecium colonisation of the fish intestinal tract have been reported 

previously. Chang & Liu (2002) reported that dietary administration of E. faecium at 

levels of 106 _ 108 CFU g-1 resulted in high intestinal recovery levels (73% of the intestinal 

population) when fed to European eel. Bogut et al. (2000) demonstrated that E. faecium 

was also able to modulate the intestinal microbiota of sheat fish. Most notably, reductions 
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of Enterobacteriaceae (including Es. coll), Staphylococcus aureus and Clostridium spp., 

which subsequently resulted in improved weight gain. E. faecium has also been shown to 

possess antimicrobial activities against Aeromonas spp. (Panigrahi et al. 2007), a genus 

connnonly found to be indigenous in the rainbow trout gut (Spanggaard et al. 2000; Pond 

et al'. 2006; Chapter 3). It has been demonstrated that E. faecium has good adhesive 

properties to both mammalian (Nikoskelainen et al. 2001b) and fish intestinal mucus 

(MarcibAkovi et al'. 2004), which may help to explain the high levels found on the mucosa 

in the current study. Similarly, high levels of a range of LAB species have demonstrated 

the ability to persist in the intestine of brown trout (Salmo trutta, Balcizar et al. 2007b). 

Camobacterium spp. have been shown to be even more successful at colonisation of the 

rainbow trout gut after 14 days feeding, with reported levels of > 90% of the total 

population in the digesta and > 99% in the gut mucus (Kim & Austin 2006). After oral 

administration with L. rhamnosus, high LAB counts were found in the stomach and gut of 

rainbow trout, representing up to 70% and 83% of the viable population in the stomach 

and intestine, respectively (Panigrahi et al. 2004). 

Levels of Enterococcus and Bacillus spp. in the 2B+EF treated fish were also high; 

ranging from log 3 CFU g-1 on the mucosa to log 7 CFU g-1 in the digesta. However, the 

Enterococcus levels were approximately four-fold greater than Bacillus spp.. This 

suggests that E. faeclum may be slightly more effective at colonising the gut of rainbow 

trout. Indeed, it has been suggested that E. faecium could be more suitable for rainbow 

trout than B. subtills due to ambient temperature conditions (Panigrahi el al. 2007). 

Despite this, high levels of Bacillus spp. were still achieved when applied synergistically 

with E. faecium. 

Relative to the control treatments, elevated levels of Bacillus spp. and enterococci were 

found in the Lf treated fish, ranging from 4- 16% of the viable populations associated 
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with the mucosal epithelium and 15 -31% in the digesta. The reason for higher levels 

colonising the gut of the Lf groups is not fully understood. LAB have been demonstrated 

to be able to utilise Lf bound iron in previous studies (e. g. BiRldobacterium bifidum 

species; Kim et al. 2002) and this may be a possible explanation for elevated levels of 

enterococci if iron is limited in the gut. However, this possibility does not explain why 

elevated levels of Bacillus spp. were observed. Lf does have bacteriostatic and 

antimicrobial properties (Wakabayashi et al. 2006) which may have caused a shift and/or 

reduction in the microbiota of Lf treated groups, resulting in a reduction of competition, or 

the opening of a niche for Bacillus spp. and enterococci (indigenous species and/or levels 

colonising from re-circulating rearing water). Lf is also known to de-stabilise the outer 

membrane of Gram-negative bacteria, which are dominant in the intestinal tract of 

rainbow trout, by releasing membrane lipopolysaccharides (Ellison et al. 1988). There is 

recent evidence to support such a theory; Kim et al. (2008) found that Lf has antibacterial 

and binding abilities against Pseudomonas spp., which have been shown to be amongst the 

dominant species of gut microbiota found in trout (Austin & Al-Zahrani 1988; Spanggaard 

et at. 2000; Huber et al. 2004; Kim et al. 2007; Chapters 3a & 3b). 

The data clearly dernonstrate that the probiotics are found at high levels within the 

posterior intestine, where the potential benefits to the host, such as aiding digestion, 

immunostimulation and providing a defensive barrier against pathogenic infection, may 

occur. 

Haemarological and immunalogicalparameters. 

Haematocrit levels (%PCV) remained the same throughout the probiotic treatments (Table 

4.5). The results from this study confirm those of Raida et al. (2003), who also found that 

BioPlus 2BO had no effect on rainbow trout haematocrit levels. Lf did not affect 
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haematocrit levels in the present study and had no effect on carp haematocrit levels in a 

previous study either (Kakuta, 1998). A significant increase in the total number of 

leukocytes was found in groups 2B+EF and U2 but no differences were found in the 

remaining treatments. Similarly, Raida et al. (2003) found no differences in lymphocyte 

levels when using BioPlus 2B'O. Conipared to the control group (471 ± 244 U mL-1), 

elevated serum lysozyme activity was found in fish fed diets 2B (802 -1469 U mL") and 

213+EF (534 ± 256 U rnL-1), however, only 2B was found to be significantly different at 

the P<0.05 level. There were no differences observed between the remaining treatments. 

Newaj-Fyzul et al. (2007) found that B. subtilis fed rainbow trout displayed an increase in 

serum and gut mucus lysozyme activity after 14 days dietary supplementation. Lysozyme 

activity of B. subtffis fed trout was approximately 2-3 times greater than the control 

group. This is somewhat similar to the observation in the present study; whereby 2B fed 

fish displayed nearly double the activity of the control fish. Previous studies have found 

that serum lysozyme may be affected when using LAB probiotics in trout. Balcizar et al. 

(2007a) found a significant increase in lysozyme activity when administering La. lactis 

and Leu. mesenteroides to brown trout but no difference was found using L. sakei. 

However, all 3 bacterial species failed to enhance serum lysozyme in rainbow trout 

(Balcizar et al. 2007b), The effect of the L. rhamnosus on rainbow trout senun lysozyme 

activity is variable with both no effect (Panigrahi et al. 2005) mid improved activity 

having been reported (Panigrahi et al. 2004). Rainbow trout fed dietary C divergens 

demonstrated an increase in serum lysozyme activity whereas C maltaromadcum 

treatment did not (Kim & Austin 2006). However, both bacteria elevated lysozyme 

activity of intestinal mucus. This reported increase of intestinal mucus lysozyme activity 

may help to explain the observed changes of gut microbiota seen in the Lf fed fish. 

However, Lf supplementation did not directly affect serum lysozyme activity wben 
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ýChapter 4A 

supplemented at 100 or 200 nig kg -1. Similarly, Lyrgen et al. (1999) found no effect on 

lysozyme activity in Atlantic salmon fed Lf at 135 - 140 mg kg-1 for 19 days. However, Lf 

has been demonstrated to elevate serum lysozyme activity in Asian catfish (Clarias 

ba, trachus, Kumari et al. 2003) and Japanese eel (Ren et al. 2007), when supplemented at 

levels between 50 - 500 mg kg". 

Alternative complement activity remained unaffected by any of the probiotic treatments in 

the current study (Table 4.5). Newaj-Fyzul et al. (2007) also found that B. subfilis fed 

rainbow trout displayed no, increase in serum complement activity after 14 days dietary 

supplementation. On the contrary, Panigrahi et al. (2007) found significant improvements 

in complement activity when feeding B. subtills and E. faecium to rainbow trout for 45 

days. Increased complement activity has also been observed in a range of other LAB when 

administered to rainbow trout (Panigrahi et al. 2004; Panigrahi et al. 2005). Complement 

activity remained unaffected in Lf fed fish in the present study; similarly Lygren et al. 

(1999) found that 19 day dietary supplementation with Lf had no effect on the alternative 

complement activity of Atlantic salmon. 

This study demonstrates that dietary B. licheniformis, B. subtilis and E. faecium can 

survive transit through the digestive tract and successfully colonise the intestine of 

rainbow trout as both transient and potentially resident populations. The current study 

gives a broad insight into the potential for probiotic and Lf applications with regards to 

rainbow trout growth performance, feed utilisation, health status and gastro-intestinal 

colonisation. A range of benefits, including significantly improved FCR, lysozyme 

activity, elevated leukocyte levels and high probiotic intestinal colonisation were observed 

after a 10 week nutrition trial. However, the full extent of benefits may not have been 

observed in the current investigation. The potential benefits may be greater expressed 

under poor rearing parameters, stress conditions or challenge trials. 
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Chapter 4B. Evaluation of commercial problotics and lactoferrin on 

rainbow trout (Oncorhynchus mykiss Walbaum) foHowing antibiotic 

administration. 

Abstmct 

The effect of commercial probiotic strains (B. subtills, B. licheniformis and E. jaecium) 

and bovine lactoferrin (Lf) were assessed on rainbow trout (Oncorhynchus mykiss) 

previously treated with oxolinic acid. Parameters investigated include growth 

performance, feed utilisation, gastro-intestinal colonisation and health status. High levels 

of probiotic species survived transit through the stomach and were observed in the 

posterior gastro-intestinal tract as transient digesta associated populations and potentially 

resident mucosal populations. Levels of Bacillus spp. reached over 103 CFU g" on the 

mucosal epithelium and 107 CFU g" in the digesta. Enterococci levels reached W-W 

CFU g-1 on the mucosa and 167 CFU g" in the digesta. Compared to the control group, 

dietary Lf led to an increase of digesta associated viable populations (from le in the 

control to 107_108 CFU g-1 in the Lf groups). Bacillus fed fish displayed a significant 

improvement of FCR, SGR and PER. Fish fed Bacillus and BacilAws+E. faecium displayed 

elevated leukocyte levels. The results of the current study demonstrate the potential role of 

probiotics and Lf at stabilising/reinforcing the gastro-intestinal microbiota after antibiotic 

treatment. This may reinvigorate the intestinal defensive barrier mechanism and is likely 

to provide protection against secondary potential pathogens. 
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Due to the current limitations and regulations on the use of antimicrobials in animal 

nutrition antibiotics are no longer used as therapeutics or growth promoters within the 

European Union (EU regulation 1831/2003/EC). However, they are still an important part 

of the arsenal of treatments for many salmonid. bacterial diseases and are routinely used 

worldwide for treatment of bacterial infections. Such antimicrobial treatments are often 

very effective at reducing and preventing mortalities caused by the primary bacterial 

pathogen. However, the effect on the natural microbiota of the gastro-intestinal tract is not 

often considered. The period of time after antibiotic treatment is potentially dangerous; 

evidence suggests that indigenous gut microbiota may be altered in terms of total viable 

numbers and diversity of populations (Lesel et al. 1989; Bakke-McKellep et al 2007b). 

Any reduction of both diversity and quantity of microbes is likely to reduce the effective 

barrier mechanism normally provided by the indigenous microbiota; this nay lead to a 

reduction of competition against secondary potential pathogens from the surrounding 

environment. Also, surviving bacterial species carrying genes for resistance may exchange 

genetic material conferring resistance to pathogens re-entering the gastro-intestinal tract 

(Moriarty 1990). Thus, leading to the spread of antibiotic resistance and a reduction of 

antibiotic efficacy against futureldfgý*W qutýreaks. This is a more dangerous scenario than 

in mammals due to the fact that the fish gut'microbiota is largely transient and heavily 

influenced by the microbiota of the rearing environment, which itself readily supports and 

spreads bacterial pathogens. Some of the most common salmonid diseases, such as 

vibriosis, fiirunculosis and enteric red mouth, are caused by Vlbplo, Aeromonas and 

Yersinia spp. (e. g. V. angufflarum, V ordaill, V algino"cus, . 4. salmonicida and Y 

ruckeri) which are often indigenous and thought to cause infection via the gastro-intestinal 

tract (Austin & Austin, 1993; Thune et al. 1993; Evelyn 1996). 
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Chapter 4B 

The aim of the present study was to assess the effect of B. licheniformis, B. subfifis, E. 

faecium, and bovine Lf on growth, health and gastro-intestinal microbiota, of rainbow trout 

after antibiotic treatment. 

Materials and methods 

Dietpreparation 

Supplementation of basal diets with B. ficheniformls, B. subtilis, E. faecium and bovine Lf 

is described on page 10 1. Dietary composition is displayed in Table 4.6. 

Experimentaldesign 

Rainbow trout were obtained from a local commercial farm (page 4 1) and acclimated for 5 

weeks before commencing the trial. During this period fish were subjected to antibiotic 

treatment: commercial trout diets (Skretting) were top dressed with oxoHnic acid 

(Vetrepharm Itd, Fordingbridge, UK) according to manufacturer's instructions (20 mg kg- 

1, fed daily over 10 day period). Oxolinic acid is commonly used for the treatment of 

Gram-negative bacterial pathogens. Post exposure to oxohnic acid, 25 fish (average -45 g) 

were randomly distributed into experimental tanks. Fish were fed 2-2.5% biomass dayý' 

for 10 weeks, feeding and weighing protocol was conducted as described on page 4 1. The 

water temperature was maintained at 15 -± IOC and dissolved oxygen maintained > 80% 

saturation. Water changes (approximately 25% of system volume, -1500 L) were 

conducted every 72 hr to minimise accumulation of background probiotic levels. 
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Growth parameters and carcass analysis 

Chapter 4B 

Growth performance, feed utilisation and carcass analysis was assessed as described on 

pages 43 - 45. 

Intestinal bacteriology 

Analysis of probiotic colonisation was conducted as described on page 103.16S rRNA 

sequence analysis was used to confirm probiont identification (page 47 - 49). 

Haemarological and, immunological parameters 

Haematocrit, leukocyte levels and lysozyme, activity was determined as described on 

pages 52 & 53. 

Statistical analysis 

Data transformations were carried out where necessary and relevant statistical analysis 

was carried out as described on page 54. 
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Results 

Growth performance and carcass composition 

ýChapter 4B 

Growth performance, FCR, SGR and PER are displayed in Table 4.7. High growth 

performance was, observed; fish biomass increased by over 300% in aU groups with FCR 

< 0.92 and SGR > 2.11. Compared to the control group, FCR and SGR of group 2B (B. 

11chenifon, nis, B. subtilis) were significantly improved (F < 0.05). FCR reduced from 0.93 

± 0.03 in the control group to 0.85 10.04 in the 2B group and SGR improved from 2.13 ± 

0.03% to 2.22 ± 0.05%. Compared to the control group (1.93 ± 0.09) and the Lfl group 

(1.94 :L0.0 1) the fish fed diet 2B displayed a significantly increased PER (2.13 A: 0.12). 

No significant differences with the other groups were observed. Carcass analysis showed 

no significant differences (Table 4.8). Survival rates for all groups were acceptable (> 

93%). 
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Intestinal microbial analysis 

ýChapter 4B 

Microbial analysis of the posterior intestine of rainbow trout is presented in Table 4.9 and 

Figure 4.3. Viable bacterial counts associated with the intestinal mucosa were log 2-4 

CFU g-' and log 6-8 CFU g-1 in the digesta. Bacillus and enterococci detected in the 

control fish were found to comprise less than 12% of the total microbial populations. 

Bacillus isolates were not identified as B. subtilis or B. lichenifromis and remain as 

unidentified indigenous Bacillus spp.. However, E. faecium was identified as a minor 

component of the Enterococcus spp.. Bacillus levels accounted for 75% (log 3.74 CFU g' 

1) of the mucosal populations and 82% (log 7.41 CFU g") of the digesta populations in the 

2B fed group. 16S rRNA sequence analysis confirmed that these Bacillus populations 

were composed entirely of B. subtilis and B. ficheniformis. E. jaecium levels in the EF fed 

fish accounted for 72% (log 2.84 CFU g-1) the epithelial mucosal populations and 90% 

(log 7.78 CFU g-1) of the digesta populations. Total probiotic levels in the 2B+EF treated 

fish accounted for nearly 100% in both the mucosa and digesta. However, E. faecium 

dominated with around 70% colonisation compared to 30% Bacillus colonisation. Total 

viable populations in the digesta increased from log 6.57 CFU g" in the control group to 

log 7.66 CFU g-' (P = 0.047) in the MI group and log 8.21 CFU g" (P < 0.001) in M2 

group. No significant increases in populations were found on the mucosa. Bacillus and 

enterococci levels in the Lf groups remained less than 16% in the digesta and 12% on the 

mucosa. 
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Table 4.9. Log viable counts (CFU g- from the rambow trout intestinal tract. hitestMal 
regions: M Mucosal fining and D digesta. Dietary groups: 213 B. hclwnýfiwmis, B. 
sublifis, EF E. fiicchtm, 2B+EF B. lichetfifiwinis, B. mblilis E. Iticcium-, III 
lactoferrin 0.1 g kg-', Lt2 = lactoterrin 0.2 g kg-1. 

Sample 
Group m 1) 

Control 2.68 6.57 
2B 3.85 7.49 
EF 2.98 7.83 

2B+EF 4.23 7.91 
Lfl 2.83 7.66 
L t2 4.50 8.21 

:I. 10 :0 
Ki D Ni 1) 

Lfl Lf2 

Figure 4.3.1111cstinal microbial composition (%) of' rambow troul after 10 wceks Iýcdmg 

on the expcrimental diets. Intestinal rcgions: M- Mucosal linnip and 1) (hoesta. Dictal"V 

groups: 2B = B. lichenýfi)rlnis, B. subtilis-, FF - E. Jaccium, 213, FFB. lichellilOrmis. B. 

subtilis + E. fiiechinr, Lfl - lactoferrin 0.1 o kg- 
,M- 

lactoterrin 0.2 g kg- 
. 
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H-dematological and immunological parameters 

Chapter 4B 

Heamatological and immunological results are displayed in Table 4.10. Haematocrit levels 

(%PCV) remained the same throughout the probiotic treatments, at approximately 30%. 

Total number of leukocytes were significantly elevated in the 2B and 2B+EF groups, from 

39 ±7 in the control to 52 ± 16 and 51 A: 14 in 2B and 2B+EF, respectively. Compared to 

the control (523 ± 44 U mL-1), an elevation of serum lysozyme activity was found in 

groups 2B (658 ± 154 U mL-1), EF (618± 168 U mL-1), LfI (633 ± 150 U mL") and U2 

(639 ± 159 U mL-1). However, these were not significant (P > 0.05). 
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_Chapter 
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Discussion 

A significant improvement of FCR, SGR and PER was found in the Bacillus fed fish 

(group 2B) in the present study. Similarly, Bagheri et at. (2008) found significant 

improvements of FCR, SGR and PER in rainbow trout fry with the administration of 

dietary B. 11cheniformis and B. subtills at le cells g". However, Bagheri et al. (2008) 

found that no significant benefits were achieved until the level of Bacillus spp. accounted 

for over 85% of the intestinal microbiota. Dietary Bacillus levels of 108 CFU g-1 (leading 

to -65% intestinal colonisation) showed no improvements in growth or feed utilisation. 

Similarly, when using B. ficheniformis and B. subtifis in Chapter 4A (which resulted in 

-60% colonisation of the digestive tract) no improvements of growth performance or feed 

utilisation were observed. These studies indicate that a high level of A subfifis and B. 

Ucheniformis colonisation within the intestinal tract is required to influence rainbow trout 

growth performance (i. e. > -80%). The precise mechanism for enhanced growth 

performance is not clear, however, Bacilha spp., including B. SubH& and B. licheniformis 

produce a wide range of extraceffular enzymes (e. g. esterase, protease & amylase; 

Moriarty 1996; Azokpota et at. 2006) and vitamins (e. g. vitamin K and B-12; Rosvitz et 

at. 1998; Martens et at. 2002). Compared to fish enzymes, bacterial enzymes often have a 

broader pH range; which has been suggested to prolong digestion time for the host (Ochoa 

& Ohnos 2006). Bacillus spp. are known to produce an array of antibiotic and 

antimicrobial compounds, some of which are known to be effective against Vibrio spp. 

(Moriarty 1990; Moriarty 1998). Vibrio spp. are indigenous to the rainbow trout gut and 

are often potentially pathogenic, any reduction of potential pathogens within the gut may 

also have been a contributory factor to the improved feed utilisation wen in the group 2B. 
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This may help to explain why high levels of B. subtills and B. 11cheniformis within the gut 

can aid digestive function. Improved growth performance of fish fed B. subtifis probiotics 

has also been demonstrated in Nile tilapia (EI-Haroun et al. 2006), rohu (Labeo rohita, 

Kumar et at. 2006) and spinefoot rabbitfish, (Siganus rivulatus, EI-Dakar et al. 2007). 

Conipared to the control group, no significant differences of growth performance was 

observed in the present study. Contradictory to the present findings, the findings from 

Chapter 4A demonstrated that dietary E. faecium significantly improved FCR. Bogut et al. 

(2000) also observed enhanced growth performance when using E. faecium probiotics 

(with sheat fish). The reason for a lack of improvement of growth performance and feed 

utilisation in the current study is unclear, it may be that the level of gastro-intestinal 

colonisation in the present study was too high and a possible synergistic effect with the 

indigenous gut microbiota in the previous investigations was negated. ALSO, it is possible 

that the oxohnic acid pre-treatment may have removed bacterial species that were 

potentially important in a synergistic role with E. faeclum. 

Bacillus and enterococci levels dominated both the mucosal and digesta microbial 

populations in the respective treatments (> 70% in aU cases). However, when administered 

synergistically to group 2B+EF, probiotic colonisation reached > 99%. Of this population, 

enterococci levels dominated the gastro-intestinal tract, more than doubling Bacillus levels 

(a ratio of -70'Yo/30%, respectively). The level enterococci in the diet was slightly higher 

than Bacillus levels (a ratio of -60%140%, respectively over the duration of the trial); it 

seems that E. faeclum may have a competitive advantage over B. ficheniformis and B. 

subtills in the rainbow trout digestive tract. These results are somewhat similar to those 

found in Chapter 4A and appear to confwm the suggestion of Panigrahi et al. (2007) that 

E. faecium may be a more suitable probiotic to the specific conditions of the rainbow trout 

gut than B. subtills. The lack of improvements regarding growth and feed utilisation in the 
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group 2B+EF may again be explained by the fact that the level of gastro-intestinal 

colonisation was too high and any possible synergistic effect with the indigenous gut 

microbiota was negated. 

Background levels of Bacillus and Enterococcus spp. were found in the rearing water; 

Bacillus spp. (log 3.86 CFU mL-1) accounted for less than 14% of the total bacterial 

population and enterococci (log 3.61 CFU mL-1) accounted for less than 8%. This small 

background build up indicates that large levels of background probiotics may be 

problematic and cause cross contamination between treatments in re-circulating systems if 

not controlled effectively (i. e. by UV filtration or fi-equent water changes). This did not 

affect the current study as levels of Bacillus and Enterococcus spp. only accounted fbr Less 

than 12% and 9% (respectively) in the control group. Bacillus and Enterococcus isolates 

from the control were not identified as the probionts and are thus assumed to be 

indigenous gut populations (Heikkinen er al. 2006; Kim et al. 2007; Arkadios conference; 

Chapters 3a & 3b). Thus, water changes of approximately 25% system volume every 72 hr 

is deemed sufficient in the present study. Viable counts after oxohnic acid n 

at the beginning of trial resulting in microbiota viability within the digesta < log 4 CFU g- 

I; at the end of the trial counts ranged between log 5-7 CFU g7l, which is within the range 

of gut microbial levels in previous rainbow trout studies (Austin & Al-Zahrani 1988; 

Spanggaard et al. 2000, Heikkinen et al. 2006; Kim et al. 2007; Chapter 3). 

The results clearly show that high levels of probiotics survived transit through the gastro- 

intestinal tract and colonised the posterior intestine, confirming the findings from Chapter 

4A. Therefore it is possible that benefits such as aiding digestive fiwction, enhancing the 

microbial defensive barrier mechanism and immunostimulation may arise. Such high 

levels of gastro-intestinal colonisation, both within the digesta, &W especially those 

associated with the mucosal epithelium, increases competition and is likely to play an 
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important protective role. However, it is evident that total replacement of indigenous 

populations with probiotics may not be desirable with regards to improving growth 

performance. A probiotic presence within the digestive tract may alter the complex 

microbial communities and cause a shift to a more fimctional microbial population, rather 

than merely, direct benefits provided by the probiont itself 

Total viable populations in the digesm of Lf groups increased significantly, fiorn log 6 

CFU g" in the control group to log 7 CFU g-1 and log 8 CFU 9-1 in LfI and U2 groups, 

respectively (P < 0.05). This was not evident from the study conducted in Chapter 4A. 

The reason for this may be that levels within the intestine when not administered with 

antibiotics may be already at/or near saturation. Lf can have both a direct independent 

effect and synergistic effect with host defensive mechanisms (e. g. lysozyme) which results 

in bacteriostatic or bactericidal effects on a range of bacterial pathogens. Such pathogens 

include: Liste? la spp., Vibrio spp., Salmonella spp., Pseudomonas spp., BurkholdMa spp., 

Staphylococcus spp. and Es. coil (Ellison et al. 1988; Ellison & Giehl, 1991; Leitch & 

Willcox 1999; Farnaud & Evans 2003; Branen & Davidson 2004; Berluttiý et al. 2005; 

Jenssen & Hancock 2009; Leon-Sicairos et al. 2009). Lf releases membrane 

lipopolysaccharides thus bacterial cells are more susceptible to lysis from secondary 

antimicrobial compounds (Kim er al. 2008). Lf also chelates iron, which is an important 

virulence factor for many bacterial pathogens (Singer el at. 1991; Litwin & C41clerwood 

1993), thus, making it unavailable to certain potential pathogens (Reiter el al. 1975; 

Amold et al. 1977; Arnold et al. 1980; Stuart et al. 1984; Ellison & Gichl 1"1). 

However, unlike some pathogens certain LAB are able to utilise Lf-bound iron (Kim et al. 

2002). Although the microbial composition in the Lf treated groups in the present study 

were not characterised it can be assumed that the increase in the viable microbial 

populations is a positive outcome. Lf treated fish , healthy throughout the trial 
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duration, with mortalities of less than 5%. Thus, it can be assumed that the increased 

numbers of bacteria are not likely to be pathogenic; this increase (which at the very least 

can be considered as a commensal population) increases competition and reduces niches 

for secondary potential pathogens. 

Haematocrit levels (%PCV) remained the same throughout the probiotic treatments, 

confirming the findings of Raida et al. (2003) and those of Chapter 4A, which also 

showed that BioPlus 2B'O had no effect on rainbow trout haematocrit. Lf did not affect 

haematocrit levels in the current study, confirming the findings of Chapter 4A. A 

significant elevation of leukocytes was found in fish fed diets 2B and 2B+EF, confirming 

the findings of Chapter 4A. Similarly, Kumar et al. (2008) found that B. subtilis caused 

significant differences of rohu leukocytes; specifically with regards to granulocytes. 

However, Raida et al. (2003) found no differences in rainbow trout lymphocyte levels 

when using B. lichenifiormis and B. subtilis. Compared to the control fish, elevated serum 

lysozyme activity of between 20 - 25% were found in groups 211, EF, Lfl and U2 in the 

present study, however, these were not significant at the P<0.05 leveL Contrary to these 

findings; probiotics, including Bacillus spp., E. jaecium and LAB, have often led to 

significantly enhanced trout serum lysozyme activity (Newaj-Fyzul et al. 2007; Balcizar 

et al. 2007a; Chapter 4A). It may have been the case in the current long term study that the 

probiotics/Lf exposure may have resulted in an initial increase in activity followed by a 

gradual reduction to near control levels. Several studies have demonstrated the variable 

effects of probiotics on serum lysozynie activity (Panigrahi et al. 2004; Panigrahi et al. 

2005; Balcizar et al. 2007a; Balckm et al. 2007b). T'he effect of Lf on serum lysozyme 

activity of fish also appears to be variable. Studies by Kumari et al. (2003) and Ren et al. 

(2007) demonstrated enhanced activity; however, other studies have shown no significant 

improvements (Lyrgen et al. 1999; Chapter 4A). 
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Chapter 4B 

In conclusion, variability of results, even when using the same probiotic with the same 

fish species (i. e. the findings of Panigrahi et at. 2004 and Panigrahi et at. 2005; Chapter 

4A and 4B) suggests that the physiological status of the host and rearing factors play a 

large role in determining the outcome of probiotic and Lf supplementation. Probiotics/Lf 

(and likely prebiotics) will not always show a benefit, even when attempting to reproduce 

studies using the same probiont with the same fish species; the host animal's current status 

at any given time may not always require, nor be able to yield enhanced immunological 

status or growth performance. Thought should be given as to the timing of these dietary 

functional supplements as the nature of circumstances dictate. It is also clear that there is a 

fine fine between supplementing the indigenous commensal populations and direct 

removal/replacement of indigenous populations. Probiotic colonisation of the gastw- 

intestinal tract reaching near 100% of the total microbiota does not appear desirable. 

Further work needs to be undertaken to determine appropriate levels; such levels are likely 

to vary depending on the probiont species, host fish species, host physiological status and 

the rearing conditions. It is clear from the present investigation that probiotic and Lf 

supplementation after antimicrobial treatment increases the number of viable bacteria 

within the digestive tract and associated epithelial mucosa. This creates competition for 

potential pathogens re-entering the digestive tract and stabilises/reinforces the gut 

microbial defensive barrier after antibiotic treatment. Subsequently, enhanced growth, 

feed utilisation and health status may be achieved. It would be interesting to apply this 

strategy with challenge studies following antibiotic treatment and probiotic[Lf feeding. 

Continued work should be conducted to further explore the potential of these products and 

to determine optimal inclusion levels. Further work should also be conducted using 

132 



_Chapter 
Q 

electron microscopy to investigate the extent of the epithelial mucosal colonisation 

throughout the digestive tract and examine any possible colonisation patterns. 
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Chapter 5. Comparison of vegetative and Iyophillsed Pedlococcus 

acidilacdcl as a problotic for rainbow trout (Oncorhynchus mykiss 

Walbaum). 

Abtsract 

A study was conducted to assess the probiotic effect of different dietary forms of P. 

acidil'actici on rainbow trout (Oncorhynchus mykiss Walbaum). Growth performance, feed 

utilisation, intestinal colonisation and basic health status were investigated after a 10 week 

feeding trial. Fish were fed either vegetative (Veg) or Iyophilised (Lyo) cells incorporated 

into a basal diet at either 107 (LA)) or 108 (HQ CFU g-1. P. acidilactici successfidly 

colonised the digestive tract (as both epithelium associated and transient populations) in 

all probiotic groups. Scanning electron microscopy confirmed the presence of localised 

colonisation of coccoid cells (presumptively identified as A acidilactid) between 

intestinal folds of the probiotic fed fish. Compared to the control group, no significant 

improvements in growth performance, feed utilisation or carcass composition were 

observed in the probiotic fed fish (P > 0.05). However, a significant reduction of condition 

factor (K) was evident in fish fed the lyophilised diets. Increased leukocyte levels and 

lysozyme activity were observed in fish fed the probiotic diets, however only leukocyte 

levels were significant at the P<0.05 level. The study demonstrates some potential for the 

application of P. acidifactici with rainbow trout but further research is required. 
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Introduction 

Although much probiotic interest has focused on LAB, most notably Lactobacillus spp., 

Carnobacterium spp. and Lactococcus spp. (refer to Chapter 1) there remins a distinct 

lack of literature regarding P. addilactid. A range of bacteriocins (pediocins) have been 

identified from P. aciddactici strains (Bhunia et al. 1990; Schved el al. 1993; Huang el al. 

1996; Anastasiadou et at. 2008). The production of these pe"cins and organic acids 

(such as lactic and acetic acid) results in antagonistic properties against a range of Gram- 

positive and Gram-negative bacteria, most notably towards Vibrio strains (Cintas et al. 

1995; Villamil et al. 2002; Vizquez et al. 2005; Beaulieu et al. 2006; Castex et al. 2008). 

Some studies have begun to provide valuable information of the probiotic potential of P. 

addilactic! for finfish (Gatesoupe 2002; Aubin et al. 2005; Shelby et al. 2007). Due to the 

variability of results obtained so far and many unanswered questions, the probiotic 

application of P. addilactic! in finfish aquaculture remains unclear. It has been suggested 

that flirther work should be carried out to investigate the effect A ackfilactici on rainbow 

trout, with specific emphasis on gastro-intestinal microbiology (Aubin et al. 2005). 

It is also interesting to note that most probiotic studies do not seem to consider the 

importance of the mDde of probiotic administration to the diet. Some studies have 

compared live and dead cells (Irianto et al. 2003; Panigrahi et al. 2005; Taoka et al. 2006) 

but it is often not considered important when using live cells whether the probiont is added 

as vegetative cells or added in a 1yophilised powdered forni (as supplied by the 

manufacturer). It is of course more practical to add the probiotic to a basal diet mixture as 

a dietary ingredient rather than culturing cells and top dressing pellets. Thus, commercial 

probiotics are supplied in a Iyophilised form Both administmtion methods have been used 

previously but there is very little data regarding a comparison of the two five 

supplementation methods. The aim of the present investigation is to assess the effect of 
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vegetative and Iyophilised P. acidilactici on growth peribmawe, feed utilisation, 

intestinal colonisation and selected health parameters of rainbow trout. 

Materials and methods 

Dietpreparation 

P. acidilactici (CNCM MA 18/5 M) cukures were prepared by cukuring Bactocelle 

(Lallemand Inc, Montrdal Canada) in MRS broth for 24 hr and 48 hr at 37 *C fbr diets 

VegLo and VegHi respectively. After incubation the cells were harvested by 

centrifugation (2150 g for 15 min), washed twice with PBS and re-suspended in fish oil. 

A conunercial feed (Aller 45/15; Aller Aqua, ChristianfieK Demnark) was taken as the 

basal diet and milled in order to produce a fine powder. Warm water was added to the 

milled basal mixture in a Hoban food mixer (Hobart Food Equipment, Australia, model 

no: HL1400 -I OSTDA) before cold press extrusion (PTM P6 extruder, Plymuth, UK) to 

produce 2 mm pellets. This was used as the basal diets fbr the control and vegetative 

(Veg) groups. The Veg diets were then topped dressed with fish oil contidning the 

probiont at the two desired levels (see Table 5.1). In order to produce the Iyophilised 

(Lyo) diets the desired vohimes of Bactocel? powder was diluted in 50 mL PBS and 

added dropwise into the basal mixture prior to cold press extruding after Shelby es al. 

(2007). All diets were top dressed with the same vohune of oil in order to produce 

identical diets with the exception of the probiont. New batches of fimd were produced 

every 4 weeks after Shelby et al. (2007). Diets produced W and le CFU g" P. 

acidilactici for the low and high level diets respectively. Diets were stored at 4 T. 
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Experimental design 

Rainbow trout were obtained from a local commercial farm (page 41) and acclimated for 6 

weeks before beginning the trial. Each tank was randomly stocked with 25 fish (average - 

9 g) and treatments were conducted in triplicate. Fish were fed between 2-2.5% biomass 

day-1; feeding and weighing protocol is described on page 41. Water temperature was 

maintained at 15 : 1: 1T and dissolved oxygen was maintained at > 85% saturation. -20% 

water changes (-1200 Q were conducted every 72 hr to prevent background system build 

up of probiotic levels. 

Growth parameters and carcass analysis 

Growth performance, feed utilisation, K-factor and carcass analysis was assessed as 

described on pages 43 - 45. 

Intestinal bacteriology 

At the end of the growth trial 3 fish per tank were euthanized by overdose of MS222 

followed by destruction of the brain. After aseptic dissection samples were taken from the 

posterior intestine (as described on page 46). The resulting material from 3 fish per tank 

was pooled into one sample per intestinal region. Samples were then serially diluted to 10- 

8 with PBS and 100 gL was spread onto duplicate TSA and MRS agar. Plate counts were 

performed after 7 days aerobic incubation at 20 T for TSA and 5 days at 45 OC for MRS 

(Aubin et al. 2005). CFU mL" or g") were determined for viable bacterial populations. 

16S rRNA sequence analysis was used to confirm identification of presumptive P. 

acidilactic! isolates (Gram-positive tetrad cocci isolated from NM) as described on pages 

47-49. 
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Haematological, and immunological parameters 

Blood was sampled from 3 fish per tank after anaesthetisation as described on page 52. 

Haematocrit, leukocyte levels and lysozyme activity were determined as described on 

pages 52 & 53. 

Electron microscopy 

Samples for SEM were taken from 5 separate fish per treatment as described on page 49 - 

51. 

Chapter 5 

139 



ýýpter 

Statistical analysis 

Data transforniations were carried out where necessary and relevant statistical analysis 

was carried out as described on page 54. 

Results 

Growh performance and carcass composition 

Growth perfornance, feed utilisation and K-factor are displayed in Table 5.2. Fish 

biomass increased by over 300% in all groups with FCR < 1.02 and SGR > 2.02. 

Compared to the control group a marginal improvement of FCR (from 1.02 to 1.01 - 0.99) 

and a considerable improvement of SGR was observed in the probiotic groups (from 

2.02% to 2.08 - 2.15%); however, these were not significant at the P<0.05 level. A non- 

significant improvement of PER was also seen in the Lyo fed groups, from 1.77 :k0.19 in 

the control to 1.84 :L0.07 in LyoLo and 1.83 * 0.14 in LycHL K-fiwtor were significantly 

improved in LyoLo (1.38 :L0.0 1, P=0.050) and LyoHi (1.37 10.08, P-0.04 1) groups 

compared to the control (1.45 :L0.05). No significant differences with the other groups 

were observed. Carcass analysis showed no significant differences between dietary groups 

(Table 5.3). Survival rates for all groups were ameptable (> 951/6). 
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Microbial, analysis 

Indigenous and probiotic levels within the intestinal tract of rainbow trout fed the 

experimental diets are presented in Table 5.4. TVC of bacteria associated with the mucosa 

ranged: &om log 3.60 CFU g-1 in the control fish to log 3.75 - 4.63 CFU g-1 in the probiotic 

fed fish. TVC of allochthonous bacteria (transient) ranged from log 8.14 CFU g-1 in the 

control group to log 7.42 - 8.64 CFU g" in the probiotic groups. Mucosal based P. 

acid, ilactici levels ranged from log 3.20 in the Lyo, groups to 3.41 CFU g" in the Veg 

groups. Digesta based levels were considerably higher, within the range of log 5.64 in the 

Lyo groups to 5.93 CFU g-1 in the Veg groups. P. acidilactic! identification was confirmed 

with 16S rRNA sequences analysis. P. acidilactic! levels were statistically too low to 

confidently determine (i. e. total LAB levels < 20 CFU at the lowest dilution) in the control 

fed fish and rearing water. 

Scanning electron microscopy 

SEM revealed large numbers of coccoid cells morphologically corresponding to P. 

acidilactic! (clusters of spherical cells in the order of -1 -2 ILm in diameter) in the 

posterior intestine of the probiotic fed groups; these populations were not present in any of 

the control fed fish. A colonisation pattern was observed and noticeable build up of cells 

were present on the brush border between the mucosal folds mid at the base of the villi 

(Figure 5.1). Close association of cells with the brush border was observed (Figure 5.1, 

inset). 
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Table 5.4. Viable and problotic counts fi-om tile gastro-intestinal tract of rainhow trout. 
Values expressed as mean log C'FU g-' for tile Intestinal 11111cosa and (11"esta. C Control. 
VcgLo = vegetative low, VegHI -- vegetative high; I. yol. o Iyophillsed lmý, 
Iyophillsed high. 

Intestinal sample c VegLo Ve,, Iii LYOLO 1. ýol 11 
Total viable counts Oo- CIJJ g 

Mucosa 3.60 4.63 3.7 5 4.12 4.03 
Digesta 8.14 7.5 8 8.03 8.0 4 7.42 

P. acidilactici (log CFI 1 
mucosa 3.37 3.41 3.20 3.25 
Dluesta TFTC* -5.82 

5.93 ý`,. 0-4 5,60 
TFTC' - too few to count (statist ical ly too low to" "Chable c"ll"IZ111011) 

/I 

I 

1-1-1 

Figilre 5.1 . SI., M 1111crooraph" o1 1'. a, l'illch 11( 1 t-'( I It It V11 01 tile POACI 101 111k. -I 111ý 
Irout led probiotic dicts. Locahscd coloillsat loll Is C%I(iclll bemeen Inuco"al 1*01d" . 111(i it 
the basc of' the 1111crm 1111. Inset: Possible Initial Stages Of cildocylo"Is of, P. LIC011th Ih 1. 
Scale b"ll- 50 pill Onset Scale bar I pill). 
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Haematological and immunological parameters 

Haematological and immunological results are displayed in Table 5.5. Haematocrit leveh 

remained unaffected by the probiotic treatment, PCV of -29% was observed in all groups. 

The total number of leukocytes was significantly higher in the VegLo group (76 :k 15) 

than all other groups, including the control (52 :k 17; P=0.009). The remaining dietary 

groups were not affected. A considerable yet non significant elevation of Se= lYSOZYme 

activity was found in groups VegLe (432 :k 136 U mL") and VeglHi (483 :k 202 U mL*l) 

compared to the control (328: 1105 U mL"). The Lyo groups were not affected. 

Table 5.5. Haernatological and immunological parameters of rainbow trout after 10 weeks 
feeding on experimental diets (mean I standard deviation). C- controk VegLo - 
vegetative low; VegHi = vegetative high; LyoLo = Iyophilised low; LyoHi = Iyophilised 
hieh. 

Treatment 
C VegLo VegHi LYOLO LyoHi 

FCV 29.6 12.5 29.4± 3.1 28.0: k 3.1 30.4: h 4.3 28.6 * 2.9 

Leukocyte count* 52: k 17' 76: k 15b 55: k le 55 * 33' 52: k 17' 

mL") 328 ± 105 432: k 136 483 1202 314: k 75 319 * 156 
per 1000 blood cells. 
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Discussion 

Although improved growth performance, feed utilisation and lower mortalities were 

consistently found in the probiotic fed fish there were no significant differences relative to 

the control group. Among the largest improvements, especially in the Lyo fed groups, was 

SGR and mean weight gain (%). SGR increased from 2.02% in the control group to 2.15% 

in the LyoLo group and 2.12% in the LyoHi group. Mean final weight pin increased from 

307% in the control group to 327% in the LyoLo group. Compared to the control group, a 

small, non significant, elevation of PER was observed in the Lyo fed fish (from 1.77 to 

1.83 - 1.84). K-factor was significantly improved in both Lyo groups. A reduction of K- 

factor may increase aesthetic quality of salinonids to consumers; a more streamlined 

appearance is an important quality. Current trout farming practices are based around high 

energy, high lipid diets which often result in the production of fish of lesser quality than 

their wild counterparts. Whilst economically successful, these practices are not always 

acceptable to the consumer. Several studies have compared the use of live and dead 

probiotic cells for aquaculture applications and benefits have been observed with both 

supplementation forms (Irianto et al. 2003; Panigrahi et al. 2005; Taoka et al. 2006). 

However, with the exception of a study by Panigrahi el al. (2005), there remains a distinct 

lack of information regarding comparisons betwem live-sprayed (vegetative) and fiveze- 

dried (lyophilised) dietary supplementation of probiotics. Panigrahi el al. (2005) 

concluded that both viable (live-sprayed and fi-eeze. *W) applications of L. Awnnosus 

induced elevated immunological responses compared to heat killed cells, particularly with 

regards to phagocytic and complement activity. However, contradictory to the results of 

the present study Panigrahi et al. (2005) did not obarve diffaences of imsminological 

status between fish fed live-sprayed or fiveze-dried supphmwnted diets, 
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Similar to the present study, Aubin et al. (2005) also found that probiotic application of P. 

addilactid failed to significantly improve weight gain of rainbow trout after 5 months 

supplemented feeding. However, Gatesoupe (2002) observed improved weight pin of 

larval pollock (Pollachiuspollachius) when fed Artemia enriched with P. ackfilactici. 

Successful colonisation of the digestive tract by the P. acidilactici was achieved in all of 

the probiotic fed groups. Levels were consistently higher in the Veg groups; but it is 

interesting to note that the colonisation levels were not significantly different between the 

application forms. However, the lyophilised cells may not necessarily be as metabolically 

active within the digestive tract as the cells recovered from the digestive tract of the fish 

fed the vegetative diets. Digest& based levels were considerably higher than the mucosal 

based populations. SEM showed the presence of large numbers of bacteria on the mucosal 

epithelium; these cells were presumptively identified as P. addilactid on the basis of size 

and morphology and that these cells were not found to be present in the control group. 

Electron microscopy is an invaluable tool for the investigation of mucosal associated 

bacterial populations which has been incorporated into several studies in recent years 

(Ringo et al. 2006abc). However, it remains under utilised in regards to probiotic studies 

and to the authors knowledge very little data exists regarding electron microscopy with 

probiotic trials. In the present study a localised presence was evident between the folds of 

the mucosal surface. This appeared to be somewhat similar to the localised colonisation 

observed in farm reared trout (observed in Chapter 3A). Close association of the bacterial 

cells with the epithelial brush border was also evident and is likely to play a role in host 

immunostimulation. The present study provides fiwther evidence of the use of SEM as a 

tool for demonstrating mucosal coloniution patterns throughout the digestive tract and 

should be incorporated in future Probiotic investigations. I'lie observations ftom the 

present study are contrary to previous rainbow trout findings (Aubin el al. 2005) where it 
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was suggested that P. addilactici demonstrated little noticeable mucosal association of 

trout when fed dietary levels of 1.5 x 106 CFU g". However, it should be noted that Aubin 

et al. (2005) sampled after a 20 hr starvation period which may not provide an accurate 

representation of intestinal levels. Comparing the results of the present study to those 

found by Aubin et al. (2005) it would appear that in order to achieve adherent mucosal 

populations either high dietary levels are required or that continual supplementation is 

necessary to prevent the removal of resident cells (due to continual mucus and brush 

border turnover) during starvation or reverting to non-supplemented feeds. 

A limited potential for elevating immune status was demonstrated in the present study. 

However, a significant increase in leukocyte numbers were observed in the fish fed the 

VegLo diet. Also a considerable improvement of lysozyme activity was observed in both 

vegetative probiotic fed groups (-30% higher than the control group); however, this was 

not significant at the P<0.05. Similar to these findings, previous studies also appear to 

indicate a limited potential for P. acidilactici with regards to immunostimulation (Bhunia 

et al. 1990; Villamil et al. 2002; Shelby et al. 2007). For example, Shelby et al. (2007) 

found no significant differences in any of the immune parameters measured (serum 

protein, immunoglobulin, alternative complement or lysozyme activity) when feeding 

lycphilised P. addilactid to catfish. Immunological improvements, albeit fimftedý from 

the current study were found only with the vegetative diets. It is possible that vegetative P. 

addilactid may yield a more positive immunological improvement than the Iyophilised- 

based diets. Further work should be conducted specifically focusing on immunological 

and haematological parameters to reveal the fiill potential of P. acOlactici on the rainbow 

trout health status. However, P. acidilactici has proved effective at reducing vertebral 

column compression syndrome in rainbow trout after feeding on supplemented diets for 5 

months (Aubin et al. 2005). Despite the mixed responses of probiotic: application of P. 
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addilactic! in finfish studies the potential for application in recent shrimp studies seems 

pmmising (Chim et al. 2005; Castex et al. 2006; Chim et al. 2007; Castex el al. 2008). 

148 



pter 5 

Conclusion 

Although virtually all parameters measured were improved in the probiotic groups very 

few improvements were significant (P > 0.05). It can be concluded that either 

supplementation levels in the present study were not appropriate or that P. acidilactici is 

not particularly effective at enhancing growth and health parameters of rainbow trout 

reared under good conditions. Benefits may present themselves under poor environmental 

conditions or situations conducive of stress. In general, improvements (however small) in 

health parameters were found with the vegetative fed probiotic and improvernents in 

growth and feed utilisation were found with lyophilised fed probiotic. Intestinal 

colonisation seemed successful (particularly in the Veg diet groups) in terms of both 

transient and adherent mucosal populations. Considering the antimicrobial and 

antagonistic properties of P. addilactid and the effective colonisation of the epithelial 

mucosa, there may be a potential role in providing protection against intestinal pathogenic 

infections. It would be interesting to conduct challenge studies in order to evaluate this 

possibility as there is no information addressing this issue currently available. From the 

little information currently available regarding A ackfilaclicl application in finfish 

aquaculture it would appear that either: (a) dosage rates and/or form of supplementation 

are not yet optimised, (b) the effect could be highly species specific, (c) A aci&lactici 

may be more effective at the larval stage, and/or (d) could be effective as a protective 

agent against enteric pathogenic challenge due to successful intestinal colonisation. 

Continued research is clearly warranted to evaluate these hypotheses-, special attention 

should be focused on expanding research to other important aquaculture species, short 

term immunological investigations and challenge studies. 
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Chapter 6. Assessment of probiotic colonisation of the rainbow trout 

gastro-Intestinal tract. - an electron microscopical study 

Abstract 

Probiotic (B. subtilis, B. ficheniformis, E. faecium and P. addilactici) colonisation of the 

rainbow trout (Oncorhynchus mykiss) gastro-intestinal tract was assessed using culture- 

based techniques and electron microscopy. After 5 weeks feeding on the experimental 

diets colonisation of the stomach, pyloric ceaca, anterior and posterior intestine was 

investigated. Culture-based assessment suggested that all the probionts, were able to 

colonise all intestinal regions (the pyloric caeca was not assessed). Contrary to this, 

scanning electron microscopy did not show cells morphologically corresponding to 

Bacillus or Efaecium adherent to the gastro-intestinal epithelial mucosa in the respective 

probiotic groups. However, coccoid cells morphologically similar to A ackftlactici were 

observed in close association with the brush border of A ackfilactici fed fish. 

Subsequently, microvilli length in the anterior intestine was significantly improved (P - 

0.004) in the P. acidilactici fed fish (2.03 + 0.37 pm) compared to the control fbd fish 

(1.48 :k0.51 ; Lm). However, microvilli density was not affected by dkftq probiotics in 

any group. 
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Introduction 

Recent studies have demonstrated high levels of probiotic colonisation of the intestinal 

mucosa (Kim & Austin 2006; Newaj-Fyzul el al. 2007; Chapters 4 and 5), however, no 

investigation with EM has been carried out to confirm epithelial attachment or investigate 

colonisation patterns. The influence of fish intestinal microbiota on the gut morphology is 

evident (Ringo et al. 2007). Recent prebiotic studies have demonstrated improved fish 

intestinal histology at the brush border/microvilli level, presumably by beneficial 

improvements of the microbial balance (Salze el al. 2007; Dimitroglou et al. 2008); 

however, little information is currently available regarding probiotic effects to host 

intestinal morphology. Salinas et al. (2008) demonstrated in vitm that the probiotic L. 

delbrueckii could improve Atlantic salmon intestinal enterocyte condition and prevent 

subsequent damage by Aervmonas salmonidda subsp. salmonkida. 

Given the high level of probiotic mucosal colonisation observed in Chapters 4 and 5, 

together with the distinct lack of in vim literature regarding probiotic gastric colonisation 

patterns and resultant effects on gut ukrahistology, the aim of the present study was to 

assess potential colonisation patterns mid the efficts on tnicrovilli morphology. 

Matetials and methods 

Dielpreparation 

Vegetative cultures of B. licheniformis+B. subtilis (Diet 2B), E. faecium (Diet EF) and A 

acidilactici (Diet PA) were top dressed as described on pages 10 1 and 136. 

Experimental design 

Rainbow trout were sourced from a local hrm (page 41). 71e feeding experiment was 

conducted using 35 trout (average -100 g) per group in 150 L fibreglass tanks. Fish were 
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fed 2.0% biomass day-' for 5 weeks. The water temperature was maintained at 15 -+ I 
*C 

with oxygen levels maintained above 80% saturation. A 12 hr light/ 12 hr dark photoperiod 

was maintained throughout the entire trial duration. The mean fish weightof sampled fish 

at the end of the 5 week feeding phase was 189.9 :k9.4 g for the control group, 191.6 * 

15.1 g for the 2B group, 188.6 :h 10.6 g for the EF group wkd 200.8 :k 10.0 g for the PA 

group. 

Gastro-Intestinal microbiology 

Intestinal colonisation of B. ficheniformis, B. subtifis, E. faecium and A ackfilactid was 

assessed as described on pages 103 and 138. Samples were also taken from the pyloric 

caeca and stomach as described for the intestine. 16S rRNA sequence analysis was used to 

confirm probiont identification (page 47 - 49). 

Electron microscopy 

Additionally, intestinal samples, from 5 fish per experimental group wem retained for 

histological examination of probiotic colonisation and microvilli density by SEM as 

described on pages 49-51. TEM examination of probiotic colonisation and microvilli 

length of 5 fish from the control group and P. addilactid group as descnibed on pages SO- 

51. 

Statistical analysis 

Data transfornutions were carried out where necessary and relevant statistical analysis 

was carried out as described on page 54. 
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Results 

Gastro-intestinal microbiology 

Culture-based results show high probiotic populations were present along the gastro- 

intestinal tract (Table 6.1). Culture-based assessment of mucosal populations showed that 

all probiotics were found present within all gastro-intestinal regions examined. Probionts 

were in the range of log 3-4 in all gastro-intestinal regions. 16S rRNA analysis confirmed 

the identification of the presumptive probiotics. 

SEM analysis of probiotic populations throughout the digestive tract is shown in Table 

6.2. Sporadic colonisation of indigenous bacterial cells, presumably originating from the 

digesta populations, was identified in all fish groups. However, large populations of 

epithelium associated A acidilactici (presumptively identified as clusters of spherical cells 

in the order of -1 -2 prn in diameter not present in the other groups) were consistently 

observed in both intestinal regions of all 5 fish fed the P. acidilactici diet (Figures 6.1 & 

6.2). Such populations were also evident in the pyloric ceaca of I fish but no populations 

resembling A acidilactici were observed in the stomach. Aside from sporadic indigenous 

bacteria, no noticeable colonisation of cells morphologically corresponding to Bacillus or 

Enterococci were observed in any gastro-intestinal region of the remaining groups. 

Table 6.1. Culture-based assessment of mucosal colonisation by probiotics. Vahm 
expressed as log CFU g ". Diet codes: C- controk PA -A achfilactici; 2B - B. 
subdfislB. fichenVormis; EF = E. faecium. Gastro-intestinal regions: S- stomach; AM 
anterior mucosa; PM = posterior mucosa. 

Gastro-intestinal relpon 
S AM PM Mean 

C* 3.99 4.97 5.02 4.63 
PA 3.59 3.55 4.04 3.72 
2B 4.98 4.69 4.56 4.74 
EF 3.29 3.12 3.22 3.21 

Viable population 
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Microvill! morphology 

EM analysis of intestinal microvilh morphology is shown in Table 6.2. Them were no 

significant differences of microvilli density observed between any of the treatments 

(microvilli density ranged between 13.7 - 18.1 AU in the AM and 13.0 - 17.1 AU in the 

PM). However, compared to the control (1.48 :L0.51 pm), P. acOlacdci fed fish (2.03 1 

0.37 pm) displayed significantly longer microvilli in the anterior intestine (P - 0.004; 

Figure 6.3). This improvement was not observed in the posterior intestine. 

Table 6.2. Rainbow trout microvilli morphology after probiotic Awding for 5 weelm. Diet 
codes: C= control; PA = P. ackfilactid; 2B -A subdIbM. fichenOrmls; EF - E. 
faecium. Intestinal regions: AM - anterior mucosa; PM - posterior uscosa. 

GMUP 
Pammeter Intestinal region c PA 2B EF 
Micmvilli AM 15.4: k 4.5 13.8+. 3.2 13.7: k 2.0 18.1 12.0 
densky* PM 15.2: ý 2.3 14.7 * 1.6 13.0: k 3.9 17.1 5.2 

Microvillus AM 1.48*0.51' 2.03: EO. 376 
length (pm) PM 1.99: k 0.45 1.78: k 0.20 
* Arbitrwry units (AU) 
AbValues with different superscripts denotes a significant diffefem (P < 0.05) 
- not assessed 
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Discussion 

Despite culture-based confirmation of probiotic colonisation, of die mucosa (confirming 

previous studies such as Kim & Austin 2006; Newaj-Fyzul et al. 2007; Chapters 4 and 5), 

SEM and TEM revealed a distinct lack of probiotic: colonisation of the gastro-intestinal 

tract of the fish fed E. faecium and Bacillus spp.. This would appear to suggest that either 

a) these probiotics form a loose association with the mucosa and become disassociated 

when washed or b) true epithelial colonisation is not achieved. The 1b, me& option is hard 

to imagine as the association would have to be relatively strong/stable in order to 

withstand mucus turnover, sloughing of surrounding enterocytes and peristalsis of 

transient digesta. The latter option seems more likely. It would appear that instead of 

colonising the epithelial surfitce, E. faecium, B. subtilis and B. fichenVi nnis are able to 0 

colonise the mucus layer and presumably proliferate at a rate high enough to sustain a 

considerable population (with continual dietary supplementation at least). With the current 

sampling methods it is very difficult to differentiate between a purely mucus associated 

population and an epithelium associated population. It is very easy to misidentify the 

nature this colonisation and EM must be incorporated in order to confirm true epithelial 

colonisatiom 

Confirming the findings of Chapter 5, EM in the present study Shows true COMM 

colonisation by P. acidilactici. A acidilactici was fmquendy observed in both the Weldor 

and posterior intestine, occasionally in the pyloric coma but not in the stomach. Again the 

mucosal folds either appear to provide protection against shear of digesta or a favourable 

site for initial colonisation. Epithelial anadunent, bacteriml-host cron-tak mid 

trmslocation is an extremely complex proceW many filctors And ulachanisms have been 

identified and a full review will not be presenW hue (for a more ran* 1howhe 

discussion we Lu & Walker 2001; Samonetti 2006; Rinp et al. 2007). Briefly, 
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colonisation of the epithelial surface requires intimate contact between the bacterial cell 

and the epithelium In order to achieve this, attraction by van der Waal's forces closes the 

distance to a point where electrostatic interactions allow a close association to form in 

regions of low ionic strength (Ringo et at. 2007). Hydrophobic interactions or receptor 

binding may then occur. Bacteria express surface adhesins which bind carbohydrates 

linked to glycoproteins or glycolipids present on the epithelial cells of the brush border 

(Lu & Walker 2001). The epithelial cells are often actively involved in the process of 

internalisation, including internalisation of pathogenic bacteria. Indeed, some Gram- 

negative organisms produce specialized protein secretions (termed type 111) which can 

alter host cellular functions resulting in the bacterium dictating the interaction process 

(Blocker et at. 2003), essentially the bacterial cells are actively co-opting the host cell into 

the infection process. Interactions can result in an extraceffular attachment or endocytosis 

with or without cellular rearrangement. Two distinct internalisation mechanisms have 

been identified in manunals: "zippering" and 'trigger" process (Samnetti 2006) but such 

mechanisms are not well documented in fish. 

From the results it is clear there is a distinct difference between the nature of mucosal 

colonisation between the probionts investigated. However, it should be noted that 

colonisation of the mucus layer as opposed to the epithelium is still a positive outcome as 

such populations will likely enhance the protective barrier function provided by the mucus 

layer, which potential pathogens have to overcome, or possibly colonise/populate in order 

to attach or come into contact with the host epitheliumL Mucus associated populations of 

probiotics are also likely to release bacteriocins and other antimicrobial compounds in the 

mucus, finthering protective fimction. Extracellular production of digestive enzymes will 

also likely aid digestive function as nutrients come into contact with the mucus. Probiotic 

cells (viable or dead) may also exert an irnmunostimulatory role when colonising the 
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intestinal mucus. Indeed, Kim & Austin (2006) saw an increase in intestinal mucus 

lysozyme activity, likely due to changes in the intestinal microbiota (and/or mucus 

colonisation by C maltaromaticum and C divergens). Newaj-Fyzul er at. (2007) also 

reported an increase in intestinal mucus lysozyme activity and dernonstrated. successfW 

colonisation of the rainbow trout intestinal mucus by B. subtills. Whether true epithelial 

colo. nisation was achieved was not confirmed, however, colonisation of the intestinal 

contents and mucus layer resulted in host immunostimulation. Specifically significant 

improvements of leukocyte levels, phagocytic levels, bactericidal activity, respiratory 

burst activity, serum lysozyme activity, total antiprotease activity and total proteins was 

observed. 

Establishing a probiotic population within the intestinal mucus is highly likely to 

strengthen the protective function of the intestinal barrier. Several probiotics have been 

demonstrated to attach to and grow well in fish intestinal mucus (Olsson et al. 1992; 

Mom et al. 1997; Vine et al. 2004) and utilisation of such probionts could provide 

competition and antagonism against pathogens. Indeed, Newaj-Fyzul et aL (2007) 

observed a significant improvement of rainbow trout survival after challenge with 

Aeromonas spp. ABEL Several pathogens, particularly V anguillarum, are well 

documented to adhere to and grow well in fish intestinal mucus (Olsson et al. 1992; 

Garcia et al. 1997; OToole et al. 1999; Ormonde et al. 2000). It would be interesting to 

test the probiotics that have been demonstrated to colonise intestinal mucus in vivo, such 

as those investigated by: Kim & Austin (2006); Newaj-Fyzul et al. (2007) and the 

probionts used in this thesis in vivo against V anguiUarum challenge. 

Intestinal microvilli density has shown morphological changes in response to alterations of 

intestinal microbiota in previous studies (Dimitroglou et al. 2008) yet none of the of the 

probiotics assessed were able to significantly alter microvilli density in the rainbow trout 
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anterior or posterior intestine. Despite this, P. addilactic! fed trout produced significantly 

longer microvilli in the anterior intestine than the control fed fish. Similarly, prebiotics 

such as MOS have led to increased microvilli length in trout (Dimitroglou et at. 2008) and 

cobia (Salze et al. 2008). It can easily be suggested that a more beneficial microbial 

balance with a reduced number of potential pathogens or toxin producing organisms 

within the digestive tract will lead to improved gut development and morphology. The 

precise mechanism by which this is achieved is not clear and requires ftwther investigation 

to fully elucidate. Likewise it is not clear why this improvement was observed only in the 

anterior intestine and not the posterior intestine. Further investigation with B. subtills, B. 

ficheniformis and E. faecium should be assessed in order to evaluate whether a probiotic 

mucus population is enough to achieve these benefits or whether true epithelial 

colonisation is required. If this observation is not restricted to P. addilacrid and is a 

common occurrence with other probiotic candidates then it cannot be ruled out that 

improved gut morphology, at least at the brush border leveL may have contributed to 

improved feed utilisation/growth performance observed in previous studies (Bogut er aL 

2000; EI-Haroun et al. 2006; Bagheri et al. 2008; Wang et al. 2008; Chapters 4 and 5). 

Indeed, rainbow trout fed P. addilactic! resulted in a marginal improvement of FCR and 

considerable improvements in SOR and PER in Chapter 5. 

_pMpter 
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Chapter conclusions 

The present study highlights the importance of incorporating EM in probiotic studies and 

suggests that microbes apparently isolated from epithelial mucosa in previous 

investigations may be (at least in part) a mucus associated population which is not fully 

remDved when washed prior to culture-based extraction. The mucus population may 

represent an intermediate population between the communities found in the digesta and on 

the epithelium. Future studies should address this possibility. The current study fiuther 

indicates that P. addilactici may be a useful probiotic to prevent or reduce gastro- 

intestinal infections and future challenge studies should be conducted. The study 

demDnstrates the potential of probiotics to enhance intestinal ultra-structure. Future studies 

should incorporate light microscopy to assess any possible alterations at the villi level. 
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Chapter 7. General discussion and conclusions 

Both culture-based and culture-independent techniques have demonstrated that rainbow 

trout mucosal communities are more complex and often higher in number than previously 

thought. Communities also appear to differ throughout the intestinal regions investigated. 

In contrast to previous investigations (Lesel & Pointel 1979; Austin & At-Zahrani 1988) 

the current work using electron microscopy demonstrated a close association of bacterial 

cells with the brush border throughout the entire digestive tract. Most noticeably, a 

localised colonisation pattern was often observed between the villi and mucosal folds. The 

use of electron microscopy in future fish epithelial studies is highly recommended for 

visualisation of autochthonous populations. The intestinal microbiota of trout was 

sensitive to dietary SBM confirming the findings of Heikkinen et al. (2006); however, no 

changes of total viable culturable populations were observed. Despite this, communities 

comprising both the viable allochthonous and autochthonous population were altered in 

composition. Perhaps most notably, a large increase of yeast, presumptively identified as 

Saccharomyces spp., and Psychrobacter spp. were found associated with the intestinal 

tract of SBM fed rainbow trout. 16S rRNA analysis identified a range of species, most of 

which have not been identified from the rainbow trout digestive tract previously. Both B. 

subtills and B. licheniformis were indigenous members of the rainbow trout intestinal 

microbiota of the fish, further supporting the application of these species as rainbow trout 

probiotics by fulfilling one of the requirements as suggested by Spanggaard et al (2001; 

refer to page 23). Confirmation of enteritis-like damage was observed in rainbow trout fed 

SBM rich diets for 16 weeks. Microvilli morphology was clearly altered leading to a 

reduction of both microvilli density and length. Tight junctions were also exposed to 

epithelium associated bacteria and it appeared that some bacteria-like cells may have used 
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exposed tight junctionsas a vector for infection. It is concluded that the provision of 50% 

dietary protein by SBM compromises the epithelial barrier mechanism in salmonids. 

Future work must consider the indigenous autochthonous; communities of rainbow trout 

when assessing microbial communities or scanning for probiotics. Improved SBM 

digestibility has been demonstrated with prebiotics (Burr et al. 2008), seemingly due to a 

shift to a more favourable microbial population. Probiotic supplementation of SBM rich 

diets could also result in such benefits, particularly if the probiont is selected from the 

indigenous microbiota, of omnivorous fish species, such as carp or tilapia. 

Culture-based assessment in Chapter 4 demonstrated that E. fiaecium, B. subtills and B. 

licheniforrnis were highly effective at colonisation of the rainbow trout digestive tract. 

Chapter 4A demonstrated that E. faeclum supplemented diets used singularly or combined 

with Bacillus probiotics significantly improved FCR of rainbow trout. PER of E. jaecium 

fed fish was significantly higher than the Bacillus probiotic fed fish. Yet no other 

improvements of growth or feed utilisation were found. Fish fed diets with B. Subalis, B. 

ficheniformis and E. faecium synergistically induced significant elevations of leukocyte 

levels. High level Lf (200 mg kg-1) also resulted in elevated leukocyte levels. Rainbow 

trout fed B. subtills and B. fichenifonnis significantly improved lysozyme activity but 

lysozyme was not affected in the remaining groups. No significant differences were found 

in haernatocrit levels or complement activity. 

Contradictory to the findings of Chapter 4A, the effects of feeding probiotics after 

antibiotic supplementation in Chapter 4B resulted in significant improvements of FCR, 

SGR and PER with the Bacilha fed fish but no improvements with E. faecium fed fish. 

These findings suggest that high intestinal levels of B. subtflis and B. licheniformis (-80 - 

90% of the intestinal microbiota) are required to exert benefits to the host. This appears to 

confirm the findings of Bagheri et at. (2008) with regards feeding B. subtills and B. 
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fichenifo? mis to rainbow trout fry. The lack of response with E. faecium after antibiotic 

treatment of trout (which yielded > 70% intestinal colonisation as opposed to > 45% in 

non antibiotic treated fish) suggests an important synergistic relationship between E. 

faecium and the indigenous microbiota that seems to be negated with the use of 

antibiotics. Most probiotic studies to date, including those conducted within this thesis; do 

not consider the probiotic effects on the indigenous microbiota. Some studies do not even 

assess the intestinal probiotic colonisation; those that do normally only assess viable 

allochthonous counts and transient probiotic counts. Perhaps future studies may wish to 

investigate the overall shifts in the microbiota as opposed to enumeration of only the 

probionts in the digesta. Had this approach been undertaken in the present studies the 

synergistic relationship between E. faecium and the indigenous microbes may have been 

more clearly understood. Although elevated lysozyme activity was detected in the 

The use of the probiotics and Lf in the present investigations resulted in no significant 

differences of carcass composition at the end of the experimental triak The chapter 

suggests that there may be a role for incorporating probiotic feeding strategies after the use 

of antibiotics, most notably with B. subdfislB. licheniformls. Comparative resufts from the 
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stress. However, it must be concluded that the application of Lf was somewhat limited for 

rainbow trout under the conditions of the present studies. 

Chapter 5 explored the potential of using P. acidilactid in a vegetative and Iyophilised 

form. After 10 weeks feeding P. acidilactic! successfully colonised the intestinal tract as 

both allochthonous and autochthonous populations. Mucosal colonisation was confirmed 

by SEM, which showed a localised presence between mucosal folds and villi somewhat 

similar to the findings of the indigenous microbiota of farm reared trout (Chapter 3A). 

These results seem contradictory to those observed by Aubin et al. (2005) where intestinal 

colonisation of rainbow trout intestinal epithelium did not appear particularly successful. 

Successful intestinal colonisation of the probiotic fed fish in the present study resulted in 

improved performance in virtually all parameters measured; however, very few 

improvements were significant at the P<0.05 level. Significant improvements of K-factor 

was seen in the Iyophilised P. addifactici fed fish and elevated leukocyte levels were 

observed in the trout fed the vegetative P. acidilactic! diet. From the little information 

currently available regarding the potential for P. acidilactici application in finfish 
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by B. sublifis, B. licheniforpnis, E. faecium and P. acidilactici. However, electron 

microscopy revealed clear differences in epithelial colonisation by the various probionts 

evaluated. P. acidilactici seemed particularly well adapted, successfully colonising the 

anterior and posterior intestine along with the pyloric ceaca to a minor extent. However, 

Bacillus spp. and E. faecium cells were not observed in any regions of the digestive tract. 

The results would suggest that some probionts, such as B. subtills, B. licheniformis and E. 

faecium, appear to colonise the mucus layer as opposed to the intestinal epithelium 

directly. None of the probionts successfully colonised the stomach epithelium; this was 

probably due to the specific conditions and a limited residence time in the stomach. The 

findings would suggest that previous studies investigating autochthonous populations may 

sometimes confuse true epithelial colonisation with mucus associated populations. 

Microvilli morphology has not been investigated in probiotic studies to date but the 

present investigation suggests that probiotics have the potential to enhance intestinal ultra- 

structure. Feeding rainbow trout diets supplemented with P. acidilactic! resulted in 

improved microvilli length in the anterior intestine but microvilli density was not 

significantly altered in any of the intestinal regions with any of the probiotics tested. If 

such improvements are not restricted to just P. acidilacticl, improved microvilli 

morphology could have been a contributory factor in previous studies where improved 

feed utilisation and growth performance have been observed (Bogut et al. 2000; El- 

Haroun et al. 2006; Bagheri et al. 2008; Wang et al. 2008; Chapters 4 and 5). Future 

studies should include electron microscopy and gastro-intestinal histological 

investigations in order to assess this possibility. 

This body of research suggests that there is a potential role for probiotic applications in 

rainbow trout aquaculture. However, to exert the full benefits fiuther research is necessary 

and special consideration is required with regards to probiotic treatment strategies. 
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Probiotic supplementation leads to improved competition within the digestive tract and so 

should be thought of as an fizurance policy as opposed to merely anessing direct host 

benefits. By increasing competition within the intestinal tract we can reduce the potential 

of pathogen establishment/colonisation. This possibility requires finther attention, and 

challenge studies induced by pathogenic bathing or feeding contaminated diets should be 

conducted. The results also indicate a potential role for the application of probiotics after 

antibiotic treatment in order to replenish the gut microbiota as a defensive barrier. Results 

are not reproducible and fish physiological status may not always require the potential 

benefits provided by probiotic supplementation. Perhaps probiotics are best utilised 

during, or after times of acute and chronic stress; further work must be conducted in order 

to evaluate this possibility. Continued research is required to elucidate correct dosage 

forms and dietary levels in commercial aquafeeds. Studies should also investigate 

histological changes of the gastro-intestinal bad after probiotic applications as the present 

work begins to shed light on this area. 

Despite the growing body of knowledge accumulated over the last decade regarding 

probiotic applications for finfish species I believe that our knowledge still remains 

somewhat limited; in order to assess the applicability of the probionts used within these 

investigations, as well as other commonly used probiotics, research must be applied at the 

fish farm level. With different feeding strategies, husbandry practices and a mDre variable 

rearing environment the outcomes are likely to differ. Research conducted within 

laboratory facilities is a good indicator of benefits at the industrial fitrm rearing scale but 
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analysis should also be included in studies where improvements of growth, health 

performance and disease resistance have been observed. With the exception of EI-Haroun 

et al. (2006) very few several studies have considered cost benefit and further analysis 

should be conducted from farm level research trials. It is also clear that there is a distinct 

lack culture-independent probiotic colonisation investigations. Culture-dependent 

techniques are often sufficient to track probiotic colonisation levels but studies such as 

Kim & Austin (2006) clearly show the importance of utilising culture-independent 

techniques. Further probiotic studies should include techniques such as DGGE where 

applicable and also assess colonisation patterns using electron microscopy. 

Our knowledge of probiotic applications within aquaculture continues to expand for 

several key species but data for many important aquaculture fish species is relatively 

scarce. Sustained research must focus on rectifying this probIem; species where our 

knowledge is particularly lacking include: cobia, red drum (ScIdenops oceflatus), milkfish 

(Chanos chanos), snakehead (Channa slKarus), sheat fish, mullet (Mugil spp. ), amberjack 

(Sepiola dumerifi), tunas (Thunnus spp. ), whitefish (Coregonus spp. ), sturgeon (AcIpenser 

spp. ), barramundi (Lates calcarifer), tench (Tinca finca), sea trout, woMh and Arctic 

charr. 
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1. QlAamp Stool Mini Kit DNA extraction 

Optinlised from manufacturers instructions for extraction of a) mixed communities from 

digesta/mucosal sample or b) pure isolate from a single culture 

All centriffigation is at 13,000rpm on a bench top microcentrifuge. 

Lysis 

1. a) Incubate 200 mg of digesta/mucosa sample with 500 JAL of lysozyme (50 Mg mL-1 

in TE) for 30 min at 37*C. 

b) Add a loop full of pure culture to 200 pL molecular grade water and boil for 10 

min. 
2. Add 700 pl, of buffer ASL and vortex for 30 sec. 
3. Heat for 5 min at 90 T. 

4. Vortex for 15 sec and centrifuge for I min 
Inhibitor removal 
5. Place 700 pL of the supernatant into an Eppendorf and add half an Inhibitex. tablet. 

Vortex for 30 sec or until sWended. Stand for I min. 
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2. Database of Gram-negative organisms identified by Microbactrm 24E test [dts 
Identification based upon: 
Lysine decarboxylase, gelatin liquefacien, ornithine decarboxylase, malonate inhibition, 
hydrogen sulphide, inositol fermentation, glucose fermentation, sorbitol fermentation, 
mannitol fermentation, rhamnose fermentation, xylose fermentation, sucrose fermentation, 
ONPG, lactose fermentation, indole, arabinose fermentation, urease, adonitol 
fermentation, Voges Prokauer, raffmose fermentation, citrate utilization, salicin 
fermentation, tryptophan deamnase and arginine dihydrolase. 

MicrobaciTm 24E database of oxidase negative Gram-negative organisms. 
Adnetobacter spp. Hafnia spp. Serrada spp. 
A baumannii H. alvei S. marcescens 
A I%vffli H. alvei biogp I S. marcescens biogp I 
A haemolyticus Mebsieffa spp. S. liquefgaciens 
Budpida SPP- K. pneumoniae S. rubidaea 
B. aquatica K. oxytoca S. odorifera biogp I 
Buniauxeffa spp. K. ornithinolytica S. odorifera biogp 2 
B. agrwtis K. planticola S. plymuthica 
Cedecea spp. K ozaenae S. fica? ia 
" davisae K rhinoscleromatis S. entomophila 
" lapagei K tenigena S. fonticola 
" neted Klebsielia gp 47 Shigeffa $pp. 
Cedecea sp 3 K. ascorbata Shigella serogp. AB&C 
Cedecea sp 5 K. cryocrescens S. sonnei 
Citrobacter spp. Lectercia spp. Trabulskffa spA 
" freundii L adecarbo*ata T guamensis 
" diversus Leminorella spp. Xemorhabdus spp. 
" amalonaticus L. gpimontil X luminescens(25C) 
" amalonaticus biogp I L. richardii X luminescens gp 5 
" farmer! MoeUereffa spp. X nematophilis (25C) 
" youngae M. wisconsensis Xanthomomas spp. 
" braakii Morganella spp. X (S. )maltophilia 
" wrkmanii M. morganil YeFsbda spp. 
" sediakii M morganil ssp. mo? ganil Y enterocolitica 
Citrobacter sp 9 M. morganil biogp I Y fredmiksenii 
Citrobacw sp 10 M. morganil ssp. Siboni I Y intermedia 
Citrobacter sp II Obesumbactedum spp. Y blWensend 
Edwardslefla spp. 0. proteus biogp 2 Y rohdei 
E. tarda Pragia lipp. Y a1dovae 
E. tarda biogp I P. fontium Y bercovier! 
E. hoshinae Arotems 9pp. Y mollared! 
E. ictalup! P. mirabilis Y pestis 
Entembacter spp. P. vulgaris Y pseudoluberculosis 
E. aerogenes P. penne? i Y ruckeri 
E. cloacae P. myxofaciens yokeffeme spp. 
E. agglomerans Arovidencia spp. Y regensburge! 
E. ge? goviae P. rettgeri Enteric Gp 17 
E. sak=akii P. stuard! Entepic Gp4l 
E. WIorae P. alcalifaciens Entepic Gp45 
E. amnigenus biogp I P. rustigianii Ente? lc Gp58 
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E. amnigenus biogp 2 P. heimbachae Enteric Gp59 
E. asbu? Iae Rahneffa spp. Enteric Gp60 
E. hormaechei R. aquatilis Enteric Gp63 
E. intermedium sdmoffetta spp. Enteric Gp64 
E. cancerogenus Salmonella subsp. I Enteric Gp68 
E. dissolvens S. typhl Enteric Gp69 
E. nimipressuralis S. cholerae-suis 
Escherichia spp. S. paratyphi A 
E. coli S. gallinarum 
E. coli-inactive S. pullorum 
E. fergusonii Salmonella subsp. 2 
E. he? mannii S. arizonae subsp. 3A 
E. vulneris Salmonella subsp. 3B 
E. blattae Salmonella subsp. 4 
E%ingeffa spp. Salmonella subsp. 5 
E. americana Salmonella subsp. 6 

MicrobaciTm 24E database of oxidase positive Gram-negative organisms 
Pseudomones spp. Moraxega spp. 
P. aeruginosa Pkslomonas spp. 
P. fluorescens-25 P. shigelloides 
P. fluorescens-35 Aeromonas spp. 
P. putida A. hydrophila 
P. stutzeri A. veronli bio sobria 
P. diminuta A. veronil bio veronil 
Burkkolderia spp. A. cavide 
B. cepacia Weebeffa spp. 
A pseudomallei W. virosa 
Skewanegaspp. W. zoohelcum 
S. pu&V'aciens Pasteureffa spp. 
Alcaligenes spp. P. multocida 
A. faecalis type II P. haemolytica 
A. faecalis . 4cdnobacglus spp. 
A *osoxidans ssp. *os (Achromobacter Vx*brio spp. 
xylosoxkians) 
Fl4wbact"imm spp. V fluvialls 
F meningosepticum (Chryseabacterium V furnissii 
meningosepticum) 
F. odoratum (Myroides odoratus) V mimicus 
F breve (Empedobacter brevis) V vulnificus 
F indologenes (Chryseobacterium Indologenes) V hollisae 

V cholerae 
V parahaemolyticus 
V alginolyticus 

: Appendix 2 
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