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Abstract

It is well known that healthy gut microbiota is essential to
promote host health and well-being. The intestinal micro-
biota of endothermic animals as well as fish are classified as
autochthonous or indigenous, when they are able to colonize
the host’s epithelial surface or are associated with the micro-
villi, or as allochthonous or transient (associated with digesta
or are present in the lumen). Furthermore, the gut micro-
biota of aquatic animals is more fluidic than that of terres-
trial vertebrates and is highly sensitive to dietary changes. In
fish, it is demonstrated that [a] dietary form (live feeds or pel-
leted diets), [b] dietary lipid (lipid levels, lipid sources and
polyunsaturated fatty acids), [c] protein sources (soybean
meal, krill meal and other meal products), [d] functional gly-
comic ingredients (chitin and cellulose), [e] nutraceuticals
(probiotics, prebiotics, synbiotics and immunostimulants), [f]
antibiotics, [g] dietary iron and [h] chromic oxide affect the
gut microbiota. Furthermore, some information is available
on bacterial colonization of the gut enterocyte surface as a
result of dietary manipulation which indicates that changes
in indigenous microbial populations may have repercussion
on secondary host-microbe interactions. The effect of diet-
ary components on the gut microbiota is important to inves-
tigate, as the gastrointestinal tract has been suggested as one
of the major routes of infection in fish. Possible interactions
between dietary components and the protective microbiota
colonizing the digestive tract are discussed.
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Introduction

Numerous studies have reviewed the structure and function
of the fish gut in relation to the diet (Bakke et al. 2011;
Buddington et al. 1997; Olsen & Ringe 1997; Ray & Ringoe
2014). As the gut microbiota has not been included in these
papers, a more specific discussion is needed. Therefore, the
main objective of the present review was to summarize the
available information regarding the effect of dietary com-
ponents on the gastrointestinal (GI) microbiota of fish.
Until the 1970s, controversy existed about the role, and
even the existence, of an indigenous gut microbiota in fish.
However, it is now generally accepted that fish and other
aquatic animals have a microbiota in the GI tract (for
review see; Yoshimizu & Kimura 1976; Horsley 1977;
Cahill 1990; Ringe et al. 1995; Hansen & Olafsen 1999;
Ringe & Birkbeck 1999; Ringe et al. 2003; Ringe 2004;
Austin 2006; Izvekova et al. 2007; Merrifield er al. 2010a,
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2011a; Nayak 2010a; Pérez et al. 2010; Ringo et al. 2010a;
Lauzon & Ringe 2012; Nya & Austin 2013; Llewellyn et al.
2014) which in turn has increased interest in their diversity
and functional relationship (Clements et al. 2014; Zhou
et al. 2014). However, the gut microbiota is modulated by
dietary manipulations (Table 1) as well as by seasonal vari-
ations, stress, individual variations and different regions of
the GI tract, cultured versus wild, triploid versus diploid,
day-to-day variations, male versus female, developmental
stages/life cycle, microbial aspects of live feed, fast versus
slow growing, hierarchy formation, starvation, migration
from fresh water into sea water and migration from sea
water back to fresh water, water quality [pseudo-green
water versus clear water, recirculation versus conventional
flow-through, fish farms within a restricted area, environ-
mental and ecological factors, and host ecology and envi-
ronment (Table 2)]. To avoid the individual level variations
of the gut microbiota, several studies have analysed the
samples of pooled individuals (e.g. Hovda er al. 2007;
Ringo et al. 1995; Roeselers et al. 2011; Spanggaard et al.
2000; Sullam et al. 2012; Zarkasi et al. 2014).

The intestinal microbiota of fish, as is the case of mam-
mals, is classified as autochthonous (indigenous) or
allochthonous bacteria (Kim er al. 2007; Ringe & Birkbeck
1999; Ringo et al. 2003). The autochthonous bacteria are
those able to colonize the host’s gut epithelial surface or
(Fig. 1), while the
allochthonous bacteria are transient, associated with food

are associated with the microvilli

particles or present in the lumen. In this context, it is
important to evaluate the effect of dietary components on
the intestinal microbiota of fish, as the gastrointestinal (GI)
tract is one of the major ports of entry for some pathogens
(Birkbeck & Ringe 2005; Burbank ez al. 2011; Groff &
LaPatra 2000; Harikrishnan & Balasundaram 2005; Ringe
et al. 2007a,b).

In the 1970s, 1980s and 1990s, numerous investigations
were conducted to determine the dietary effects on the
intestinal microbiota, and the majority of these studies
were based on culture-dependent techniques and the use of
physiological and biochemical properties to characterize
the gut microbiota. However, from 2000 to 2006, there was
a shift to use molecular methods to characterize culturable
gut bacteria (e.g. Huber ef al. 2004; Jensen et al. 2002;
Ringe et al. 2006a,b,c; Spanggaard et al. 2000), but nowa-
days culture-independent methods have become more com-
mon (Table 3). These recent investigations have widened
our knowledge about the intestinal microbiota of fish and
demonstrate that the microbial diversity of the fish gut is
more complex than previously believed.

Table 1 Overview of studies investigated the effect of diet on gut
microbiota of aquatic animals

Dietary
component
used

Aquatic animals

References

Levels of dietary
lipid

Different dietary
lipid sources

Dietary
polyunsaturated
fatty acids

Thymus vulgaris
essential oil
Levels of dietary
fish protein
hydrolysates
Different diets

Different binding
agents

Marine protein
hydrolysates
Microalga
(Scenedesmus
alimeriensis)

Soybean meal
products

Rainbow trout
Arctic charr

Arctic charr
Gilthead sea bream

Atlantic salmon

Rainbow trout
Grass carp
Arctic charr
Brown trout
Rainbow trout
European sea bass
Gold fish
Atlantic cod
Arctic charr
Rainbow trout
Puffer fish
Yellow grouper
Rohu
Senegalese sole
Tilapia
Winter flounder
Common carp
Threespine
stickleback and
Eurasian perch
Abalone
Plaice

Sea bass

Gilthead sea bream

Atlantic cod

Lesel et al. (1989)

Ringo & Olsen
(1999)

Ringo et al. (2002)

Montero et al.
(2006)

E. Ringg, R.E. Olsen &
S. Sperstad
(unpublished data
Table 4)

Ringo et al.
(unpublished data
— Table 5)

Huang (2008)

Ringo (1993a);
Ringo et al. (1998)

Manzano et al.
(2012)

Navarrete et al.
(2010b)

Kotzamanis et al.
(2007)

Sugita et al. (1988a)
Strom & Olafsen
(1990)

Ringo & Olsen

(1994)

Mansfield et al.

(2010)
Yang et al. (2007)
Feng et al. (2010)
Ramachandran

et al. (2005)

Makridis et al.

(2005)

Kihara & Sakata (1997)
Seychelles et al. (2011)
Li et al. (2013)

Bolnick et al. (2014)

Tanaka et al. (2003,
2004)

Gilmour et al.
(1976)

Delcroix et al.
(2015)

Vizcaino et al. (2014)

Refstie et al. (2006),
Ringo et al.
(2006b)
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Table 1 (Continued)

Table 1 (Continued)

Dietary effect on gut microbiota

Dietary
component
used

Aquatic animals

References

Dietary
component
used

Aquatic animals

References

Plant-based diets
Invertebrate meals

Casing meal
Rapeseed — and
cottonseed meal

Wheat middling
and corn meal

Wheat germ roots
and distillers dried
grains

Different protein
sources

Atlantic krill
Chitin

Chitosan
Cellulose
Cellulase
Xylanase
Iron

Copper
Metal-nanoparticle

Chromic oxide
(Cry03)
Inositol

Atlantic salmon

Gilthead seabream
Gilthead seabream
Goldfish

Grass carp
Rainbow trout

Silver crucian carp
Different fish
species

Rainbow trout
Mirror carp

Grass carp
Grass carp

Grass carp

Grass carp

Atlantic salmon

Atlantic salmon
Red sea bream

Atlantic cod
Atlantic salmon

Japanese eel

Giant fresh water
prawn

Gibel carp

Atlantic salmon

Grass carp

Jian carp

Sea bass

Nile tilapia
Zebra fish

Arctic charr

Jian carp

Bakke-McKellep
et al. (2007), Ringo
et al. (2008), Green
et al. (2013),
Navarrete et al.
(2013)
Dimitroglou et al.
(2010)
de Paula Silva et al.
(2011)
de Paula Silva et al.
(2011)
Huang (2008)
Heikkinen et al.
(2006), Merrifield
et al. (2009a)
Cai et al. (2012)
Merrifield et al.
(2011a)
Desai et al. (2012)
Z.Y. Wan, S. Davies &
D.L. Merrifield
(unpublished data)
Huang (2008)
Huang (2008)

Huang (2008)

Huang (2008)

Hartviksen et al.
(2014, 2015)
Ringo et al. (2006¢)

Sera & Kimata
(1972), Kono et al.
(1987)

Zhou et al. (2013a)

Askarian et al.
(2012)

Kono et al. (1987)
Kumar et al. (2006)

Chen et al. (2014)
Ringe et al. (2008)
Zhou et al. (2013b)
Jiang et al. (2014)
Gatesoupe et al.
(1997)
Hu et al. (2007)
Merrifield et al.
(2013)

Ringo (1993b,c, 1994)

Jiang et al. (2009)
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Acidic calcium
sulphate
Sodium butyrate

Organic acid blend
(formic-, lactic-,
malic-, tartaric-
and citric acid)

Organic acid
(Mera™ Cid)

Salt

Alginic acid

Poly-B-
hydroxybutyrate

Vitamin C
Methionine
Valine

Inositol
Pantothenic acid
Biotin

Thiamine
Phosphorus
Betaine
Probiotics

Prebiotics

Synbiotics

Yeast culture

Pacific white shrimp

Tropical catfish
Common carp
Red hybrid tilapia

Rainbow trout

European sea bass
Tilapia

Siberian sturgeon

Giant fresh water
prawn

Jian carp

Jian carp

Jian carp

Jian carp

Jian carp

Jian carp

Jian carp

Jian carp
Hybrid tilapia
Different fish
species

Different fish
species

Different species

Hybrid tilapia

Anuta et al. (2011)

Owen et al. (2006)
Liu et al. (2014)
Koh et al. (2016)

Jaafar et al. (2013)

Sun et al. (2013)
Merrifield et al.
(2011¢)
Najdegerami et al.
(2012, 2015)
Nhan et al. (2010)

Liu et al. (2010)

Tang et al. (2009)

Dong et al. 2013;

Jiang et al. (2009)

Wen et al. (2010)

Zhao et al. (2012b)

Feng et al. (2011)

Xie et al. (2011)

He et al. (2012)

Ringe (2004), Gatlin
et al. (2006), Ringo
et al. (2005),
Merrifield et al.
(2010a,b,¢),
Dimitroglou et al.
(2011), Lauzon &
Ringo 2012,
Daniels et al.
(2013), Hoseinifar
et al. (2014b),
Cordero et al.
(2015)

Gatlin et al. (2006),
Merrifield et al.
(2010a), Ringo
et al. (2010b),
Dimitroglou et al.
(2011), Daniels
et al. (2013),
Hoseinifar et al.
(2014a,b), Ringo
et al. (2014a)

Abid et al. (2013),
Daniels et al.
(2013), Hoseinifar
et al. (2014a,b),
Ringe & Song
(2016)

Zhou et al. (2009¢)
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Table 1 (Continued)

Dietary
component

used Aquatic animals References

Inactive brewer’s Beluga Hoseinifar et al.

yeast (2011b)

Common carp Omar et al. (2012)
Potassium Hybrid tilapia Zhou et al. (2009d)
diformate
Immunostimulants  Atlantic cod Gildberg &

Mikkelsen (1998),
Skjermo et al.
(2006)

Atlantic salmon Liu et al. (2008)

Red tilapia Merrifield et al.
(2010¢)
Hybrid tilapia He et al. (2010)

For review see
the present study

Different antibiotics Different species

Even though the traditional culture-based technique pos-
sesses rather low sensitivity for measuring the composition,
structure and stability of bacteria colonizing the digestive
tract of fish, it is able to indicate differences due to minor
dietary alterations as observed by Refstie er al. (2006) in
gut microbiota of Atlantic cod (Gadus morhua L.) fed stan-
dard or bioprocessed soybean meal (BPSBM) (Fig. 2).

The gut microbiota may function to prevent pathogens
from colonization; it is likely that the gut microbiota might
be of vital importance with regard to fish health. The
objective of the present paper, to review present informa-
tion on how dietary supplements affect the population level
of gut bacteria and composition, is relevant. This is
strengthened by the fact that during the last decade, the
aquaculture industry is increasingly demanding sustainable
alternative lipid and protein sources to reduce the use of
fish meal (FM) and fish oil (FO) (Tacon & Metian 2008;
Hemre et al. 2009; Merrifield et al. 2011a; Morais et al.
2012; Olsen & Hasan 2012; Hansen & Hemre 2013).

This review firstly presents a short overview of the GI
tract of fishes and the techniques most often used for the
study of GI microbiota as a background for the succeeding
chapters covering impact of the nutrients sources, probi-
otics, prebiotics and antibiotics. The results cited in the
present review include works published in peer-reviewed
scientific journals, open access peer-reviewed scientific jour-
nals, books as well as minimally circulated investigations
available as short communications, and abstracts presented
in books from international conferences. The latter is done
in order to indicate that there are numerous interesting

Table 2 Overview of studies investigated the effect on gut micro-
biota of fish

Factors References

Seasonal variations Sugita et al. (1981, 1983), Ringo
(2000), Al-Harbi & Naim uUddin
(2004), Hagi et al. (2004);
Naviner et al. (2006), Hovda
et al. (2012)

Olsen et al. (2005), Ringo et al.
(2000, 2014b)

Sugita et al. (1990), Ringo et al.

(1995), Spanggaard et al.
(2000), Ringo et al. (2001b);
Hovda et al. (2007),
McDonald et al. (2012),
Fjellheim et al. (2012);
Star et al. (2013)

Bacanu & Oprea (2013),
Kim & Kim (2013)

Cantas et al. (2011)

Sugita et al. (1987, 1990)

lehata et al. (2015)

Li et al. (2014b)

Stress

Individual variations and
different regions of the
Gl tract

Cultured versus wild

Triploid versus diploid
Day-to-day variations

Male versus female

Different fish species fed
similar diet

Developmental stages/life cycle  Cao et al. (2012), Zhao et al.
(2012a), Huang et al. (2014)

Conceicao et al. (2010),
Bakke et al. (2013)

Sun et al. (2009)

Ringo et al. (1997)

Xia et al. (2014)

Ringo (2004)

Microbial aspects of live feed

Fast versus slow growing fish
Hierarchy formation

Starvation

Migration from fresh water to
sea water and Migration from
sea water back to fresh water

Water quality

Recirculation versus
conventional flow-through

Gatesoupe et al. (2013)
Attramadal et al. (2012)

Fish farms Diler et al. (2000)
Environmental and ecological Sullam et al. (2012)
factors

Host ecology and environments Wong & Rawls (2012)

investigations ongoing albeit not yet been published in sci-
entific journals. Furthermore, in order to give the reader
satisfactory information on dietary effect on the gut micro-
biota, the present authors include some information from
endothermic animals when needed.

The gastrointestinal tract — the dynamic
environment of the microbiota
General considerations

The key function of the alimentary tract is its ability to dis-
solve foodstuffs and process nutrients to make them suit-

Aquaculture Nutrition, 22; 219-282 © 2015 The Authors. Aquaculture Nutrition Published by John Wiley & Sons Ltd.



associated  with  the microvilli in the

Figure 1 Bacteria
hindgut chamber of Atlantic cod (Gadus morhua L.). After Lovmo
(2007).

able for absorption by various transport mechanisms in the
wall of the GI sections. Besides hydrolytic reactions catal-
ysed by endogenous enzymes secreted by the pancreas and
cells in the gut wall, considered to play the major roles in
digestion, fermentation may also play key roles in digestive
processes in fish as in many other monogastrics. The role
of fermentation in fish is unclear, as research on microbiota
in fish intestine is still in its early stages. However, its role
is considered to be of minor quantitative importance for
nutrient supply in cold-water species. The importance of
the intestinal microbiota is highly significant for normal
functioning of the immune apparatus of the GI tract and
the general resistance of the fish towards pathogens and
other foreign factors constantly influencing the fish via the
intestine.

The characteristics of the microbiota, products of meta-
bolism, etc. depend greatly on the conditions of the intes-
tine, determined by species-specific parameters along the
GI tract such as anatomy, endogenous inputs of digestive
secreta, pH, osmolality, redox potential, compartment size
and structure, passage rate and residence time (Ray &
Ringo 2014).

Anatomy

The GI tract is a tube histologically differentiated in dif-
ferent segments that course through the body. This tube
may have a few to several hundred subcompartments in

Dietary effect on gut microbiota

which microbes may divide and grow. The GI tract is
commonly divided in the following regions: mouth, gill
arch, oesophagus, stomach, pyloric caeca, mid-intestine
(MI), distal intestine (DI) and rectum. The GI tract of
Atlantic cod is illustrated in Fig. 3. Some fish species lack
a typical stomach which in these fish is replaced by a
foregut. Pyloric caeca are finger-like extensions typical of
most teleost fish. They are located in the proximal part of
the intestine, MI, and, when present, number from a few,
as in Atlantic halibut (Hippoglossus hippoglossus L.), to
several hundred as in the Atlantic cod. The structure of
the wall of the GI tract varies along the tract, but has in
common a surface facing the lumen of mucus-producing
(goblet) cells between enterocytes. The latter holds diges-
tive and transport apparatus located in microvilli facing
the lumen, and being responsible for the uptake of nutri-
ents (Fig. 4a). The mucosa lining of the GI tract repre-
sents an interface between the external and internal
environments and, in conjunction with the associated
organs (e.g., pancreas, liver and gall bladder), provides
the functions of digestion, osmoregulation, immunity,
endocrine regulation of GI tract and systemic functions,
as well as the elimination of environmental contaminants
and toxic metabolites.

Just below the mucosa, we find the submucosa which is
a layer of connective tissue, blood vessels and nerves. A
single or double layer of muscles is located outside the
submucosa. The serosa forms the outer layer of the GI
tract. In some fish, the compartments may hardly be dis-
tinguishable macroscopically, while in other the sections
are divided clearly and may be separated by valves or
sphincters. The presence of valves and sphincters between
the subcompartments of the intestine may greatly influ-
ence the residence time of the chyme in the compartment
and hence for the possibilities of the microbiota to
develop.

The oesophagus is, in most fish, short and of small diam-
eter, with the possibilities to expand greatly, and with
numerous goblet cells aiding in food passage. A common
feature of carnivore fish species is great elasticity and
strong musculature in the stomach wall. In some fish spe-
cies, the muscles of the stomach seem to function as a grin-
der. Carnivore species show the shortest GI tract, typically
less than the body length, whereas in herbivore, such as
tilapia, the GI tract may be more than 20 times the body
length (Ray & Ringe 2014). The rectum is usually
separated from the rest of the tract by a sphincter and con-
tains more goblet cells than the more proximal parts, but
also has absorptive cells making the distal intestine of fish

Aquaculture Nutrition, 22; 219-282 © 2015 The Authors. Aquaculture Nutrition Published by John Wiley & Sons Ltd.
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different from that of mammals and birds, which do not
have absorptive cells with microvilli (Rust 2002). The
greatest microbial activity is usually reported in this
compartment.

There is a great variability of the structure and func-
tional characteristics of the GI tract among fish species
(Ray & Ringe 2014; Suyehiro 1941) which seems to match
to the wide diversity of feeding habits and environmental
conditions exploited by fish. The variation is obvious by
comparing the GI tract characteristics of carnivorous and
herbivorous fish and those from fresh water and sea
water.

Physiological characteristics

Fish have the ability to adapt the GI tract characteristics
rapidly and reversibly to match the changes in functional
demands that take place during the life history (e.g.,
metamorphosis, anadromous or catadromous migrations
and from day-to-day due to seasonal shifts in diet or
environmental conditions) (Karila et al. 1998). The mecha-
nisms behind involve a wide diversity of hormones and
other signalling molecules secreted by the various cells of
GI tract. They modulate the composition of digestive gut
wall, exocrine pancreas and liver and allow fish rapidly
and reversibly to alter the characteristics of the GI tract
and other organ systems to adapt to changes in the
contents of the GI tract, such as amounts and types of
nutrients, pH, ionic composition, and to environmental
conditions (Holst et al. 1996).

Figure 2 Indigenous adherent bacteria
isolated from the gut wall of (a) the
proximal intestine and (b) the distal
fermentation chamber of Atlantic cod
fed; FM, SBM or BPSBM. After Ref-
stie et al. (2000).

Fluid is constantly secreted or leaking into the GI tract
from the wall tissue and from the liver and pancreas. These
fluids contain a great range of compounds that may stimu-
late or inhibit the growth and composition of the intestinal
microbiota. Besides macromolecules such as a great num-
ber of proteins, for example digestive enzymes and
mucopolysaccharides, these fluids contain phospholipids,
bile acids, antimicrobial components acting on a great vari-
ety of species (Laubitz et al. 2003), antioxidants such as
glutathione, minerals, waste products eliminated from the
body through the faeces, for example bilirubins giving col-
our to the faeces, and bicarbonate to stabilize the pH of
the luminal contents. Although our knowledge is limited
for fish, it can be suggested that these fluids vary greatly in
quantity as well as composition between intestinal seg-
ments, within species under different conditions not at least
diet composition. Information has been reported in the sci-
entific literature regarding quantities of water and material
entering the GI tract of fish (Gonzalez 2012; Reitan et al.
1998). Alterations in composition have been observed,
however. Examples are the alterations observed in digestive
enzymes reported within the gut contents of salmonids
induced by incorporation of plant material in the diet
(Krogdahl et al. 1994; Nordrum et al. 2003; Romarheim
et al. 2006; Santigosa et al. 2008) and alterations in content
of bile acids caused by dietary fibre and soyasaponins
(Chikwati et al. 2012; Romarheim et al. 2006). The various
components of the digestive secreta to the intestine may
serve as substrates for the microbes, but enzymes such as
proteases and lipases and antimicrobial components meant

Aquaculture Nutrition, 22; 219-282 © 2015 The Authors. Aquaculture Nutrition Published by John Wiley & Sons Ltd.
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Table 3 Culture-independent methods used in studies evaluating the gut microbiota in aquatic animals

Method

Species

Microbiota: allochthonous

(allo) or autochthonous (auto)

Part of the GI tract
investigated

References

DGGE

™

Biolog Ecoplate
and DGGE
PCR-TGGE
Clone libraries

DGGE and Clone
libraries

Pyrosequencing

Fish microbiome

Atlantic halibut'
Atlantic cod

Atlantic cod

Atlantic cod

Atlantic salmon
Atlantic salmon
Brown trout
Rainbow trout
Rainbow trout
Puffer fish

Yellow grouper
Emperor red snapper
Hybrid tilapia

Red tilapia

Sterlet

Abalone

Queen conch
Different fish species

Rainbow tout

Atlantic salmon
Rainbow trout
Takifugu niphobles
Whiting
Coral reef fish
Japanese costal fish
Common carp
Chilean octopus
Chinese shrimp
Mud crab
Rotifer
Atlantic salmon
Sea bass
Paddlefish and
big-head carp
Different species

Allo and auto
Allo and auto
Allo and auto
Auto

Allo

Allo

Allo and auto
Allo

Allo

Auto

Auto

Auto

Allo

Allo and auto
Allo and auto
Allo and auto
Allo

Allo and auto

Allo and auto
Allo and auto
Allo

Allo and auto
Allo and auto
Allo

Allo

Allo and auto
Allo and auto
Allo and auto
Allo and auto
Allo

Allo and auto
Allo and auto

Allo

Whole larvae
Whole larvae
Whole larvae
Pl and DI

Whole intestine
Whole intestine

Pl and DI

Whole intestine
Whole intestine
Whole intestine
Stomach and intestine
Whole intestine
Whole intestine
Whole intestine
Whole intestine
Stomach, mid and DI
Whole intestine

Whole intestine

Whole intestine
Whole intestine
Whole intestine
Ml

Whole intestine
Whole intestine
Pl and DI
Whole intestine
Whole intestine
Whole intestine
Whole intestine
DI

Whole intestine
S/PI, Ml and DI

S, PC and Ml

Jensen et al. (2004)
Brunvold et al. (2007)
Mclntosh et al. (2008)
Zhou & Wang (2012)
Hovda et al. (2007, 2012)
Liu et al. (2008)
Manzano et al. (2012)
Merrifield et al. (2009b)
Dimitroglou et al. (2009)
Yang et al. (2007)

Zhou et al. (2009a)
Zhou et al. (2009b)
Zhou et al. (2009¢)
Ferguson et al. (2010)
Bacanu & Oprea (2013)
Tanaka et al. (2004)
Carrascal et al. (2014)
Mouchet et al. (2012)

Navarrete et al. (2012)

Navarrete et al. (2009)
Kim et al. (2007)
Shiina et al. (2006)
Smith et al. (2007)
Smriga et al. (2010)
Tanaka et al. (2012)
Sugita & Mizuki (2012)
lehata et al. (2015)

Liu et al. (2011b)

Li et al. (2012)

Ishino et al. (2012)
Zarkasi et al. (2014)
Carda-Diéguez et al. (2013)
Li et al. (2014a,b)

Sanchez et al. (2012)

S, stomach; PC, pyloric caeca; Pl, proximal intestine; MI, mid-intestine; DI, distal intestine.

' larvae.

to protect the animal, will represent challenges to the
microbiota.

Information on GI pH of early life stages of marine
fish is available (Falk-Petersen 2005; Yufera & Darias
2007). In addition, unpublished observations (/o\. Krog-
dahl) made in studies of the GI tract in Atlantic salmon
(Salmo salar L.) conducted at the Aquaculture Protein
Centre over some years indicate that pH in a filled stom-
ach is variable but generally above 4, Fig. 4b. In the
pyloric region, mid and DI, all observations made showed
values above 7 and mostly above 8. The pH of the chyme
seems to be regulated within fairly narrow ranges. The
rather high pH observed in the stomach, compared with

that in mammals, may be of relevance for microbial sur-
vival in the stomach with higher survival during passage
of the stomach in fishes. The lack of acidification in the
foregut of stomachless fish species makes it even more
likely for microbes to survive the passage to the more dis-
tal parts of GI tract in these fish compared with fish with
stomach. No decrease in pH in the DI was observed
(~8.5) as might have been expected if the microbial activ-
ity was high. Preliminary observations from cod, in which
the DI is separated from the more proximal parts of the
gut by a sphincter, indicate lower pH in this distal pouch
possibly compared with the mid and pyloric regions. This
decrease is likely due to microbial activity.
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Figure 3 The gastrointestinal tract of Atlantic cod. Note the many
pyloric ceaca which may number several hundred in this species.
The distal intestine is a pouch closed by sphincters in both ends.

Mucosa-associated lymphoid tissue (MALT) in teleost
fish is subdivided into gut-associated lymphoid tissue
(GALT), skin-associated lymphoid tissue (SALT) and
gill-associated lymphoid tissue (GIALT) (Salinas et al.
2011). GALT which represents an essential part of an
organism’s adaptive defence system is considered to pro-
tect the host against pathogens not only by fighting the
intruding bacteria but also by modulating the composi-
tion of the microbiota. Microbiota stability in animals,
including fish, has been observed (Rawls er al. 2006).
Microbial communities transplanted from mice to gnoto-
biotic zebra fish altered quantitatively in the direction of
the normal biota of the zebra fish species and vice versa.
Antibodies, lysozyme and other antimicrobial components
in mucus secreted from the wall of the GI tract may
play a key role in this apparant stability of the intestinal
microbiota. The function of GALT depends on diet com-
position, such as its content of oligosaccharides, and the
nutritional status regarding essential nutrients, such as
In addition, GALT
must develop mechanisms to discriminate between patho-

selenium (Sweetman et al. 2010).

genic and commensal micro-organisms (Pérez et al. 2010;
Suzuki et al. 2007).

Passage rate and residence time

It is logical that passage rate and residence time in the vari-
ous sections along the GI tract may influence the microbial
gut community and subsequent host-microbial interactions.
Stomach evacuation rate and passage time through the
intestine have been observed to vary with temperature,

Mucous layer
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Goblet cell

o g
8 g
7
5 6
5 Q
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8
4
3 T T T 1
Stomach Pyloric region Mid intestine Distal intestine

Figure 4 (a) Structure of the GI tract wall. A histological presenta-
tion, stained with haematoxylin and eosin, of the wall of the mid-
intestine in Atlantic salmon. A layer of mucus, secreted by the gob-
let cells, covers the mucosal folds. Cells are dying continuously and
released from the top of the folds into the chyme, mixing with
unabsorbed food material as well as components of endogenous
secreta. Photograph: M. Penn. (b) pH in chyme of Atlantic salmon
in sea water (H. Holm & A. Krogdahl, unpublished data). The data
originate from three feeding experiments, each testing three diets
varying in protein content or amino acid supplementation. Each
circle represents the mean pH of observations in several fish fed the
same diet. Only fish with content in the gut segments were used. No
significant effects of diet on pH were observed within experiment.

meal size, particle size, feed composition, previous nutri-
tional history, fish size and stress (reviewed by Fange &
Grove 1979; Bromley 1994). Diet is also known to affect
passage time (Storebakken ez al. 1999) and hence may
affect microbial growth. No information has been reported
on the relationship between growth of the microbiota, gut
passage rate and residence time.

In conclusion, the anatomy and function of the GI tract
and the digestive process, typical for a fish species,
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represent important conditions for the development and
growth of the microbiota. Variation in external environ-
mental conditions also greatly impacts the conditions for
microbial growth. However, our knowledge of these rela-
tionships is very limited in particular for fish.

Molecular biological methods for
characterization of the gut microbiota in fish

Several different molecular methods are today available for
detecting micro-organisms in a given sample and monitor-
ing the change in microbial communities, without culture-
dependent techniques (Zhou et al. 2014). In most cases, a
combinatorial approach may be necessary for determining
the microbial composition (e.g. clone library construction
and PCR-based profiling techniques) and is a prerequisite
to determine the ‘true’ microbial communities in the fish
gut. An area of research that may shed light on the physio-
logical role of bacteria in the fish gut is to investigate the
gene expression of the bacteria and not only determine the
presence/absence of the bacteria, that is studying mRNAs
and not only DNA.

In the early studies investigating the gut microbiota of
fish, conventional culture-based methods, which are time-
consuming and selective, were used (for review, see Cabhill
1990; Ringe et al. 1995). Conventional culture-based tech-
niques, even if several different media are used, do not pre-
sent a ‘frue’ picture of the bacterial diversity. Therefore, to
present more reliable information about the gut microbiota
of fish, molecular methods are necessary. Culture-indepen-
dent methodologies are useful tools in furthering our
understanding of complex ecosystems and have highlighted
the limitations associated with culture-dependent tech-
niques. Denaturing gradient gel electrophoresis (DGGE),
terminal-restriction  fragment  length  polymorphism
(T-RFLP), automated rRNA intergenic spacer analysis
(ARISA), single-strand conformation  polymorphism
(SSCP), 16S rRNA gene clone libraries and the newly
developed 16S rRNA tag pyrosequencing method are
examples of such culture-independent techniques that have
been used to profile bacterial populations in a wide variety
of ecosystems (Lee et al. 1996; McBain et al. 2003; Saka-
moto et al. 2004; Yannarell & Triplett 2004; Van der
Gucht er al. 2005), including gut habitats such as the
rumen (Edwards er al. 2005; Yu & Morrison 2004) and
hindgut (Green et al. 2006; Simpson et al. 1999; Suchodol-
ski et al. 2004). In all of these techniques, extracted com-
munity DNA is amplified using the polymerase chain
reaction (PCR), utilizing the primers specific for conserved

Dietary effect on gut microbiota

regions of 16S rRNA. Examples of the published papers
using culture-independent methods in studies evaluating the
gut microbiota of aquatic animals are presented in Table 3.

Molecular-based methods to describe the microbial com-
munities in a certain sample can be divided into two
groups: (i) the PCR-based techniques which amplify certain
fragments of DNA or cDNA using user-defined primers,
and (ii) the PCR-independent methods which detect bacte-
ria without any gene- or cDNA amplification. Generally,
the PCR-independent methods are less specific and sensi-
tive than PCR-based techniques, and they are less suitable
for profiling bacterial communities. They are, however,
important tools to visualize bacteria in a spatial scale. Con-
ventional PCR-based methods are qualitative methods
when applied to environmental samples, due to the inher-
ent biasing in PCR amplification (Suzuki & Giovannoni
1996; von Wintzingerode et al. 1997; Polz & Cavanaugh
1998). When amplifying the 16S rRNA gene, which is by
far the most common target gene in studies of gut micro-
biota, the copy number heterogeneity will affect the diver-
sity in the resulting amplicon (Klappenbach ez al. 2000).
This bias is particularly important to consider whether
searching for novel bacteria in environmental samples and
extensive sequencing may be required to detect less abun-
dant species. Furthermore, many of the PCR-dependent
techniques amplify only a short region of a particular gene,
and a precise taxonomic affiliation is often difficult. Never-
theless, amplification of selected gene(s) is necessary as at
least a supplementary approach to traditional culture-de-
pendent methods in order to better describe complex bacte-
rial communities, and to better monitor the changes that
occur in these communities across temporal and spatial
scales when influenced by biotic or abiotic factors. We will
here first describe some of the PCR-independent techniques
available, and then the methods which are based on the
PCR technique.

PCR-independent techniques

In situ hybridization  In situ hybridization involves anneal-
ing of a probe to nucleic acids within the bacteria. The
specificity is defined by the probe sequence (Amann et al.
1995), which usually is in the size of 15-30 nucleotides. A
successful annealing of the probe will yield a visualization
of the bacteria in the spatial space. It requires prior knowl-
edge about the target sequence(s). In situ hybridization is a
powerful but challenging technique which requires opti-
mization of several of the involved steps (Amann & Lud-
wig 2000; Moter & Gobel 2000). The most common
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procedure today is to label the probe with a fluorophore,
called fluorescent in situ hybridization (FISH). This allows
for the simultaneous detection of different micro-organ-
isms, using a set of fluorophores with different excitation
and emission maxima. The probe can be either RNA- or
DNA-oligonucleotides, and the target can be RNA or
DNA. If using DNA as the target, both dead and viable
bacteria will be detected, while RNA as the target will only
reveal viable bacteria. Labelling can be performed directly
with a fluorescently labelled probe, which is the fastest,
cheapest and easiest way. To increase the labelling sensitiv-
ity, which may be relatively low using direct labelling, the
probe can be labelled indirectly by enzymatic signal ampli-
fication (Yamaguchi ef al. 1996). The latter approach can
increase the signal intensity by up to ten-fold (Schohuber
et al. 1997), but the number of positively labelled bacteria
may decrease, probably due to insufficient penetration of
the high-molecular weight enzymes. The lack of automati-
zation makes in situ hybridization unsuitable to conduct
high-throughput analyses, but it is a valuable tool in
detecting bacteria in the spatial space. FISH has been used
successfully to understand the intestinal microbiota of sev-
eral fish species (Asfie et al. 2003; Holben et al. 2002;
Spanggaard et al. 2000; Tanaka et al. 2004).

Immunohistochemistry Instead of using oligonucleotides
for the detection of micro-organisms, bacteria can be
labelled with antibodies which can subsequently be visual-
ized by the use of secondary antibodies. This method has
some similarities with in situ hybridization; the samples are
fixed prior to labelling, the target bacteria can be visualized
in the spatial space, and a lack of automatization makes it
unsuitable for high-throughput analyses. However, whereas
probes for in situ hybridization are user-defined and anneal
to complementary nucleotides, antibodies are usually raised
against whole bacteria and will not necessarily have the
desired specificity. Immunohistochemistry is highly suitable
to follow the infection route of bacterial strains to which a
specific antibody has been raised (Lovoll e al. 2009), and
antibodies can be used both in light microscopy and electron
microscopy studies, depending on the desired degree of mag-
nification. The challenge is to raise a monoclonal antibody
with high specificity and with no cross-reactivity against
other closely related bacteria (Rengpipat e al. 2008), which
is a time-consuming and expensive process. In addition,
bacteria cultured in vitro and used for immunization may
have a slightly different morphology in vivo, considering that
bacteria are affected by the environment in which they grow.
This may result in changes in the antigen morphology

between in vitro and in vivo growth (Jung et al. 2008). At
last, immunohistochemistry does not yield a very high sensi-
tivity. The advantage of using a monoclonal antibody is that
a highly specific antibody can differentiate even between dif-
ferent strains, and it requires less optimization compared
with in situ hybridization.

New meth-
ods are continuously being developed to more accurately

Transcript analysis with aid of affinity capture

determine the composition of microbial communities. One
of these is the transcript analysis with aid of affinity capture
(TRAC) method, which is a multiplexed and sensitive
method for relative quantification of bacteria. By solution
hybridization of biotinylated nucleic acids and fluorophore-
labelled oligonucleotides in combination with capillary elec-
trophoresis, it is possible to make a relative quantification
of selected transcripts (Kataja et al. 2006; Satokari et al.
2005). Technically, biotinylated nucleic acid probes anneal
according to their specificities to a pool of mRNA, and the
probes are then captured by streptavidin-coated beads, and
then
probes can vary in length from 18 to 41 nucleotides (Rau-
tio et al. 2006; Satokari et al. 2005) up to several hundred
nucleotides (Kataja er al. 2006). The size difference between

separated through capillary electrophoresis. The

the different probes ensures that the fragments are well sep-
arated. This method does not rely on PCR amplification,
although amplification of the probe will increase the sensi-
tivity (Kataja et al. 2006), and can offer reliable and high-
throughput analyses of bacterial communities. Instead of
constructing primers annealing to user-defined target(s),
probes of different sizes with the same fluorophore are con-
structed which anneal to specific targets. After capture, the
probes are eluted and separated, and the peak intensity can
be measured quantitatively. The TRAC method is a profil-
ing technique without the need for PCR amplification and
may offer a more reliable estimate of the bacterial composi-
tion in a given sample than PCR-based methods.

PCR-based techniques

All PCR-based methods consist of three basic steps: (i) nucleic
acid extraction, (ii) amplification of DNA and (iii) analysis
(either quantitatively or qualitatively) of PCR products.

Nucleic acid extraction For investigating the presence or
absence of bacteria, DNA can be extracted and used as
template in either PCR-dependent or PCR-independent
methods. There are, however, different DNA extraction
methods and these may influence the relative composition
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of the DNA pool. He et al. (2009) compared the effects of
three different DNA extraction methods (lysozyme diges-
tion, CTAB method and bead mill) on the analysis of dif-
ferent micro-ecological environments in a farming pond
[pond sludge, feed, intestinal contents and the intestinal
wall of grass carp (Ctenopharyngoden idellus)] by DGGE of
16S rDNA V3 region. The results revealed obvious effects
in the DGGE fingerprints of the different micro-ecological
environments by the different DNA extraction methods.
Technically, DNA can be relatively easily extracted from
bacteria and can subsequently be used as templates in
downstream applications. The extraction of RNA, how-
ever, is challenging and requires more awareness than
DNA extraction. This is because RNases are not easily
denaturated, and thus chemicals and equipment have to be
RNase-free through the extraction procedure (Jahn et al.
2008). The clear reasons for studying the expression of
genes, and not purely the genes themselves, is an opportu-
nity to investigate the changes in expression of selected
genes due to biotic and abiotic treatments, and also for
studying the viable portion of the microbiota.

Clone library constructions Constructing clone libraries of
the 16S rRNA gene is probably the most widely used
method to gain sequence information from a given sample.
The clone library construction consists of several steps that
may influence the composition of the clones, for example,
the method used for DNA extraction, the primers used for
gene amplification, and the conditions used to amplify the
gene. As for all PCR-dependent techniques, the user-
defined primers determine the amplicon. Usually, primers
annealing to highly conserved regions of the 16S rDNA are
chosen in order to obtain an amplicon consisting of the
highest diversity as possible. It is also important to amplify
fragment that gives the best phylogenetic resolution, and
thus, primers annealing close to the 5'-end and the 3’-end
are preferred (e.g. 8F/27F as the forward primer and
1492R as the reverse primer). The construction of clone
libraries is often accompanied by other types of techniques,
such as PCR-DGGE, PCR-TGGE or T-RFLP, all of
which are typical profiling methods.

PCR-DGGE and PCR-TGGE Combining PCR amplifica-
with
denaturing- or temperature-gradient gel electrophoresis
(PCR-DGGE or PCR-TGGE) is a widely used technique
to determine the bacterial communities in fish and crus-
tacean (e.g. Hovda er al. 2007; Zhou et al. 2007; Liu et al.
2008; Mclntosh et al. 2008; Merrifield er al. 2009a, 2013;

tion with separation of the amplicons either

Dietary effect on gut microbiota

Li et al. 2012). In PCR-DGGE, the PCR fragments are
separated through a chemical denaturating gradient, while
a temperature gradient is used in TGGE (Muyzer & Smalla
1998). Both techniques are based on the separation of PCR
products of the same size but with different nucleotide
sequences. The different regions in the DNA strand will
denature at different time points when migrating through
an increasing denaturating agent (chemical or temperature).
Depending on the nucleotide composition (specifically the
G-C content), the migration behaviour will change. The
optimal resolution is achieved when the amplicons are not
entirely denaturated, and thus, a so-called GC clamp is
added to one of the primers to ensure that there is not a
complete denaturation (Myers et al. 1985). The bands can
be cut from the gel and sequenced; thus, sequence informa-
tion can be achieved without constructing a clone library
prior to the method. Although these methods are much
used to describe bacterial communities, they have some
limitations that should be noted. The amplicons are rela-
tively small (typically 150-500 bp), and it may be difficult
to ascertain a taxonomical affiliation of sequenced bands.
Furthermore, the GC clamp may produce primer—dimer
formations and overlapping (migration to the same point
in the gel) of phylotypes can occur which can lead to an
underestimation of community diversity and difficulties in
sequencing of bands. Additionally, the sensitivity of stain-
ing with traditional staining is relatively low (Nocker et al.
2007).

Terminal-restriction fragment length polymorphism Similar
to PCR-DGGE and PCR-TGGE, terminal-restriction frag-
ment length polymorphism (T-RFLP) is a profiling tech-
nique used to monitor changes in the bacterial community.
Here, either the forward or reverse primer is labelled with
a fluorophore. A subsequent digestion with restriction
enzyme(s) of the amplicon after PCR amplification creates
fragments of varying length depending on the restriction
site of each sequence. The fragments are then separated
using capillary electrophoresis, creating peaks which repre-
sents terminal-restriction fragments (TRFs). The separation
of the fragments is performed on the basis of differences in
fragment length, which is estimated by the comparison to
one or several DNA standards run simultaneously. This is
a high-resolution technique, which theoretically is able to
distinguish sequences differing by only one base pair. With
a prior knowledge of the microbial diversity of the sample,
for example through clone library sequencing, restriction
enzymes can be chosen for creating the highest numbers of
TRFs. The clear disadvantage compared with the DGGE
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and TGGE techniques is that the fragments cannot be
sequenced after separation, and thus, T-RFLP has to be
accompanied by sequencing or in silico analyses. As the
separation is performed by capillary electrophoresis, analy-
ses can be performed much more rapidly than using
PCR-DGGE and PCR-TGGE. Although T-RFLP has
some limitations, it has proven useful for describing
changes in microbial communities (Blackwood ez al. 2003;
Nocker et al. 2007; Dave et al. 2011).

Real-time (RT)-PCR RT-PCR is a quantitative PCR-
based approach combining traditional PCR amplification
with detection of fluorescence signals. It offers the possibil-
ity to monitor the abundance of selected gene(s) or tran-
script(s) in environmental samples, either relatively against
a normalization factor (e.g. nucleic acid concentration or
housekeeping gene expression), or absolutely by comparing
the expression to known quantities of the target gene con-
tained in plasmids. Two different reporter systems are most
often used to detect the fluorescence signal, namely the
SYBR green assay (Wittwer et al. 1997) and the TagMan
probe system (Holland ez al. 1991; Livak et al. 1995).
SYBR green binds double-stranded DNA, and the former
assay thus measures accumulating amounts of SYBR green,
and the TagMan probe system utilizes a 5-end fluores-
cently labelled probe which emits light when separated
from a quencher located at the 3/-end. During the anneal-
ing steps, the fluorophore will be released from the probe,
and thus, the latter system measures the fluorescence from
the released fluorophore. The TagMan probe system is
highly specific, but it is more expensive than the SYBR
green chemistry. In addition, the SYBR green assay only
requires two conserved regions for the two primers to
anneal, in contrast to the probe technology which needs a
third conserved region for the binding of the probe. Tem-
plates for the amplification can be either DNA-extracted
from the sample, for purely detecting the specified gene(s),
or cDNA-synthesized from the mRNA pool to calculate
the gene expression. If using a taxonomic gene, such as 16S
rDNA, it may be possible to calculate the relative amount
of certain microbes. However, using functional genes as the
target(s) makes it possible to link any change in gene
expression to functionality. Using bacterial cDNA as tem-
plate in RT-PCR is still not routinely done, mainly due to
the difficulties in isolating high-quality RNA from bacteria
(Jahn er al. 2008). RT-PCR is, however, a promising
method for investigating bacterial processes in environmen-
tal samples, but the limitations, such as methods for
high-quality RNA isolation and a prior knowledge of the

target sequences, should be noticed (Smith & Osborn
2009).

Next-generation sequencing technologies Pyrosequencing is
another method that is used for high-throughput sequenc-
ing of clone libraries (e.g. Edwards et al. 2006; Jones et al.
2009). In contrast to traditional sequencing using the San-
ger method, pyrosequencing utilizes the released pyrophos-
phate which is used to produce ATP. ATP is then used by
luciferase to convert luciferin to oxyluceferin, and the emit-
ted light from this reaction is measured (Ronaghi et al.
1998; Gharizadeh et al. 2002). The method has now been
scaled up and may determine the composition of hundreds
of thousands of sequences simultaneously. It has a great
potential for high-throughput sequencing to a considerably
lower cost than the Sanger method, but still the sequence
length is relatively short (700 bp) and thus, the taxonomic
resolution is much weaker than traditional sequencing. In
microbiological applications, it has proven useful in
analysis of the microbial community in human intestine
(Dethlefsen er al. 2008), macaque gut (McKenna et al.
2008) and tidal flat sediments (Kim ez a/. 2008), in bacterial
typing (Jonasson et al. 2002), and analysis of single nucleo-
tide polymorphism (Isola et al. 2005).

Single-strand conformation polymorphism In the single-
strand polymorphism-PCR  (SSCP-PCR)
technique (Lee et al. 1996), denaturated PCR products are

conformation

separated through either an acrylamide gel or a capillary
array sequencer. In non-denaturating conditions, single-
stranded DNA folds into tertiary structures based on their
nucleotide sequence and the physiochemical environment
(e.g. temperature and ionic strength), and these different
conformations will separate the PCR products through dif-
ferences in migration behaviour. If using acrylamide gels,
the bands can be cut from the gel and sequenced. This is
not possible using a capillary array sequencer. Some major
limitations, such as reannealing of PCR products during
separation and the unpredicted behaviour of the bands,
must be considered if employing this method (Nocker et al.
2007).

rRNA intergenic spacer analysis rRNA intergenic spacer
analysis (RISA) is a method of microbial community
analysis which provides estimates of microbial diversity
and community composition without the bias imposed by
culture-based approaches or the labour involved with
small-subunit

rRNA gene clone library construction.

RISA was used originally to contrast diversity in soils
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(Borneman & Triplett 1997) and more recently to examine
microbial diversity in the rhizosphere and marine environ-
1999; Robleto et al. 1998). The
method involves PCR amplification from total bacterial

ments (Acinas et al.

community DNA of the intergenic region between the
small (16S) and large (23S) subunit rRNA genes in the
rRNA operon, with oligonucleotide primers targeted to
conserved regions in the 16S and 23S genes. The 16S-23S
intergenic region, which may encode tRNAs depending on
the bacterial species, displays significant heterogeneity in
both length and nucleotide sequence. Both types of varia-
tion have been extensively used to distinguish bacterial
strains and closely related species (Aubel et al. 1997; Jen-
sen et al. 1993; Maes et al. 1997; Navarro et al. 1992,
Scheinert ef al. 1996). In RISA, the length heterogeneity
of the intergenic spacer is exploited. The PCR product (a
mixture of fragments contributed by community members)
is electrophoresed in a polyacrylamide gel, and the DNA
is visualized by silver staining. The result is a complex
banding pattern that provides a community-specific pro-
file, with each DNA band corresponding to at least one
organism in the original assemblage. To the author’s
knowledge, this method has only been used in one fish
study (Navarrete er al. 2010a).

Effect of dietary lipid

From a microbial point of view, the pyloric caeca is of vital
interest as lipid digestion and absorption occur in this
organ (Olsen & Ringo 1997). However, due to its complex
morphology, only some studies have investigated the
microbiota of pyloric caeca in fish (Al-Hisnawi et al. 2014;
Gildberg & Mikkelsen 1998; Gildberg et al. 1997; Lesel &
Pointel 1979; Ransom et al. 1984; Zhou et al. 2009a), and
to our knowledge, no investigation so far has evaluated the
effect of dietary lipid on microbiota of pyloric caeca, a
topic that merits investigations.

Level of dietary lipid

In their study with rainbow trout (Oncorhynchus mykiss
Walbaum), Lesel ef al. (1989) fed the fish two different
diets, low (50 g kg™') and high (160 g kg™') lipid levels.
Differences in faecal bacterial composition were observed,
as the faecal microbiota of fish fed low lipid level consisted
of only Acinetobacter spp. and Enterobacteria. In contrast,
spp., Spp.,
Flavobacterium spp., Pseudomonas spp. and coryneforms

Acinetobacter Aeromonas Enterobacteria,

were isolated from faeces of fish fed the high-lipid level.

Dietary effect on gut microbiota

However, as only 12 isolates from each dietary group were
isolated, no clear conclusion can be drawn.
diets for

amounts of carbohydrates (approximately 20% of dry

Earlier cultured salmonids contain high
weight), but in recent years, there has been a tendency
towards decreasing dietary carbohydrate content from
about 20% to 10%, with a subsequent increase in the
level of dietary lipid from <20 to up to 30%. Based on
this tendency, Ringe & Olsen (1999) fed Arctic charr
(Salvelinus alpinus L.) diets containing high (27%) and
low (13%) levels of dietary lipid. In this study, approxi-
mately 190 isolates were identified from each dietary
group. Dietary manipulation modulated the species com-
position of carnobacteria, as Carnobacterium spp.- and
C. mobile-like strains were only isolated from DI of fish
fed low dietary lipid, while C. piscicola-like strains were
isolated from proximal intestine. In contrast to these
results, C. divergens-like isolates were found associated
with the mucus layer of proximal and DI of fish fed high

dietary lipid.

Different dietary lipid sources

Fish oils were for many years the predominating lipid
source in diets for carnivorous fish species. However, the
increase in aquaculture led to an increased consumption
from 16% of available fish oil in 1988 to 81% in 2002
(Tacon et al. 2006). This was close to full exploitation.
Although studies with substitutes had been done in the
past, the prospect of deficiencies spurred extensive work
into finding replacements. One obvious choice was veg-
etable oils (Dosanjh ez al. 1984; Guillou et al. 1995; Hardy
et al. 1987; Montero et al. 2003; Ng et al. 2007; Rosenlund
et al. 2001; Torsteinsen et al. 2004). The main reason was
that the global production is approximately 100 times
higher than that of fish oils [FO] (Bimbo 1990; Tacon et al.
2006) with no prospects of limitations. Secondly, they often
come at compatible prices compared with FO.

As no information was available about how inclusion of
vegetable oils in commercial raw material affects the gut
microbiota of fish, Ringe et al. (2002) investigated the
effect of soybean-, linseed- and marine oils on the hindgut
microbiota of Arctic charr. This study showed clear differ-
ences in the hindgut microbiota of fish fed different oils
(after and prior to challenge with Aeromonas salmonicida
subsp. salmonicida). Carnobacteria were only isolated from
the hindgut region of fish fed soybean oil (SBO) and lin-
seed oil before challenge, while Carnobacterium spp.- and
C. funditum-like strains were isolated from fish fed the
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same oils after challenge. Furthermore, the ability of
carnobacteria to inhibit the growth of A. salmonicida ssp.
salmonicida was highest in strains isolated after challenge.
These results might have some interest as Lodemel (2000)
and Loedemel ef al. (2001) demonstrated that survival of
Arctic charr after challenge with A. salmonicida subsp.
salmonicida was improved by dietary SBO.

In an unpublished study, E. Ringe, R.E. Olsen & S.
Sperstad fed Atlantic salmon and rainbow trout extruded
diets consisting of lipid-free protein meal supplemented
with either 30% vegetable oil containing either (i) linseed
oil, (ii) rapeseed oil, (iii) sunflower oil or (iv) 30% fish oil.
As a control diet, the fish were fed a commercial diet.

Nine hundred bacterial strains were isolated from the
rearing water, diet and the hindgut of Atlantic salmon. The
number of viable aerobic and facultative aerobic autochtho-
nous bacteria associated in the hindgut was reduced from
10° bacteria per gram wet weight intestinal tissue (fish fed a
commercial diet, prior to experimental start) to approxi-
mately 5 x 10° bacteria g~' wet mass intestinal tissue of
fish fed dietary vegetable oil, after two months of feeding.

Seven hundred and twenty-six autochthonous bacterial
strains were isolated from the digestive tract. Of these, 29
strains died prior to positive identification. A wide range of
bacteria were isolated from the hindgut of the five rearing
groups (four experimental and one commercial). There

was, however, some difference in bacterial composition
between the rearing groups (Table 4). In the DI of fish fed
the commercial diet, Psychrobacter and Staphylococcus
were the dominant bacterial genera, followed by Pseu-
domonas jessenii/fragi-like and Psychrobacter submarinus/
marincola-like strains. In addition, Acinetobacter spp.- and
Carnobacterium mobile-like strains were also isolated. Eight
strains died prior to positive identification.

When Atlantic salmon was fed the sunflower oil diet,
P. jessenii/fragi-like strains were dominant followed by Sta-
phylococcus spp. However, when feeding the fish with a diet
supplemented with rapeseed oil, P. submarinus/marincola-
like strains and Staphylococcus spp. were prevalent. From
this
C. mobile-like strains were also isolated. In the hind gut of

rearing group, Pseudomonas fluorescens-like and
fish fed linseed oil, Enterococcus pseudoavium-like strains
were the dominant bacterial species, followed by Acineto-
bacter spp. and Staphylococcus spp. In contrast to these
results, P. submarinus/marincola-like strains were dominant
in the GI tract of fish fed fish oil. Furthermore, dietary
manipulation seemed to modulate the presence of the lactic
acid bacteria (LAB), as 13.6% and 9% of the strains
isolated in the hindgut of fish fed rapeseed- and fish oil
belong to C. mobile, respectively. However, very few (~2%)
C. mobile strains were isolated from the digestive tract of
the other dietary groups.

Table 4 Log total viable counts (log TVC) per gram wet mass, number of isolates and changes in log TVC of bacterial species isolated
from the digestive tract of seven Atlantic salmon fed; sunflower oil (A), rapeseed oil (B), linseed oil (C) and fish oil (D) and from five fish
fed commercial diet (prior to experimental start) (E). After E. Ringe, R.E. Olsen & S. Sperstad (unpublished data)

A B C D E
Log TVC 3.47 3.90 3.70 3.60 5.0
No. of isolates 154 154 154 154 110
Gram-negative
Acinetobacter spp.” n.d n.d 2.87 (7) 2.59 (5) 3.56 (2)
Pseudomonas fluorescens’ 1.76 (1) 3.10 (7) 2.41 (5) 2.41 (4) n.d
Pseudomonas jesseniilfragi’ 3.30 (7) n.d n.d 2.74 (7) 4.10 (5)
Pseudoalteromonas agarivorans1 n.d 2.89 (7) 2.66 (4) n.d n.d
Psychrobacter spp." n.d 2.41 (5) n.d n.d 4.36 (5)
Psychrobacter submarinus/imarincola’ 2.07 (4) 3.37 (6) 2.11 (2) 3.19 (7) 4.10 (5)
Gram-positive
Carnobacterium mobile' 1.29 (1) 3.04 (5) n.d 2.56 (6) 3.56 (2)
Enterococcus spp." 2.37 (7) n.d n.d 2.46 (5) n.d
Enterococcus pseudoavium’ n.d 2.02 (1) 3.41 (7) 2.31 (4) n.d
Staphylococcus spp.” 2.72 (7) 3.26 (7) 2.79 (6) 2.41 (4) 4.34 (5)
Not identified 4.19
Unknown 1.76 2.56 2.29 2.1 3.86

n.d, not detected.
Unknown — isolates that died prior to positive identification.

The number of fish from which bacteria were isolated is given in brackets.
" Partial sequence of 165 rRNA were analysed and edited in BioEdit. An initial BLAST-search in GenBank retrieved the taxonomic groups

for which showed highest identities.
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Information regarding the antagonistic activity of gut
bacteria against fish pathogens has been investigated in sev-
eral papers during the last decade (Gatesoupe 1999; Ringo
et al. 2005; Balcazar et al. 2007a; Ringe 2008; Pérez-
Sanchez et al. 2011). Antagonistic activity of intestinal
bacteria to inhibit the growth of three fish pathogenic bac-
teria (A. salmonicida subsp. salmonicida, Vibrio anguillarum
and Vibrio (Aliivibrio) salmonicida) was tested by the micro-
titre plate assay. Of the 692 gut isolates tested, antimicro-
bial activity against A. salmonicida and V. anguillarum was
only observed in six C. mobile strains isolated from Atlan-
tic salmon fed sunflower oil. These six isolates were identi-
fied by random-amplified polymorphic DNA polymerase
chain reaction as described by Seppola et al. (2006).

In an experiment with rainbow trout fed similar diets to
that of the previously discussed Atlantic salmon study, 850
bacterial strains were isolated from the rearing water, diet
and the hindgut (E. Ringe, R.E. Olsen & S. Sperstad,

Dietary effect on gut microbiota

unpublished data). Of these, 726 autochthonous strains
were isolated from DI of fish fed diets supplemented; sun-
flower-, rapeseed-, linseed- or marine oils and the commer-
cial diet prior to experimental start were characterized.
Thirty-four strains, 4.6% of the total bacterial strains iso-
lated, died prior to positive identification.

The number of viable aerobic and facultative aerobic
heterotrophic bacteria associated with the DI was reduced
from 8 x 10* bacteria per gram wet weight intestinal tissue
(rainbow trout fed a commercial diet, prior to experimental
start) to approximately 4 x 10° bacteria g~' wet mass
intestine in fish fed the experimental diets, after two
months of feeding (Table 5). These results were similar to
those reported for Atlantic salmon.

The DI microbiota of rainbow trout fed dietary veg-
etable oils was dominated by P. submarinus/marincola-like
strains and strains belonging to Staphylococcus linens/equo-
(Table 5). Strains Acinetobacter,

rum belonging to

Table 5 Log total viable counts (log TVC) per gram wet mass, number of isolates and changes in log TVC of bacterial species isolated
from the digestive tract of seven rainbow trout fed; sunflower oil (A), rapeseed oil (B), linseed oil (C) and marine oil (D) and from five fish
fed commercial diet (prior to experimental start) (E). After E. Ringe, R.E. Olsen & S. Sperstad (unpublished data)

A B C D E
Log TVC 3.90 3.70 3.47 3.60 4.90
No. of isolates 154 154 154 154 110
Gram-negative
Acinetobacter johnsonii' n.d 1.51 (1) n.d 2.32 (5) 3.86 (3)
Brachybacterium tyrofermentas 2.62 (6) 1.81 (1) 1.89 (2) n.d n.d
Janibacter spp." n.d 2.00 (2) n.d n.d n.d
Pseudomonas fluorescens'? n.d n.d n.d n.d
Pseudomonas jesseniilfragi’ 2.89 (5) 2.41 (6) 2.50 (5) 2.85 (7) 4.51 (5)
Pseudoalteromonas agarivorans1'2 2.41 (3) n.d n.d n.d n.d
Psychrobacter faecalis' n.d 1.81 (2) n.d n.d
Psychrobacter submarinus/imarincola’ 3.46 (7) 3.25 (7) 3.00 (7) 2.91 (7) 4.16 (4)
Serratia spp.” n.d n.d n.d 1.72 (1) n.d
Shewanella putrefaciens’ n.d n.d n.d 1.89 (2) n.d
Gram-positive
Arthrobacter rhombi’ 2.56 (4) 2.00 (2) n.d n.d n.d
Bacillus pumilus’ n.d n.d 2.14 (4) n.d n.d
Brevibacterium casei’ 2.41 (4) n.d n.d n.d n.d
Carnobacterium spp.” n.d n.d 1.89 (2) 2.46 (5) 3.56 (3)
Carnobacterium mobile’ 2.89 (5) n.d n.d n.d n.d
Enterococcus faecalis’ n.d n.d 2.29 (6) n.d n.d
Enterococcus gallinarum’ 2.19 (2) n.d n.d n.d n.d
Marinilactibacillus psychrotolerans’ n.d 2.36 (4) n.d n.d n.d
Staphylococcus spp.” n.d n.d n.d n.d 4.26 (5)
Staphylococcus equorum spp. linens’ 3.19 (7) 3.29 (7) 3.02 (7) 3.24 (7) n.d
Unknown 2.71 2.47 2.24 2.41 3.56

n.d, not detected.
Unknown - isolates that died prior to positive identification.

The number of fish from which bacteria were isolated is given in brackets.
! Partial sequence of 165 rRNA were analysed and edited in BioEdit. An initial BLAST-search in GenBank retrieved the taxonomic groups

for which showed highest identities.

2 pseudomonas fluorescens and Pseudoalteromonas agarivorans were also isolated from rearing water.
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Arthrobacter, Brachybacterium, Janibacter, Pseudomonas,
Pseudoalteromonas, Psychrobacter, Brevibacterium, Bacillus,
Brevibacterium, Enterococcus, Marinilactibacillus psychrotol-
erans and carnobacteria were also isolated. However, some
changes in microbiota composition seem to occur between
the dietary groups. For example, Enterococcus strains were
not isolated from fish fed dietary rapeseed oil, while
Marinilactibacillus - psychrotolerans-like strains were only
isolated from this dietary group. To our knowledge, the
new genus and species, M. psychrotolerans a halophilic and
alkaliphilic marine LAB, was proposed by Ishikawa er al.
(2003).

A difference in gut microbiota between fish fed vegetable
oils and marine oil was observed as Shewanella putrefaciens
and Serratia spp. were only isolated from fish fed marine oil.
On the other hand, the clearest differences in gut microbiota
were detected between dietary groups fed vegetable oils and
marine oil compared with fish fed the commercial diet prior
to the start of the experiment, as the hindgut microbiota of
fish fed the commercial diet comprised of Acinetobacter john-
sonii, Pseudomonas jessenii, Psychrobacter submarinus,
Carnobacterium spp. and Staphylococcus spp.

Fifteen of the 154 strains isolated from the digestive tract
of rainbow trout fed sunflower oil were identified as C. mo-
bile by 16S rRNA gene sequence analysis, but C. mobile
was not isolated from the gut of the other rearing groups.
On the other hand, 4 strains of Carnobacterium spp. were
isolated from the gut of two fish fed linseed oil, 11 strains
from 5 fish fed marine oil and 5 strains from three fish fed
the commercial diet prior the start of the experiment. These
results indicate that carnobacteria are present in the ali-
mentary tract of rainbow trout, but generally at relatively
low population levels and they seem easily affected by diet-
ary manipulation.

During the last decade, some information has become
available about the antagonistic activity of carnobacteria
against fish pathogens (Ringe ef al. 2005). Antagonistic
activity against A. salmonicida and V. anguillarum was
observed in 11 of the 15 C. mobile strains isolated from
rainbow trout fed sunflower oil, but antagonistic activity
against the two pathogens was only observed by 4 of the
20 carnobacteria strains isolated from the other rearing
groups. An important question rises based on the antago-
nistic activity of carnobacteria isolated from the distal
intestine of Atlantic salmon and rainbow trout. Why was
antagonistic activity mostly detected in some C. mobile iso-
lated from Atlantic salmon and rainbow trout? This finding
has not been elucidated and merits further investigations.
The low frequency of antimicrobial activity observed in gut

isolates isolated from Atlantic salmon and rainbow trout
contradicts the results reported by Makridis et a/. (2005) in
their study on Senegalese sole (Solea senegalensis) fed two
diets, commercial diet or polychaete (Hediste diversicolor),
revealing that the numbers of bacterial strains with antibac-
terial activities towards pathogens increased by feeding the
fish polychaete.

Lauzon ef al. (2008) reported that 13.8% of bacteria iso-
lated from cod rearing (not all gut bacteria) revealed inhi-
of the
antagonistic to all three pathogens tested. Similarly, Hjelm
et al. (2004) identified 8% of turbot larval rearing isolates
as inhibitory. Spanggaard et al. (2001) reported 4% of

bitory activity, but only 3.2% bacteria were

isolates (from skin, gills and GIT of rainbow trout) to be
inhibitory towards V. anguillarum. When evaluating antag-
onistic activity, one should also pay attention to the
method used to determine this property as medium utilized
may influence outcome (Lauzon et al. 2008) as well as tem-
perature may do (Caipang et al. 2010).

When discussing the antagonistic effect of gut bacteria
towards pathogens, it is worth to mention that in a probi-
otic study with Atlantic salmon, Gram er al. (2001) used
P. fluorescens strain AH2 a strain showing strong in vitro
inhibitory activity towards A. salmonicida. However,
co-habitant infection by A. salmonicida in Atlantic salmon
did not result in any effect on furunculosis-related mortal-
ity. Based on their results, the authors concluded that a
strong in vitro growth inhibition cannot be used to predict
a possible in vivo effect.

Montero et al. (2006) studied the effect of vegetable oils
on the gut microbiota of gilthead sea bream (Sparus aur-
ata) postintraperitoneal challenge with Vibrio alginolyticus.
As this was not the main emphasis of the study, little infor-
mation was reported. However, the authors noted that cul-
turable levels of total Gram-positive bacteria and Vibrio
spp. were present in fish fed a diet containing 60% replace-
ment of fish oil with a blend of rapeseed oil, linseed oil and
palm oil (at a 15: 60 : 25 ratio) in comparison with diets
containing 100% fish oil or 100% vegetable oil blend. The
authors concluded that this was a result of modified fatty
acid composition of the intestinal epithelial cell walls. How-
ever, as these preliminary data were presented with little
information on the methodology, that is number of repli-
cates and number of isolates identified, the data should be
viewed with caution.

In study by Huang (2008), a 1.23% mixture of oil (phos-
pholipid oil: rice bran oil in the ratio 2 : 1) was supple-
mented into a practical diet for grass carp and the

autochthonous gut bacteria was evaluated by 16S rDNA
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V3 DGGE after 8-week feeding. The similarity of the
bacterial communities between the two dietary groups was
0.73 by the cluster analysis. Uncultured Proteobacterium-
like organisms were stimulated, while Clostridium mariti-
mum-like were depressed by the dietary mixture oil
compared with the control.

Electron microscopy Attention has been paid to the
importance of scanning electron microscopy (SEM) investi-
gations in gut studies of the microbiota (Ringe & Olsen
1999; Ringo et al. 2001a,b, 2002, 2003, 2007a,b; ; Merri-
field er al. 2009a,b, 2011a,b; Harper et al. 2011). Ringe &
Olsen (1999) demonstrated a correlation between classical
microbial examination and SEM, as both methods showed
predominance of coccoid-shaped bacteria in the hindgut
region of Arctic charr. In a later study, Ringe et al.
(2001a) showed substantial associations of both coccoid-
and rod-shaped bacterial cells with the apices of, and
between, microvilli of the enterocytes in the MI of Arctic
charr fed SO. The reason for this difference in colonization
pattern of the enterocyte surface has not been elucidated,
but Ringe et al. (2001a) suggested three possible causes: [1]
enterocyte ageing, [2] differentiation, or [3] specific recep-
tors for receptor-mediated endocytosis of bacteria. Com-
pared with that reported by Ringe et al. (2001a), clear
differences in bacterial colonization of the enterocyte
surface in the hindgut were observed when Arctic charr
were fed linseed oil (Ringe er al. 2002). These differences
in bacterial colonization of enterocyte surface between fish
fed SO and linseed oil may be related to the different gut
microbiota observed between the two dietary groups
(Ringo et al. 2002). This controversial hypothesis calls for
further investigations.

Dietary polyunsaturated fatty acids

Although fatty acids are important in fish metabolism, few
studies have evaluated the effect of dietary polyunsaturated
fatty acids on the gut microbiota (Ringe 1993a; Ringo
et al. 1998). In his study on the effect of linoleic acid
(18:2n-6) on intestinal microbiota of Arctic charr, Ringo
(1993a) was not able to isolate LAB in the intestinal con-
tents, but large numbers of Aeromonas spp., Pseudomonas
spp. and Enterobacteriaceae were isolated when 2.5% lino-
leic acid was supplemented to a commercial recipe. In con-
trast to these findings, Lactobacillus spp. accounted for
approximately 10% of the microbiota when the fish were
fed the unsupplemented diet. In a recent study with Arctic
charr fed casein-based diets supplemented with different

Dietary effect on gut microbiota

fatty acids [18:2n-6, o-linolenic acid (18:3n-3), or a HUFA
mix (20:5n-3 and 22:6n-3)], Ringo ef al. (1998) showed no
suppression of LAB (Carnobacterium spp., Carnobacterium
piscicola and Lactobacillus plantarum) in the stomach, PI
and DI. However, a significant increase in both total viable
counts and population level of LAB was observed in DI
and faeces of fish fed 7% 18:3n-3 or 4% HUFA mix. This
was due to a large extent to the increased levels of
Carnobacterium spp. The reason for the increase in LAB in
fish fed 7% linolenic acid and HUFA mix has not been
elucidated, but the authors suggest that dietary fatty acids
influence intestinal membrane composition, function and
fluidity which may affect the attachment sites of the gut
mucosa. Later, this controversial hypothesis was confirmed
by Kankaanpaa et al. (2001). They demonstrated that cul-
turing of Caco-2-cells with arachidonic acid (20:4n-6)
reduced the Caco-2 cell adhesion of LAB, whereas 18:3
(n-3) did not hinder adhesion of Lactobacillus GG or
Lactobacillus  bulgaricus, and promoted the adhesion of
Lactobacillus casei Shirota.

In view of the results observed by Ringe er al. (1998), it
is interesting to note that the ability of C. piscicola-like iso-
lates to inhibit the fish pathogen A. salmonicida subsp.
salmonicida was highest in strains isolated from fish fed
linolenic acid or the HUFA mix (E. Ringe, unpublished
data). Based on these results, it is recommended that
greater attention should be given to the subject of how to
increase the level of intestinal carnobacteria with inhibitory
effect against fish pathogens by dietary manipulation. The
results obtained from fish fed dietary 18:3 (n-3) may lead
to the conclusion that it is desirable to increase the level of
dietary 18:3 (n-3) in commercial diets in order to obtain a
higher population level of intestinal strains of C. piscicola
able to inhibit growth of 4. salmonicida subsp. salmonicida.
However, it is worthwhile to note that feeding the charr an
experimental diet with high levels (> 15%) of dietary 18:3
(n-3) increased accumulation of lipid droplets in the entero-
cytes and caused cell damage which may increase the risk
of microbial infections (Olsen ez al. 1999, 2000).

Effect of diet

The gut microbiota of goldfish (Carassius auratus) (Sugita
et al. 1988a), Atlantic cod (Strom & Olafsen 1990), Arctic
charr (Ringe & Strom 1994), abalone (Haliotis discus)
(Tanaka et al. 2003), puffer fish (Takifugu obscurus) (Yang
et al. 2007), yellow grouper (Epinephelus awoora Temminck
& Schlegel, 1942) (Feng et al. 2010), gilthead sea bream
and goldfish (de Paula Silva ef a/. 2011) and transgenic
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common carp (Cyprinus carpio L.) (Li et al. 2013) have
been investigated in an attempt to clarify the effect of
different diets on the intestinal microbiota.

In their early study, Sugita et al. (1988a) concluded that
Aeromonas hydrophila and Bacteroides type A were pre-
dominant in almost all goldfish fed on either the pelleted
diets and tubifex worms or pelleted diets and dried daph-
nia. The authors concluded that the gut microbiota was
not influenced by the diets. However, as the fishes were fed
the different diets for only a short period of time (22 days),
no conclusion can be drawn. In contrast to the conclusion
by Sugita et al. (1988a), Strom & Olafsen (1990) demon-
strated in a long time experiment (over one year) with
Atlantic cod fed a commercial diet that the adherent micro-
biota was affected by the diet compared to wild fish. In
newly caught wild fry, three dominating Vibrio strains (des-
ignated A, B and C) were detected, whereas Vibrio type A
was not isolated in fish after one month, and one year of
rearing on the commercial diet. Vibrio type B was isolated
in newly hatched fry, but almost no Vibrio type B was
noticed in fish fed the commercial diet later in the experi-
ment. An increase in population level of Pseudomonas spp.
and lactobacilli was also noted during the experiment.

In the 1980s, the commercial catch of the Barents Sea
capelin (Mallotus villosus) stock was high and it was sug-
gested that the capelin roe might be a good feed alternative
to the commercial diets. In a study on Arctic charr fed
either a capelin roe diet or a commercial feed, Ringe &
Olsen (1994) demonstrated that the gut microbiota was
affected. Approximately 55% of the gut bacteria of charr
fed on capelin roe were identified as Enterobacteriaceae. In
contrast, intestinal Enterobacteriaceae were not isolated
from fish fed the commercial feed as in this group; Aeromo-
nas spp. and Pseudomonas spp. were the predominant gen-
era (about 30% each). In contrast, Pseudomonas spp. was
not isolated from the gut of fish fed the capelin roe diet.
The population level of Lactobacillus spp. was not affected
by dietary manipulation, but Leuconostoc spp. were only
isolated from the gut of fish fed capelin roe. Furthermore,
Streptococcus spp. was only isolated from the gut of charr
fed the commercial diet.

Tanaka et al. (2003) reported the microbiota of the
whole intestine of juvenile abalone fed microalgae and algal
pellets. The gut microbiota of abalone fed on microalgae
matched the microbiota of sea water but changed when
abalone were fed algal pellets; especially alginate — utilizing
bacteria including Vibrio halioticoli. More recently, Cere-
zuela et al. (2012) investigated the effect of microalgae

(Tetraselmis chuii and Phaeodactylum tricornutum) on the

allochthonous bacterial community in gilthead sea beam.
The four-week study showed that the experimental diets
added T. chuii (T) and P. tricornutum (P) caused alterna-
tions in bacterial diversity, and significant reductions in
specific richness, the Shannon‘s index and range-weighted
richness. These results were confirmed by clustering analy-
sis of the DGGE pattern, but fish fed diet T and P showed
high similarity (81%). The authors speculate that the mod-
ulation of the allochthonous intestinal microbiota results
could be related to antimicrobial activity of 7. chuii
towards presumptive Vibrio (Makridis et al. 2006) and
P. tricornutum, eicosapentaenoic acid against a range of
both Gram-negative and Gram-positive including Staphylo-
coccus aureus (Desbois et al. 2009).

The gut microbiota of puffer fish fed natural (fresh fish and
shrimp) and artificial diets were evaluated by Yang et al.
(2007). In this study, pooled samples from three fish were eval-
uated by DGGE. The authors reported that some genera and
classes were specific for fish fed natural diet, Lactococcus,
Carnobacterium, Bacillus, Shewanella and B-Proteobacteria,
while Spirochactales, €-Proteobacteria and Trichococcus were
specific for fish fed the artificial diet. In addition, the study dis-
played that the intestinal microbiota was markedly different
from that observed in ovary, liver and skin.

In a more recent study, Feng ez al. (2010) investigated
the autochthonous and allochthonous gut microbiota of
yellow grouper fed an extruded sinking diet and natural
diet, ice-fresh fish and shrimp. Differences seem to occur
between autochthonous bacteria of fish fed the extruded
sinking diet as higher bacterial apparent species richness
and possibly less abundance existed in this group compared
with natural diet-fed fish. Band ul and u3, and uncultured
Aranicola, uncultured Acinetobacter, Staphylococcus pas-
teuri, Enterobacter ludwiggi, Pantoea agglomerans, Enter-
obacter sp., Agrococcus sp., Ewingella americana and
uncultured bacterium clone PL3-13 (a Firmicutes) were
unique for fish fed extruded sinking diet, while for natural-
diet-fed fish, band u6 and u7, and Enterobacter cloacae,
Roseibacillus persicicus and uncultured Pseudomonas sp.
were unique. In contrast to these results, no difference was
demonstrated between the allochthonous gut microbiota of
the two feeding groups.

A study on gilthead sea bream investigated the influence
of partial substitution of FM with lupin and rapeseed
meals on allochthonous bacterial counts and revealed no
significant effect in the stomach and intestine between
treatments (de Paula Silva ez al. 2011). Even though some
differences were retrieved between the sampling dates, 3,
10, 17, 24 and 30 days of feeding, the Dice similarity
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coefficients were generally higher among the gastric repli-
cates by lupin compared with FM- and rapeseed-fed fish.

Vitamin C, methionine, valine, inositol,
pantothenic acid, biotin and thiamine

During the last years, some information has accumulated
on how vitamin C, methionine, valine, inositol, pantothenic
acid, biotin and thiamine modulate the gut microbiota of
fish (Dong et al. 2013; Feng et al. 2011; Ghomi et al. 2010;
Jiang et al. 2009; Liu et al. 2011a; Tang et al. 2009; Wen
et al. 2010).

Vitamin C

In their study on kutum (Rutilus frisii), Ghomi et al. (2010)
reported that the inclusion of vitamin C (0, 200 or
400 mg kg™") to the diet did not affect total counts of bacte-
ria, both allochthonous or autochthonous bacteria and total
LAB per gram intestine after 30 and 60 days of feeding. How-
ever, feeding the fish 400 mg vitamin C, the authors reported
L. plantarum and Lac. lactis. Liu et al. (2011a) investigated
the effect of graded levels of dietary vitamin C on the non-
adherent gut microbiota juvenile Jian carp (Cyprinus carpio
var. Jian). Intestinal levels of the Lactobacillus and Bacillus
genera increased with increasing dietary vitamin C. On the
other hand, levels of A. hydrophila and Escherichia coli
decreased with increasing levels. Whether these interesting
findings improved health effect was not investigated and mer-
its further investigations.

Methionine

As methionine is an indispensable amino acid for carp,
Tang et al. (2009) addressed to evaluate the effect of
methionine on intestinal enzyme activities, immune
response and gut microbiota of juvenile Jian carp.
Methionine supplementation: levels between 1% and 1.6%
significantly increased colony-forming units (CFU) of Lac-
tobacillus and Bacillus g~ intestinal contents, while E. coli
and Aeromonas sp. was significantly decreased. The mecha-
nism about the effects on microbial populations is unclear,
but the authors suggest that it may be related to using

methionine as nutrient source.

Valine

Dong et al. (2013) reported in their study on juvenile Jian
carp on inclusion of valine (5.3 [unsupplemented control],

Dietary effect on gut microbiota

8.7, 11.8, 14.9 and 20.1 g kg™ ") to the diet, only the three
highest inclusion levels affect counts of intestinal LAB.
However, no information was given whether allochthonous
or autochthonous bacteria were isolated. The population
levels of Bacillus improved with higher levels of valine up
to 14.9 g kg ! diet, and then decreased. In contrast to
these results, counts of E. coli were lowest when the fish
were fed 11.8 and 14.9 g valine kg~ '. Intestinal Aeromonas
was significantly higher in fish fed the highest valine level
than that of fish fed diets containing <18.7 g valine per kg.
The mechanism of how dietary valine affects the gut micro-
biota of fish is unknown, but a previous study of
Szymdnska et al. (2002) reported that valine could be a

nitrogen source for bacteria in Desulfotomaculum ruminis.

Inositol

Jiang et al. (2009) evaluated in a 60-day feeding trial the
effect of inositol on intestinal microbiota of juvenile Jian
carp. The population level of gut Lactobacillus increased
from 6.34 (log value) up to 8.06 (log value) with increasing
supplementation of dietary inositol, from 163.5 up to
990.3 mg kg~ diet. A. hydrophila and E. coli decreased
with increasing level of dietary inositol up to 232.7 and
687.3 mg kg !
that the decrease in E. coli level in the intestine might be

diet, respectively. The authors speculated

due to production of antibacterial compound(s) produced
by lactobacilli; however, no proof was given.

Pantothenic acid

Wen et al. (2010) addressed to evaluate immune response,
disease resistance against A. hydrophila and the allochtho-
nous gut microbiota (Lactobacillus spp., E. coli and A. hy-
drophila) of juvenile Jian carp fed graded levels of
pantothenic acid. Lactobacillus spp. increased significantly in
response to increased inclusion level of pantothenic acid up
to 459 mg kg ™!
65.9 mg kg~ !. Conversely, the population level of E. coli

and remained constant at levels up to

and A. hydrophila decreased by increasing inclusion levels.
The reason why increasing supplementation level of pan-
tothenic acid displayed this effect on gut microbiota is not
known, but in an early study, Sneli ez al. (1939) reported that
pantothenic acid is an essential nutrient for Lactobacillus.

Biotin
The effect of biotin on some allochthonous gut bacteria of
juvenile Jian carp was reported by Zhao et al. (2012b).
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Intestinal bacteria belonging to genera Lactobacillus and
Bacillus significantly increased with increasing level of bio-
tin, up to 0.054 and 0.151 mg kg~' diet. The observed
effect on Bacillus could be related to a previous finding
that this bacterium had the inability to form active pyru-
vate carboxylase from the apoprotein form at biotin-defi-
cient media (Cazzulo et al. 1969). As the population level
of E. coli and Aeromonas significantly decreased with
increasing supplementation of biotin to the diet, up to
0.151 mg kg~ ', the authors speculate that this finding may
be related to the production of bacteriocin-like substances
produced by lactobacilli. However, as this controversial
hypothesis was not confirmed, the topic merits further
investigations.

Thiamine

Feng et al. (2011) reported the effect of dietary thiamine

supplement on three intestinal bacteria, Lactobacillus,
E. coli and A. hydrophila. Lactobacillus counts increased
gradually and highest population level of lactobacilli was

obtained when the thiamine level was 0.79 mg kg '.

In
contrast to these results, the population level of E. coli and
A. hydrophila was not affected by inclusion of thiamine to
the diet. As no supporting mechanisms were put forward
by the authors, we recommend that this topic merits
further investigations.

As all the studies carried out of juvenile Jian carp evalu-
ating dietary effects on the gut microbiota, only three
allochthonous intestinal bacteria,; Aeromonas, E. coli and
Lactobacillus were investigated; we recommend that in
future studies, both the autochthonous and allochthonous
microbiota are evaluated. Furthermore, the ability of gut
bacteria, especially Lactobacillus, to inhibit in vitro growth
of some important fish pathogens should be investigated.

Effect of protein sources

As most marine resources used in FM and FO production
as exploited to the highest maximum level, simultaneously
as the global aquaculture production is increasing, there
has been substantial progress in reducing FM in farmed
fish diets (Gatlin er al. 2007, Hansen & Hemre 2013;
Hemre et al. 2009 Waagbo et al. 2001). During the last
decade, effort has focused on evaluating the extent of
SBM-induced histological damage (Merrifield er al. 2011a),
information on SBM meal-induced changes in intestinal
mucus composition (Van der Marel ef al. 2014), and the
effect on gut microbiota of fish. To our knowledge, the first

studies evaluating the effect of SBM on the gut microbiota
of fish were published in 2006 (Heikkinen et al. 2006;
Ringo et al. 2006b). In order to avoid duplication, fish
studies on the effect of SBM on intestinal microbiota
reviewed by Merrifield et al. (2011a) are not discussed in
this subsection and readers with special interest are referred
to the review and the original papers cited.

Casein versus fish meal and soybean meal

Mansfield ef al. (2010) evaluated the effect of three diets,
included FM and SBM and a synthetic casein-based diet
(CN) on the allochthonous DI microbiota of triploid
female rainbow trout (~1.6 kg) by three ¢pn60 universal
clone libraries, resulting in 1176, 1000 and 1181 sequences
from CN, FM and SBM, respectively. When all the
sequences were combined, 32 different sequences were
noticed. The most frequently observed sequences were iden-
tical to C. maltaromaticum and accounted for 87.8%, 55%
and 97.2% of the clones from CN, FM and SBM, respec-
tively. Overall, highest diversity was noticed from CN (16
different sequences), followed by FM (14) and only four
different sequences in the SBM library. It is of interest
noticing that one sequence from CN belonged to Bifidobac-

terium adolescentis.

Replacement of FM with SBM

Replacement of fishmeal with SBM (at 30% inclusion) had
no significant effect on the levels of total aerobic bacteria,
total anaerobic bacteria, presumptive E. coli, Aeromonas, Bi-
fidobacterium or Clostridium in the intestine of silver crucian
carp (Carassius auratus gibelio x Cyprinus carpio) (Cai et al.
(2012). Desai et al. (2012) observed that 30% SBM inclusion
in rainbow trout diets led to a reduction in Proteobacteria
and increase in Firmicutes. Increased Lactococcus lactis
subsp. lactis was observed in the mid-intestine, and a reduc-
tion in Weissella confusa in the distal intestine, of Atlantic
salmon fed a diet containing 20% SBM (Reveco et al. 2014).

J.L.G. Vecino & S. Wadsworth (unpublished data) stud-
ied a total of 3600 mixed-sex Atlantic salmon Salmo salar
(5 g SO Salmobreed), which were stocked in 9 x 1 m?
freshwater tanks (400 fish per tank, at 12.3-15.1 °C). Fish
were fed for 6 weeks in triplicate tanks either a FM-based
diet as a positive control diet, a diet containing 10% SBM
(negative control diet), or a diet similar to the negative
control diet but with EWOS prebiosal® [a prebiotic pro-
duct containing a combination of marine and terrestrial
complex carbohydrates (Chemoforma Ltd., Augst, Switzer-
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land)] added. Digesta samples were stripped from 160 to
170 fish per tank for microbiota analyses at the end of the
trial and analysed for total microbial numbers by q-PCR
and for microbial community structure by partial sequenc-
ing of the 16S rRNA gene as described in Apajalahti et al.
(2002).

Microbial analyses showed that the inclusion of 10%
SBM in the negative control diet increased the total micro-
bial numbers compared with the FM-based diet, while the
inclusion of Prebiosal™ in the diet seemed to normalize the
increasing numbers of total bacteria to levels similar to
those found in the FM diet (Fig. 5).

Figure 5 shows the proportions of all genus level clusters
with abundance exceeding 5%. Genus level clusters with
abundance lower than 5% were summed into the group
‘Others’. Kluyvera spp. and other closely related representa-
tives of Enterobacteriaceae (named as Kluyvera in Fig. 5)
comprised approximately one-fourth of the total microbes.
The second most abundant cluster (Peptostreptococcus in
Fig. 5) represented 8% and 21%, in the FM and SBM
diets, respectively. Furthermore, there were 3 clusters with
abundance of approximately 10% both in the FM and
SBM diets, Sphingomonas spp., Clostridia cluster I and a
cluster representing unidentified micro-organism related to
cyanobacteria.

Sphingomonas spp. (family Sphingomonadaceae, phylum
Proteobacteria) decreased from 1.8 x 10° bacteria in FM-
fed salmon to below detection limit in the SBM diet.
Prebiosal showed a normalizing effect; and the levels of
Sphingomonas-like bacteria were around 1.7 x 10°, not dif-
fering from those found in group fed the FM diet. The
genus Sphingomonas represents Gram-negative rods with

4.0E+07
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aerobic metabolism. These microbes are not part of the
microbiota of the GI tract of warm-blooded animals but
are common in the environment. Sphingomonas spp. have
been frequently misidentified as Pseudomonas spp. There-
fore, it is possible that previous various studies that have
reported Pseudomonadaceae from the GI tract microbes in
salmonids may actually represent Sphingomonadaceae. The
genus level cluster Sphingomonas spp. is comprised mainly
of one single species, namely Sphingomonas yabuuchiae.

Another difference was observed in the bacteria repre-
senting Peptostreptococcusis related to Clostridium cluster
XIII as reported by Murdoch et al. (1997). The amount of
these bacteria in the digesta of fish fed SBM diet was
almost five times higher than in the FM group (6.4 x 10°
versus 1.3 x 10°, respectively), while the levels of bacteria
resulting from the diet containing Prebiosal were not signif-
icantly different to those observed in the FM diet. The bac-
teria in the genus level cluster Peptostreptococcus mainly
represented a single species closely related to Peptostrepto-
coccus anaerobius, which is the type species of the genus
Peptostreptococcus. Many species belonging to the genus
Peptostreptococcus are according to the modern taxonomy
positioned to Clostridia clusters XIII and XIV, but the
type species and consequently, the bacteria found in the
fish samples are members of Clostridia cluster XI. Pep-
tostreptococci are Gram-positive cocci with strictly anaero-
bic metabolism but also tolerate low levels of oxygen. They
get their energy mainly from protein fermentation being
only weakly saccharolytic. When considering the ecological
niche of these microbes, one should keep in mind that the
GI tract of warm-blooded animals also harbours members
of Clostridia cluster XI.

35E+07 - - - - - -

3.0E+07

2.5E+07

2.0E+07

1.5E+07

Bacteria/gram digesta

1.0E+07

5.0E+06

0.0E+00 4
Figure 5 Total number of genus clus-

ters in digesta samples of Atlantic sal-
mon (Salmo salar L.) (5 g) fed different
diets for 6 weeks (J.L.G. Vecino & S.
Wadsworth unpublished data).
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The third important diet-related change affected mem-
bers of Kluyvera and other closely related Enterobacteri-
aceae. Abundance of the Kluyvera cluster in the digesta
from salmon fed FM diet was 4.1 x 10° bacteria per gram
digesta compared with 8.8 x 10° and 5.6 x 10° for the
samples from the SBM and SBM + prebiosal groups,
respectively.

Taxonomically, family Enterobacteriaceae comprises
many microbial genera that based on 16S rRNA sequence
only could be classified to a single genus. The genera that
based on 16S sequencing could be considered as one includes
Citrobacter, Enterobacter, Erwinia, Escherichia, Klebsiella,
Kluyvera, Proteus, Salmonella, Shigella and Yersinia. Other
methods based on metabolic routes are needed to distinguish
these genera from each other. Consequently, 16S sequencing
approach cannot prove with total certainty that sequences
showing best match to, for example Kluyvera cryocrescens,
truly represent this species but with a small likelihood, it is
also possible that these sequences represent Citrobacter fre-
undi or Erwinia persicina. However, the fact that the major-
ity of sequences in the Kluyvera genus level cluster matched
best to Kluyvera cryocrescens and the knowledge that unlike
most enterobacteria, Kluyvera cryocrescens is capable of
growing at temperatures as low as 4 °C, a temperature coin-
ciding to conditions for cold-water fish, strongly suggest that
the microbes detected in the study truly represent Kluyvera
cryocrescens. Kluyvera are Gram-negative facultative anaer-
obic rods that are able to grow under both aerobic and
anaerobic conditions. Their main metabolic activity is
saccharolytic but they can also utilize acetate.

The three major genus level clusters affected by SBM
inclusion differed with regard to their response to oxygen
concentration and redox potential, Sphingomonas being
aerobic, Kluyvera facultative anaerobic and Peptostrepto-
coccus strictly anaerobic, but aerotolerant. When these
three clusters were examined in more detail, Sphingomonas
appeared to be present only when the total level of micro-
bial numbers is low. The presence of Sphingomonas was
indeed negatively linked to total microbial numbers as
shown by principal component analysis (Fig. 6). The nega-
tive relationship could indicate that with low microbial fer-
mentation on a FM diet, there was enough oxygen for
Sphingomonas to prevail and grow but when the microbial
fermentation accelerated, due to a new carbohydrate source
(e.g. SBM), the fermentation scavenged oxygen leading to
anaerobic environment where Sphingomonas no longer was
successful.

The situation for

Peptostreptococcus, an obligate

anaerobe, was the opposite. In fact, the abundance of

0.20 r )

0.15 F QSphingomonas

0.10 |
: Prebiosal
0.05 | *}

Total microbes
SBM
*]
Q

eptostreptococcus

<O

0.00 |
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-0.30 -0.20 -0.10 0.00 0.10 0.20

Figure 6 Principal component analysis figure of the data. Points
that cluster together share the same data pattern and show a posi-
tive correlation to each other’s, while points at the opposite sides
of the origin (O) show a negative correlation. FM = fish meal,
SBM = soybean meal diet; P = Prebiosal; Sphingomonas, Kluyvera
and Peptostreptococcus are the relative abundancies of Sphin-
gomonas, Kluyvera and Peptostreptococcus, respectively (J.L.G.
Vecino & S. Wadsworth unpublished data).

Sphingomonas was highest when Peptostreptococcus was the
lowest. It could be hypothesized that maybe only when the
facultative aerobes, in this case Kluyvera, have used the
oxygen and lowered the redox potential to a low enough
level, Peptostreptococcus were able to compete. High total
bacterial numbers and high abundance of Peptostreptococ-
cus were associated to SBM inclusion (Fig. 6).

In this triangle, Kluyvera was likely to have acted as an
important player in the transition phase, shifting the envi-
ronment from aerobic to anaerobic and lowering the redox
potential. The fact that transition role was emphasized by
the fact that the absolute numbers of K/uyvera were higher
in the groups with high total microbial numbers.

Overall, it seems that the inclusion of SBM in the diet
increased the total microbial numbers and the abundance
of Peptostreptococcous and Kluyvera. On the other hand,
the inclusion of SBM in the diet decreased the abundance
of Sphingomonas and Kluyvera as compared to the FM-fed
salmon (Fig. 6). The higher abundance in microbial com-
munity found in SBM-fed salmon may also influence or be
influenced by nutrient availability/utilization. A previous
study demonstrated repeatedly lower macronutrient
digestibilities when salmon are fed SBM (Olli et al. 1994).
Possible changes in the levels of microbial metabolites such
as short-chain volatile fatty acids (SCFA) and protein
derivatives (indole, skatole, cresol, ammonia, amines/
amides) were assessed using gas chromatography in the

current study. However, the concentration of microbial
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metabolites remained below detection limit in all samples
and acetic acid was the only SCFA detected at low concen-
tration (~1 mm) with no differences between the samples,
correlated with microbiota.

The inclusion of Prebiosal to the diet containing 10%
SBM helped to maintain the number of bacterial species
compositions similar to that found in the digesta from the
group fed the FM diet. In this trial, no significant differ-
ences in growth were noticed between the diets. This is in
contrast with five further trials with Atlantic salmon where
significant differences in growth were observed.

Huang (2008) compared the effect of dietary inclusion of
SBM (1.3% by dry weight) and casein meal (CM; 1.0% by
dry weight) on the autochthonous gut microbiota of grass
carp. After 8-week feeding, the microbiota from the whole
intestine was analysed by 16S rRNA PCR-DGGE. The
results demonstrated clear differences between the micro-
biota of the SBM group and the CM group with similarity
between the groups of only 26% (P < 0.05) [determined by
the unweighted pair group method using the arithmetic
mean algorithm (UPGMA)]. Unique bacteria reported
from the CM group were identified as follows: uncultured
Lachnospiraceae bacterium (EU 418523), uncultured Lac-
tobacillus  (EU418525), uncultured  Clostridium  spp.
(EU418527) and uncultured Proteobacterium (EU418526).
Unique bacteria reported from the SBM group were identi-
fied as follows: Aeromonas sp. (EU418521), uncultured bac-
teria (EU418508; EU418512), uncultured actinobacterium
(EU418511) and uncultured Bacillus spp. (EU418510). The
author suggested that the differences in the intestinal auto-
chthonous bacterial communities between the groups may
have been due to the different composition of the two
protein ingredients.

In a recent study, the effect of partial replacement of
SBM (4%) by intestinal casing meal (ICM), prepared from
the wastewater of enteric coating and heparin processing,
in the diet of cage-cultured, Cyprinidae was addressed on
growth performance, feed utilization and allochthonous gut
microbiota (Li ef al. 2014a). The allochthonous bacterial
diversity was altered by ICM substitution, however; by
feeding ICM, some bacterial species were significantly
stimulated, E. coli and Exiguobacterium in black carp (My-
lopharyngodon piceus) and species belonging to Firmicutes,
Fusobacteria and Proteobacteria in gibel carp (Carassius
gebelio).

Despite the fact that these studies are beginning to shed
light on the effects of dietary SBM on the gut microbiota
of salmonids, Atlantic cod and carps, the studies are lar-
gely based on cultured isolates. Further culture-indepen-

Dietary effect on gut microbiota

dent techniques need to be employed in future studies and
investigations need to be extended to other important
aquatic species as SBM is one of the commonly used plant
proteins incorporated into aquafeeds (Gatlin et al. 2007).

Effect of invertebrate meals on allochthonous gut
microbiota of mirror carp (Cyprinus carpio)

The effect of dietary invertebrate meals, silkworm (Bombyx
mori) pupae and polychaete worm (Nereis virens), on the
intestinal microbial community structure and diversity of
mirror carp (Cyprinus carpio), was investigated by Z.Y.
Wan, S. Davies & D.L. Merrifield (unpublished data). Using
V3 16S rRNA PCR-DGGE analysis after Muyzer et al.
(1993), allochthonous communities from the intestine of
three individual fish were investigated. The 16S rRNA
DGGE profiles demonstrate clear differences of microbiota
between the dietary groups. Fish fed a control diet har-
boured an average of 14.7 + 2.0 OTUs, with two species
uniquely detected in the control diet-fed fish. Fish fed the
silkworm diet (13.4% silkworm meal by dry weight) har-
boured an average of 15.0 4+ 6.1 bacterial OTUs and fish fed
the polychaete diet (14.8% polychaete meal by dry weight)
harboured an average of 14.0 + 1.7 bacterial OTUs, while
fish fed the silkworm + polychaete worm diet (15.0% inver-
tebrate meal by dry weight) harboured an average of
11.7 £ 2.3 bacterial OTUs. A total of 12 OTUs were identi-
fied in one or more of the groups fed the invertebrate meals
that were not present in fish fed the control diet. However,
the study focused on community structure and species diver-
sity, and none of the species were identified by 16S rRNA
sequence analysis.

Rapeseed and cottonseed meal

Dietary rapeseed meal (43.0%) was substituted by cotton-
seed meal (33.0%) as equal protein content in the practical
diet of grass carp cultured in cages, and the variation of
intestinal autochthonous bacteria was studied by 16S
rDNA V3 DGGE (Huang 2008). The intestinal autochtho-
nous bacterial diversity was modulated by dietary substitu-
tion, and the similarity of the bacterial community between
the two dietary groups was 0.56, cluster analysis. Uncul-
tured bacterium-like and uncultured beta-Proteobacterium
clone-like were identified as the unique bacteria in dietary
cottonseed meal group, while uncultured bacterium clone
416-G5-like and uncultured bacterium clone aab65c09-like
were identified as the unique bacteria in the dietary
rapeseed meal group.

Aquaculture Nutrition, 22; 219-282 © 2015 The Authors. Aquaculture Nutrition Published by John Wiley & Sons Ltd.

241


http://www.ncbi.nlm.nih.gov/nuccore/EU418525
http://www.ncbi.nlm.nih.gov/nuccore/EU418527
http://www.ncbi.nlm.nih.gov/nuccore/EU418526
http://www.ncbi.nlm.nih.gov/nuccore/EU418521
http://www.ncbi.nlm.nih.gov/nuccore/EU418508
http://www.ncbi.nlm.nih.gov/nuccore/EU418512
http://www.ncbi.nlm.nih.gov/nuccore/EU418511
http://www.ncbi.nlm.nih.gov/nuccore/EU418510

242

E. Ringo et al.

Wheat middling and corn meal

Six per cent dietary wheat middling was replaced by corn
meal in the practical diet of grass carp cultured in cages,
and the variation of intestinal autochthonous bacteria was
investigated by 16S rDNA V3 DGGE (Huang 2008). The
intestinal autochthonous bacterial diversity was affected by
this substitution, and the similarity of the bacterial compo-
sition between the two dietary groups was 0.71 by cluster
analysis.

Dried distiller’s grain (DDG)

In a recent study on grass carp, bluntnose black bream
(Megalobrama amblycephala), gibel carp and black carp fed
DDG in cages for 8 weeks, the allochthonous gut micro-
biota were investigated (He ef a/l. 2013). Both Shannon
diversity index and Shannon equitability index and the
intestinal autochthonous bacterial diversity were affected
by dietary DDG.

Other dietary protein sources

In a recent study, Hartviksen er al. (2014) investigated the
modulation of the allochthonous and autochthonous bacte-
rial gut community of Atlantic salmon following feeding with
FM, pea protein concentrate (PPC), soy protein concentrate
(SPC), extracted sunflower (ESF), poultry by-product (PBY)
and feather meal (FeM) using culture-independent method,
total number of 16S DNA copies. In PI, the total allochtho-
nous microbiota was significantly affected by dietary ESF,
FeM and PBY compared with the other dietary group, while
the autochthonous bacteria levels were unaffected by dietary
modulations. Total autochthonous bacteria in DI remained
unaffected by dietary treatments. Allochthonous bacteria in
PI were dominated by Corynebacteriaceae, log values > 7.57,
and the log values were significantly higher in fish fed ESF,
FeM and PBY. Log values of Lactobacillaceae were second
most abundant and were significantly higher in fish fed ESF
and FeM compared with the other treatments. Lactobacil-
laceae were dominant, log values >5.46, in the autochthonous
community in PI, followed by B-Proteobacteria, log values
about 5.1. The bacterial community, autochthonous, in DI
were dominated by Lactobacillaceae followed by B-Pro-
teobacteria and Enterobacteriaceae. The only treatment group
with significantly higher population level of Lactobacillaceae
compared with control was noticed in fish fed PPC. Log val-
ues of B-Proteobacteria and Enterobacteriaceae remained

unaffected by dietary treatment.

Fish protein hydrolysates

Information is available on the use of two fish protein
hydrolysates (FPH) incorporated into four diets for sea
bass larvae and their effect on cultivable intestinal bacteria
2007). The
noticed were related to the date for TCBS counts, ca. 10>

(Kotzamanis et al. significant  differences
10° CFU per larva at 17 dph versus >10% per larva at
26dph. The gut microbiota at 17dph displayed that dose
(10% and 19% inclusion) and FPH type (commercial enzy-
matic FPH or sardine silage) affected the proportion of
Vibrio spp. Even though only few bacterial species were
detected, different intestinal bacteria, Vibrio sp. REI-3,
Enterovibrio norvegicus, Marinomonas mediterranea, Mari-
nomonas primoryensis, Bacillus sp. and Pseudoalteromonas
sp., between the treatment groups were noticed. In future
studies, other methods should been used and the authors
suggested direct counting by epifluorescence microscopy

and randomly cloned eubacterial 16S rDNA.

Thymol and carvacrol

Thymol is part of a naturally occurring class of compounds
known as biocides, with strong antimicrobial attributes
when used alone or with other biocides such as carvacrol.
Thymol and carvacrol are reported in oil of thyme and
extracted from Thymus vulgaris (common thyme). In a
recent study by Giannenas et al. (2012), dietary supplemen-
tation of thymol and carvacrol, 1 gkg™', on intestinal
microbiota were investigated in an §8-week experiment with
rainbow trout. Total counts of aerobic gut bacteria were
not affected by thymol and carvacrol in contrast to the
results of total anaerobes. Population level of gut bacteria
belonging to, Enterobacteriaceae and coliforms, were not
affected, but the levels of Lactobacillus spp., identified by
biochemical tests, significantly decreased by supplementa-
tion of thymol to the diet. When evaluating whether plant
products with high antimicrobial activity modulate the gut
microbiota, molecular identification should be included to
specifically identify which species are affected.

Effect of krill, chitin, cellulose, raffinose and
stachyose

Krill and chitin

The 2nd most abundant biomass (10'* metric tons; Jolles &
Muzzarelli 1999) in the world is chitin and consists of a
B-1,4-linked N-acetylglucosamine residues. In their recent
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review devoted to the use of krill and chitin in aquaculture,
Ringo et al. (2012a) discussed the results of six papers
(Askarian et al. 2012, 2013; Kono et al. 1987; Kumar et al.
2006; Ringo et al. 2006¢; Sera & Kimata 1972; Zhou et al.
2013a) on the effects of dietary krill and chitin in finfish,
Japanese eel and giant freshwater prawn. Readers with spe-
cial interest in these results are referred to the review of
Ringo et al. (2012a).

Chitosan is obtained from the partial deacetylation of
chitin and is therefore a high-molecular-weight linear com-
posed mainly of 2-amino-2-deoxy-D-glucose units linked
through B (1—>4) bonds, and the distinction between chitin
and chitosan is based on the degree of acetylation. Chitin
has acetylation values higher than 50%, while chitosan has
lower percentages. As less information is available on
chitosan as microbial modulators (Mrazek et al. 2010; Ter-
ada et al. 1995), we recommend that this area merits fur-
ther investigations. However, such studies should also
include effect on innate immune response, gut morphology
and its effect on growth performance and resistance in
challenge studies.

Cellulose and exogenous cellulase

Cellulose The most abundant biomass (1015 metric tons;
Wilson & Irwin
consists of a B-1,4-glycosidic linkages. Thus, many cellu-

1999) in the world is cellulose and

lose-eating animals require the aid of symbiotic micro-or-
ganisms in their GI tract to digest cellulose and make the
energy in this compound available to the host (Bergman
1990; Karasov & Martinez del Rio 2007; Mo et al. 2004).
Information is available on the microbial community in
different parts of the GI tract of wood-eating fish (Di
Maiuta et al. 2013; McDonald et al. 2012). However, to
our knowledge, only one study has evaluated the effect of
cellulose on gut microbiota of fish, Atlantic salmon
(Ringo et al. 2008). In this study, cultivable autochtho-
nous and allochthonous bacteria were investigated in the
distal intestine of fish fed FM and cellulose. Log total
viable counts were not significantly affected, but some
modulation of bacteria was observed. Carnobacterium,
both autochthonous and allochthonous and allochthonous
Bacillus, was only detected in fish fed FM, whereas
allochthonous Antarctic seawater bacterium Bsw10170,
Arctic seawater bacterium Bsw20461, Arthrobacter bergeri
and Staphylococcus equorum were only reported in fish
fed cellulose. Whether these bacteria can contribute to
nutrition by production of enzymes, including cellulase,

was not investigated, but it is worth noticing that

Dietary effect on gut microbiota

S. equorum isolated from Atlantic salmon displayed high
cellulase score (Askarian et al. 2012).

Exogenous cellulase Several studies have shown that the
intestinal microbiota of aquatic animals harbours cellulose-
decomposing micro-organisms, including sequences related
to Anoxybacillus, Bacillus, Carnobacterium, Citrobacter,

Clostridium, Leuconostoc, Staphylococcus, Acinetobacter,
Phaeobacter, Pseudomonas, Rhodobacteraceae, Vibrio and
Actinomyces (Askarian et al. 2012; Nelson et al. 1999; Ray
et al. 2012; Tanu et al. 2012; Wu et al. 2012). To our
knowledge, supplementation of these bacteria and their
effect on intestinal microbiota is not done. However, in a
recent study, Zhou et al. (2013b) carried out a 2-month
feeding trial with grass carp fed the following; (i) shredded
duckweed and wheat flour mixed with exogenous cellulase
(3 g kg™ "; contains > equal to 1.0 unit mg~"' cellulase activ-
ity) and (ii) shredded duckweed and similar amount of
wheat flour. Pooled contents from the entire intestinal
tracts of three fish were investigated by DGGE, and analy-
sis indicated that the allochthonous gut bacterial commu-
nity was modulated, species and density by supplemental
cellulase. Seven DGGE bands were unique for the control
fish, whereas four bands were unique for the cellulase treat-
ment, Sphingomonadaceae bacterium PB136, Sphingomonas
echinoides, Bacillus sp. CE2 and Lepothrix sp. AVO0lla.
Whether

unknown and merits investigation even though certain

these bacteria have cellulolytic activity is
strains of Bacillus and Sphingomonas are able to produce

cellulase in moderate quantities.

Raffinose and stachyose

As no information is available on the effect of SBM carbo-

hydrates on growth, carcass composition, intestinal
morphology and gut microbiota, Cai et al. (2012) carried
out a study on juvenile allogyogenic silver crucian carp
(Carassius auratus gebelio? x Cyprinus carpiod) fed FM
and FM substituted with raffinose (6.7 g kg™') and sta-
chyose (33.9 g kg~"). Evaluation of the gut microbiota
(both allochthonous and autochthonous) revealed that the
population level of total aerobic bacteria, E. coli and Aero-
monas sp., and total anaerobic bacteria, Bifidobacterium sp.
and Clostridium perfringens, was not modulated by dietary
inclusion. However, for further confirmation of these find-
ings, 16S rRNA gene sequencing analysis should have been
carried out. Furthermore, the authors should have distin-
guished the allochthonous and autochthonous microbiota.

One interesting observation was noticed in the present
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study; supplementation of raffinose and stachyose did not
affect intestinal histology.

Other carbohydrate sources

In a recent study, Pedrotti ez al. (2015) evaluated the diet-
ary effect of different carbohydrate sources, broken rice,
dextrin, cassava bagasse, ground corn and wheat bran, on
total heterotrophic cultivable autochthonous and amy-
lolytic gut bacteria in DI of tilapia and jundid (Rhamdia
quelen). The general findings was no difference in levels of
total cultivable bacteria among carbohydrate sources within
the same fish species. However, jundid fed diets containing
broken rice revealed higher total bacterial counts than tila-
pia, and a smaller level of amylolytic bacteria when cassava
bagasse or ground corn were included in the diet. DGGE
and sequence analysis: all OTUs showed closest relative
identity to uncultured bacteria isolated from different
sources. Some bands were affected by dietary manipula-
tion. An OTU displaying 95% nucleotide similarity to Ce-
tobacterium somerae was revealed in most tilapia groups,
except for fish fed wheat bran. Furthermore, three OTUs
with low similarity (93-95%) to unidentified bacteria
isolated from the HG of Atlantic salmon or intestine of
beluga were present only in tilapia and their abundance
was suppressed by inclusion of corn. As limited data were
presented with regard to bacterial identification by dietary
manipulations, the authors suggested that culture-indepen-
dent quantitative techniques should be incorporated to
evaluate the bacterial changes in future studies.

Effect of probiotic supplements

The term probiotic is a word derived from Greek and
meaning for life. During the last 15 years, numerous review
papers have been published on the application of probiotics
in aquaculture and readers with special interest are referred
to the reviews of Ringe & Gatesoupe (1998), Gatesoupe
(1999), Ringe & Birkbeck (1999), Gomez-Gil et al. (2000),
Verschuere et al. (2000), Irianto & Austin (2002), Ringo
(2004), et al. (2005), Gram & Ringoe (2005),
Ringo et al. (2005), Balcazar et al. (2006), Farzanfar
(2006), Vine et al. (2006), Gatesoupe (2007, 2008), Kesar-
codi-Watson et al. (2008), Tinh et al. (2008), Wang et al.
(2008), Ninawe & Selvin (2009), Qi er al. (2009), Zhou
et al. (2009b), Merrifield er al. (2010a), Nayak (2010b),
Prado et al. (2010), Dimitroglou et al. (2011), Lara-Flores
(2011), Welker & Lim (2011), Lauzon & Ringe (2012),
Al-Marzouk & Saheb (2012), Zhou & Wang (2012), De

Burr

et al. (2014), Mohapatra et al. (2013), Newaj-Fyzul et al.
(2014) and Ringo et al. (2014c). Due to the nature of pro-
biotics and the plethora of data currently available, a full
discussion of the effects of probiotics on the gut microbiota
of fish is beyond the scope of the present review and
should be the topic of a separate review. Instead a general
summary of key findings will be provided here.

Alterations of the fish gut microbiota have been demon-
strated with the probiotic application of Bacillus spp.
(Bagheri et al. 2008; Ghosh et al. 2008; Newaj-Fyzul et al.
2007), Vibrio spp. (Ringe 1999; Ringe et al. 1996), LAB
(Strom & Ringe 1993; Gildberg et al. 1995; Joborn et al.
1997; Ringe 1999; Bogut et al. 2000; Robertson et al. 2000;
Chang & Liu 2002; Nikoskelainen et al. 2003; Panigrahi
et al. 2004; Aubin et al. 2005; Panigrahi et al. 2005; Carne-
vali et al. 2006; Kim & Austin 2006; Balcazar e al. 2007b;
Suzer et al. 2008; Vendrell er al. 2008; Iehata er al. 2009;
Lauzon et al. 2010a; Levmo Martinsen et al. 2011; Lamari
et al. 2013), yeasts (Aubin et al. 2005; Gatesoupe 2002)
and mixed probionts (Gatesoupe 2002; Lauzon et al.
2010a,b,c,d; Ramos et al. 2013). Probiotic treatments of
live feed with Bacillus spp. (Gatesoupe 1993; Avella er al.
2010), LAB (Gatesoupe 1991, 2002; Villamil et al. 2003)
and yeasts (Gatesoupe 2002) have also contributed to the
control of their microbiota.

The continual application of probiotic cells via dry feed
containing from 10° to 10° colony-forming units g~ has
been demonstrated to lead to potentially resident coloniza-
tion of the intestinal epithelium (Gildberg & Mikkelsen
1998; Gildberg et al. 1995, 1997), intestinal mucus (Kim &
Austin 2006; Merrifield ef al. 2010b, 2011b; Newaj-Fyzul
et al. 2007), transient digesta (Aubin et al. 2005; Bagheri
et al. 2008; Balcazar et al. 2007c; Bogut et al. 2000; Fergu-
son et al. 2010; Ghosh et al. 2008; Gildberg et al. 1997,
Kim & Austin 2006; Newaj-Fyzul et al. 2007; Nikoske-
lainen et al. 2003; Son et al. 2009; Vendrell et al. 2008),
intestine and stomach (Panigrahi et al. 2004), and pyloric
caeca populations (Gildberg & Mikkelsen 1998). Further, it
has been shown that some probionts are able to persist
within the digestive tract for up to few weeks post-treat-
ment or after reverting to non-supplemented diets (Balcazar
et al. 2007b; Kim & Austin 2006; Lauzon er al. 2010c,d;
Nikoskelainen et al. 2003; Panigrahi et al. 2005; Robertson
et al. 2000; Son et al. 2009; Villamil ez a/. 2010). Kim &
Austin (2006) demonstrated the usefulness of using PCR-
DGGE profiles in order to monitor the persistence of
Carnobacterium maltaromaticum and C. divergens within
the rainbow trout intestine. After reverting to non-supple-
mented feeds, the probionts were still detected within the
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intestine for at least 3 weeks. Similarly, Balcazar et al.
(2007b) showed that Lactococcus lactis ssp. lactis, Lacto-
bacillus sakei and Leuconostoc mesenteroides 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™'
and <log 3 CFU g ' after 1 and 2 weeks, respectively.

Probiotic GI colonization is not restricted to the intes-
tine. For example, Panigrahi ez al. (2004) fed rainbow trout
Lactobacillus rhamnosus for 30 days at 10° and 10'" CFU
g '. Lb. rhamnosus was recovered from the GI at levels of
10°-10® CFU g ' and 10°-10° CFU g ' intestine and
stomach, respectively. After 30 days, Lb. rhamnosus in fish
fed the low level supplementation reached >40% and >70%
of the culturable microbiota of the stomach and intestine,
respectively. Furthermore, Lb. rhamnosus levels in fish fed
the high level supplementation reached >60% and >80% in
the stomach and intestine, respectively. Gildberg & Mikkel-
sen (1998) demonstrated that C. divergens (originally iso-
lated from Atlantic salmon and Atlantic cod) displayed
better colonization capabilities with regard to Atlantic cod
fry pyloric caeca than the intestine.

Several investigations have clearly demonstrated that
probiotic GI colonization can alter the indigenous GI
microbiota composition as well as total population levels
in hosts (Strom & Ringe 1993; Bogut et al. 2000; Aubin
et al. 2005; Bagheri et al. 2008; Ghosh er al. 2008; Iehata
et al. 2009; Avella et al. 2010; Lauzon et al. 2010a,d). For
example, after feeding rainbow trout Pediococcus acidilac-
tici or Saccharomyces cerevisiae var. boulardii for periods
of up to 5 months, Aubin ez al. (2005) enumerated the gut
probiotic levels and identified the dominating culturable
microbiota by 16S rRNA gene sequence analysis. Changes
in the relative and absolute abundance of the indigenous
bacteria were observed. After a period of 20-day supple-
mented feeding, the presence of unique genera such as
Buttiauxella and Citrobacter was confirmed in the control
diet-fed fish, but Serratia was detected only in the P. acidi-
lactici-fed fish.

The current literature suggests that the sensitivity of the
gut microbiota to probiotic modulation does not appear to
be restricted by fish maturation as several investigations
have demonstrated the effects of the probiotics on the gut
microbiota of fish across a range life stages including larval
(Carnevali et al. 2006; Lauzon et al. 2010b,c,d; Ringo
1999; Ringo et al. 1996; Strom & Ringe 1993; Suzer et al.
2008), fry (Aubin et al. 2005; Bagheri et al. 2008; Bogut
et al. 2000; Ferguson ef al. 2010; Ghosh er al. 2008;
Gildberg & Mikkelsen 1998; Gildberg et al. 1995, 1997,
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Newaj-Fyzul et al. 2007; Robertson et al. 2000), fingerling
(Joborn et al. 1997; Robertson et al. 2000) and juvenile
stages (Balcazar et al. 2007c; Chang & Liu 2002; Ichata
et al. 2009; Kim & Austin 2006; Lauzon et al. 2010a;
Nikoskelainen ez al. 2003; Panigrahi et al. 2004, 2005; Ven-
drell et al. 2008). Further, literature regarding the effects of
probiotics on the gut microbiota is not only limited to eco-
nomically important finfish species; studies have also
demonstrated probiotic induced modulation of the gut
microbiota of ornamental finfish (Ghosh ez al. 2008) and
crustaceans (Gullian et al. 2004; Rengpipat et al. 2000).
Despite the usefulness of the data accumulated from the
present studies, relatively few have utilized culture-indepen-
dent methods to monitor microbial population changes
resulting from probiotic treatments (Ferguson et al. 2010).
Culture-dependent techniques are often sufficient to track
probiotic colonization levels, but probiotic studies should
include molecular techniques such as qPCR and NGS.
Also, further studies are required to investigate the effects
of feeding probiotics to fish throughout various life stages.
Long-term trials monitoring the gut microbiota throughout
maturation and development of the GI tract would provide
a novel insight into the effect of probionts on the gut
With the
sequencing-based molecular technologies, the application of

microbiota. introduction of next-generation
omics techniques will contribute to a better understanding
of the microbial diversity and functionality in the host
(Star et al. 2013).

Readers with further interest on the topic, probiotic
modulation of the gut microbiota of fish, are referred to
the recent review of Merrifield & Carnevali (2014).

Live cells in probiotic products will inevitably lose viabil-
ity, and the actual products will contain varying propor-
tions of populations of viable-to-non-viable/dead cells.
Moreover, there may be further losses of viability of organ-
isms through stomach to the intestine. The phenomenon is
known from endothermic animals, and an active debate is
ongoing whether or not non-viable forms of beneficial bac-
terial strains have a role in the conferment of benefits on
the host (Adams 2010). This topic requires further evalua-
tion in aquatic animals and merits investigations.

Effect of prebiotics

The modern concept of prebiotics implies the use of selec-
tive compounds to favour growth of the protective indige-
nous gut microbiota. It is well known from endothermic
investigations that dietary fibres are fermented by the
anaerobic intestinal microbiota, primarily those colonizing
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the colon (Gibson 1998; Roberfroid 1993), leading to the
production of lactic acid, acetate, propionate, and butyrate
and gases (H,, CO, and CH,) (Roberfroid 1993). The
short-chain fatty acids are utilized by the host and appear
to promote the health of the intestinal mucosa (Velazquez
et al. 1997).

As the first prebiotic study related to aquaculture was
carried out by Hanley et al. (1995), numerous studies have
been carried out on growth performance, carcass composi-
tion, immune parameters, intestinal histology and disease
resistance against well-known pathogens as well as effect
on gut microbiota. Readers with special interest in prebi-
otics in finfish and shellfish are referred to the review of
Burr et al. (2005), Gatlin et al. (2006), Denev et al. (2009),
Yousefian & Amiri (2009), Ganguly et al. (2010), Merrifield
et al. (2010a), Ringo et al. (2010b), Sweetman et al. (2010),
Dimitroglou et al. (2011), Ganguly et al. (2013), Daniels &
Hoseinifar (2014), Ringe et al. (2014a.c), Torrecillas et al.
(2014) and Song et al. (2014).

Inulin

Although inulin, a polydisperse carbohydrate consisting
mainly of B(2—1) fructosyl-fructose links, is not a natural
fibre in fish diet, it may have interesting applications in
aquaculture. To our knowledge, the first study on the effect
of inulin on gut microbiota was carried out by Mahious
et al. (2006). They investigated the effect of 2% dietary
inulin (Raftiline ST) as prebiotic for turbot (Psetta maxima
L.). The addition of inulin to the diet increased the popula-
tion level of Vibrio sp. SI2411 and Vibrio sp. L2C55, while
the proportion of other bacteria, not identified, decreased.
During the last decade, some information has become
available about fermentation of inulin by fish gut micro-
biota, notably, Carnobacterium piscicola (Ringe et al.
1998), C. mobile (Ringo & Olsen 1999) and Carnobacterium
spp. (Ringe & Olsen 1999; Ringe et al. 2001a,b). More
recently, Ringo er al. (2006a) showed that substituting 15%
dextrin with 15% inulin resulted in a decrease in total
viable counts and alterations of the adherent hindgut
microbiota of Arctic charr. This is illustrated by the fact
that C. divergens was only isolated from the hindgut of fish
fed the dextrin diet, while Carnobacterium maltaromaticum
was only isolated from fish fed the inulin supplemented
diet. Furthermore, Alcaligenes spp., Enterobacter spp., Mi-
crobacterium spp. and Micrococcus agilis were not isolated
from the hindgut of fish fed dietary inulin. Moreover, the
authors demonstrated that the frequency of gut bacteria,
fermentative in O/F medium, able to produce acid from

inulin was 43% in bacterial species isolated from fish fed
inulin, but only 17% of the bacteria isolated from fish fed
dextrin had this ability.

In a later study, Akrami ez al. (2009) investigated the
effects of inulin supplementation (0, 10, 20 and 30 g kg™ ")
on beluga (Huso huso) juveniles (16.14 4+ 0.38 g). Their
results revealed that LAB levels in the gut were lowest in
the control group and in groups fed 20 and 30 g
inulin kg~'. Hence, the authors concluded that inulin is
not an appropriate dietary supplement for beluga.

On the other hand, Burr e al. (2009) evaluate the effect
of 1% inulin supplementation in feeds for red drum (Sci-
aenops ocellatus) containing either FM as protein source or
FM with 35.5% SBM inclusion. The results of PCR-
DGGE analysis revealed that there was a great similarity
index and small species richness with some dominant
species among the intestinal samples. Moreover, samples
from the individual tank biofilters revealed that there was
great similarity and high species richness without dominant
species to distinct among all the samples. Hence, the
authors conclude that there were no differences in the
intestinal microbiota between the feeding regimes.

Burr et al. (2010) conducted an in vitro and an in vivo
experiment in order to investigate the effect of inulin on
hybrid striped bass (Morone chrysops x Morone saxatilis).
In the in vitro experiment where fish fed the experimental
diet supplemented by 10 g inulin kg™ !, the results showed
that propionate production was low compared with acetate
and butyrate production for all samples. Additionally,
there were not significant differences in propionate, acetate
and total VFA among the samples after 48 h of incubation.
Microbial cluster analysis showed that all samples had a
high similarity coefficient (>80%) at 24 and 48 h. The dom-
inant bands were identified as Clostridium perfringens and
Fusobacteria using the BLAST database. In the in vivo
experiment, fish fed experimental diets supplemented 10 g
of inulin kg~ ' for 8 weeks. PCR-DGGE microbial analysis
revealed that microbial patterns of fish fed inulin had very
high similarity index. The main genera identified were as
follows: Clostridia, Bacillus, Enterococcus, Lysinibacillus
and Staphylococcus.

Recently, Mourino et al. (2012) evaluated the effect of
dietary inulin (0 and 5 gkg™') on autochthonous gut
microbiota of hybrid surubins (Pseudoplatystoma sp.).
Inclusion of inulin did not affect total gut bacteria, counts
of Vibrio and decreased the population level of Pseu-
domonas but increased gut LAB. The authors stated that
similar finding was noticed by Burr er al. (2008b) when red
drums were fed prebiotics. However, in the study of
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Mourino et al. (2012), no specifications were given regard-
ing the LAB genera in the gut and only Man-Rogosa—
Sharpe agar was used estimate gut LAB.

Transmission electron microscopy (TEM) evaluation of
the hindgut of fish fed dextrin or inulin revealed clear dif-
ferences (Ringo et al. 2006a). TEM investigations clearly
demonstrated bacterial cells between microvilli in the large
intestine of fish fed dietary dextrin. However, by feeding
Arctic charr inulin, only few bacteria were observed
between the microvilli, but several bacterial-like profiles
were observed in the gut lumen. SEM investigations of DI
of Arctic charr fed dietary dextrin revealed substantial
associations of coccoid and rod-shaped bacterial-like cells
at the apical brush border and at the cell surface (Fig. 7).
This colonization pattern was completely different as the
surface of intestinal cell had no associated bacteria when
the fish were fed diet supplemented with inulin (Fig. 8).
These differences in bacterial colonization of enterocyte
surface between fish fed dextrin or inulin may be related to
fact that the gut microbiota isolated from the hind gut was
different between the two dietary groups (Ringo et al.
2006a). However, this controversial hypothesis calls for fur-
ther investigation. When evaluating the effect of inulin a
plausible question arise, does dietary inulin affect intestinal
enterocytes? In a previous study, it was shown by electron
microscopy that dietary inulin (15% supplement) had a
destructive effect on microvillus organization on both pylo-
ric caeca and hindgut enterocytes of the salmonid fish

Figure 7 SEM micrograph showing cell apices in the distal intes-
tine of Arctic charr fed dietary dextrin. Associated bacteria (ar-
rows) are located at the apical brush border and the cell surface.
Note the spaces (arrowheads) between the cells. After Ringo et al.
(2006c¢).
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Figure 8 SEM micrograph showing cell apices in the distal intes-
tine of Arctic charr fed dietary inulin. Cell borders (arrows) can be
seen but the cells have no associated bacteria discernible at the
apical brush border. After Ringe et al. (2006c).

Arctic charr compared with enterocytes from fish fed a
15% supplement of dextrin (Olsen et al. 2001).

Fructo-oligosaccharides (FOS)

One of the most common prebiotics studied in humans and
terrestrial animals is FOS, a general term that includes all
non-digestible oligosaccharides composed of fructose and
glucose units (Swanson et al. 2002a). FOS refers to short
and medium chains of B-D-fructans in which fructosyl
units are bound by B-(2-1) glycosidic linkages and attached
to a terminal glucose unit, a structure similar to inulin.
Because of a lack of B-fructosidases, mammalian digestive
systems cannot hydrolyse the B-(2-1) glycosidic linkages
(Teitelbaum & Walker 2002). However, FOS can be fer-
mented by certain colonic bacteria expressing this enzyme,
such as lactobacilli and bifidobacteria species (Hidaka ez al.
1986; Manning & Gibson 2004; Sghir et al. 1998), and will
thus selectively support the growth and survival of such
bacteria in the GI tract of animals. Despite occasional
inconsistent results in terrestrial species, some studies have
shown that FOS improved protein digestion and intestinal
morphology (Swanson et al. 2002b; Teitelbaum & Walker
2002). These modifications might contribute to improved
growth, feed efficiency and disease resistance.

In their study on turbot larvae, Mahious ez al. (2006)
investigated the effect of 2% inclusion of Raftilose P95 on
growth, gut microbiota and the ability of gut bacteria to
utilize Raftilose and Raftiline. Raftilose had a positive
effect on growth and some effect was also reported on the
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gut bacterial community as Bacillus spp. was only isolated
when the larvae were fed Raftilose but not in rearing
groups fed cellulose powder, Raftiline or lactosucrose. Of
the selected gut bacteria isolated from the larvae weaned
with Raftilose, Bacillus spp. were the only bacteria able to
use Raftilose as a single carbon source, but they could not
utilize Raftiline.

Burr et al. (2008b) evaluated the effects of FOS on the
intestinal microbial community of red drum (Sciaenops
ocellatus). Intestinal samples were diluted and incubated
in vitro in one of the liquid media of control diet (commer-
cial diet) and control diet + 2% FOS. After 24 and 48 h of
incubation at 25 °C, supernatants were removed for vola-
tile fatty acid (VFA) analysis and DNA-extracted for PCR-
DGGE analysis. Acetate, butyrate, propionate and total
VFA production remained unaffected in all culture media.
DGGE fingerprint analysis demonstrated no differences on
the microbial community.

However, oligofructose which is obtained by partial
enzymatic hydrolysis of inulin showed different results on
beluga juveniles (Hoseinifar ez al. 2011a). In two 8-week
studies with beluga juveniles, the effect of dietary oligofruc-
tose (0, 10, 20 and 30 g kg™') on intestinal microbiota
among other parameters such as growth performance,
haematological and serum biochemical parameters was
studied. LAB levels in the gut were significantly higher in
fish fed 20 g oligofructose kg~ ' and were able to persist for
at least 1 week after reverting the prebiotic group back to
a control diet.

Short-chain fructo-oligosaccharides

Studies have investigated the effect of short-chain fructo-
oligosaccharides (scFOS) on the intestinal microbiota of
hybrid tilapia (Oreochromis niloticus?® x O. aureuss) (Lv
et al. 2007) and white shrimp (Litopenaeus vannamei)
(Zhou et al. 2007). Lv et al. (2007) conducted an 8-week
feeding trial in order to investigate the effect of scFOS
(Profeed®, 95%) on the intestinal microbiota, mortality
and growth performance of hybrid tilapia. ScFOS was
included at 0, 0.8, or 1.2 g kg~' in practical diet and hand-
fed to satiation four times daily to triplicate groups of
hybrid tilapia (40 fish/group, body weight
5.55 +£ 0.02 g) reared in a flow-through system. At the end
of the feeding trial, the animals were bulk-weighed and var-

initial

ious morphological parameters were assessed. Intestinal
samples of three individuals per group were pooled in order
Vibrio
parahaemolyticus, A. hydrophila, Lactobacillus spp. and

to conduct the quantitative analysis of

Streptococcus  faecalis by selected agar media. All the
intestinal bacteria groups investigated showed a marginal
and non-significant increase in hybrid tilapia fed scFOS
(P > 0.10). The study indicated that dietary scFOS may
have beneficial effects on growth, feed conversion and pos-
sibly intestinal microbiota of tilapia.

Zhou et al. (2007) conducted an 8-week feeding trial to
investigate the effects of scFOS (Profeed®, 95%) on the
intestinal microbiota, mortality and growth performance in
juvenile white shrimp. Five levels of scFOS (0, 0.4, 0.8, 1.2,
and 1.6 g kg™") were incorporated into a diet fed to tripli-
cate groups of white shrimp (30 shrimp/group, IBW
0.172 £ 0.001 g) reared in a recirculation system (110 L
aquaria, water temperature 28 °C, salinity 13.5 + 0.2%,).
The shrimp were hand-fed at restricted ration, five times
per day. At the end of the feeding trial, the animals were
bulk-weighed, and intestinal samples of three animals by
experimental unit were pooled in order to analyse V. para-
haemolyticus, A. hydrophila, Lactobacillus spp., and S. fae-
calis by selected media. Differences in population of
S. faecalis and V. parahaemolyticus were observed between
dietary treatments; all groups responded in a quadratic
fashion with the highest levels of all bacteria isolated from
shrimp fed 0.8 g kg™'. This study indicates that dietary
scFOS may have beneficial effects on growth, feed conver-
sion and intestinal microbiota in white shrimp.

Yeast

Burr et al. (2008b) evaluated the effects of brewer’s yeast
and GroBiotic®-A (International Ingredient Corporation,
St. Louis, MO, USA) on the intestinal microbial commu-
nity of red drum (Sciaenops ocellatus). Intestinal samples
were diluted and incubated in vitro in liquid media of con-
trol diet (commercial diet), control diet + 2% (w/w) GroBi-
otic®-A and control diet + 2% brewer’s yeast. After 24 and
48 h of incubation at 25 °C, supernatants were removed
for VFA analysis and DNA-extracted for PCR-DGGE
analysis. The intestinal content incubated with GroBiotic®-
A had significantly higher acetate, butyrate and total VFA
concentrations after 24 h of incubation compared with the
other treatments. Propionate production remained unaf-
fected in all culture media. DGGE fingerprint analysis
demonstrated that GroBiotic®-A and brewer’s yeast were
able to modulate the microbial community. These findings
combined with the findings from Burr ez al. (2008a) suggest
that prebiotics and especially GroBiotic®-A play an impor-
tant role in red drum nutrition. In a later study, Burr ez al.
(2009) evaluate the effect of 1% GroBiotic®-A supplemen-
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tation in feeds for red drum (Sciaenops ocellatus)
containing either FM as protein source or FM with 35.5%
SBM inclusion. The results revealed that there was great
similarity index and small species richness with some domi-
nant species among the intestinal samples. Hence, the
authors conclude that there were no differences in the
intestinal microbiota between the feeding regimes.

Burr et al. (2010) conducted two experiments, in vitro
and an in vivo to investigate the effect of GroBiotic®-A on
hybrid striped bass (Morone chrysops x Morone saxatilis).
The experimental diet was based on the commercial diet
added 0.5% GroBiotic®-A. The intestinal contents were
diluted and incubated with the experimental feeds at 25 °C.
After 24 and 48 h of incubation at 25 °C, supernatants
were removed for VFA analysis and DNA was extracted
for PCR-DGGE analysis. The results showed that propi-
onate production was low compared with acetate and
butyrate production for all samples. Additionally, there
were not significant differences in propionate, acetate and
total VFA among the samples after 48 h of incubation.
Compared with the control, butyrate production was signif-
icantly increased after 48 h but only for samples containing
0.5% GroBiotic®-A. Microbial cluster analysis showed that
all samples had a high similarity coefficient (>80%) at 24
and 48 h. The dominant bands were identified as Clostrid-
ium perfringens and Fusobacteria using the BLAST data-
base. In the in vivo experiment, fish fed experimental diets
supplemented 10 g GroBiotic®-A kg~ ! for 8 weeks. PCR-
DGGE microbial analysis revealed that microbial patterns
of fish fed GroBiotic®-A had very high similarity index.
The main genera identified were Clostridia, Bacillus, Ente-
rococcus, Lysinibacillus and Staphylococcus. This study
showed that GroBiotic®-A can modulate the intestinal
microbiota.

A study on juvenile rainbow trout by Azari et al. (2011)
displayed that inclusion of GroBiotic®-A significantly
improved SGR, CF and protein efficient ratio but not
FCR. Furthermore, allochthonous intestinal bacterial
community and LAB were affected by the GroBiotic®-A
addition.

Lochmann ez al. (2011) investigated the effect of GroBi-
otic®-A (consisting of a mixture of partially autolysed
brewer’s yeast, dairy ingredient components and dried fer-
mentation products) (0 and 20 g kg™') on gut microbiota of
fathead minnow (Pimephales promelas) in recirculating sys-
tems with low or moderate water hardness. Only Acinetobac-
ter spp. were enhanced by inclusion of prebiotic in the diet.

Savolainen & Gatlin (2009) evaluated supplementation
of dairy-yeast prebiotics at 0 and 20 g kg™ by dry weight
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in the diet of juvenile goldfish in the presence or absence of
phytoplankton and zooplankton. The results showed that
dairy yeast tends to improve weight gain and feed efficiency
in the presence of phytoplankton and zooplankton. Addi-
tionally, dairy-yeast supplementation did not modulate the
proximal or distal allochthonous intestinal microbiota and
did not improve disease resistance against intraperitoneally
administrated A. hydrophila.

Hoseinifar ez al. (2011b) evaluated the effects of dietary
inactive yeast (Saccharomyces cerevisiae var. ellipsoideus)
(0, 10 and 20 g kg~") as prebiotic on intestinal microbiota
of beluga juveniles (11.44 + 0.56 g) for 6 weeks of feeding.
Although no substantial effect was revealed on the total
autochthonous intestinal heterotrophic bacterial counts,
autochthonous LAB levels were significantly elevated in
fish fed 20 g yeast kg~ '.

Yeast culture and short-chain fructo-oligosaccharides The
effects of dietary yeast culture (YC) or scFOS on intestinal
autochthonous bacterial communities in juvenile hybrid
tilapia were studied by 16S rDNA DGGE (Zhou et al.
2009¢). Ninety tilapias in tanks (10 fish per tank) were ran-
domly and equally divided into three groups. At the end of
an 8-week feeding period of CK (the control treatment),
YC (3 gkg") or scFOS (1 g kg™!), autochthonous gut
bacteria were analysed in intestinal samples of all fish in
each tank of a recirculating aquaculture system. The clear
differences in the banding patterns indicated the obvious
effects of dietary prebiotics on intestinal communities in
hybrid tilapia. Higher variation was detected within
the dietary YC group. This difference might be due to the
effects of certain immune-stimulating agents in YC on the
immunity response of hybrid tilapia. It was concluded that
dietary prebiotics, YC and scFOS, obviously affected the
intestinal bacterial community in hybrid tilapia with
different patterns for different kinds. An uncultured bac-
terium-like, Thiothrix eikelboomii-like and an uncultured
freshwater bacterium-like were selectively stimulated by
dietary scFOS, and Clostridium sp.-like and uncultured
Cyanobacterium-like were selectively stimulated by dietary
YC or scFOS.

Yeast and inulin Tapia-Paniagua et al. (2011) evaluated
the modulation of the intestinal allochthonous microbiota
of gilthead sea bream (~80 g) by administration of yeast
(Debaryomyces hansenii) in combination with inulin. Exper-
imental fish were fed either a commercial diet (control
diet), or similar diet supplemented with 1.1% D. hansenii
strain L2 (10° CFU g ) plus 3% inulin (experimental diet
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1) for 4 weeks. After 2 and 4 weeks of feeding, samples of
the whole intestine were aseptically removed for allochtho-
nous microbiota analysis using PCR-DGGE and sequence
BLAST analysis. The results showed that fish fed the
experimental diet had lower species richness and greater
similarity index compared with fish fed the control diet for
4 weeks. Genus Pseudomonas was dominating the intestinal
microbiota in both experimental groups.

Mannan oligosaccharides

According to Spring (2003), the initial interest in using man-
nan oligosaccharide (MOS) as a feed additive for animal
nutrition was adapted from studies at the end of 1980s by
Oyofo et al. (1989a,b). These studies evaluated the ability
of mannose to inhibit the adherence/colonization of micro-
bial pathogens such as Salmonella typhimurium to GI
epithelial cells of broilers. Many studies in terrestrial ani-
mals have shown that MOS is able to reduce the bacterial
load and pathogenic bacteria (Castillo e al. 2008; Fernan-
dez et al. 2002; Grieshop et al. 2004; Yang et al. 2008) of
the intestine. An essential step in the bacterial infection pro-
cess is the attachment of pathogens to epithelial cells (Swan-
son et al. 2002c). Carbohydrate-binding proteins such as
lectins are found on the exterior of cells and are associated
with the antigen recognition and fimbrial adhesins (binding)
of bacteria, especially of Gram-negatives (Engering et al.
1997). Lectins bind to the epithelial cells of the gut by
attaching to oligosaccharide components of glycoconjugate
receptors. Type-1 fimbrial adhesins, which are common on
numerous potentially pathogenic bacterial species, are speci-
fic for mannan residues (Newman 2006; Oyofo e al. 1989a;
Spring et al. 2000). It is suggested that MOS is able to inter-
act with these receptors by acting as receptor analogs for
Type-1 fimbriae and thus preventing bacterial colonization
of the GI tract (Newman 2006; Oyofo et al. 1989b; Spring
2003). Furthermore, later studies with MOS supplementa-
tion in terrestrial animals have shown MOS to work in sev-
eral different ways within the digestive tract. MOS can
improve gut function and health, by increasing the villi
height, uniformity and integrity (Castillo et al. 2008; Hooge
2004; Iji et al. 2001). As a result, the feed within the diges-
tive tract is more efficiently digested leading to an increased
rate of nutrient absorption (Sims et al. 2004; Spais et al.
2003). The documented benefits of MOS in terrestrial ani-
mals have led to initiatives to evaluate the potential of
MOS with regard to finfish aquaculture as the majority of
common fish pathogens, such as Vibrio spp., Aeromonas
spp. and Yersinia ruckerii, are Gram-negative.

Zhou & Li (2004) evaluated the effect of MOS supple-
mentation in the intestinal microbiota of Jian carp (Cypri-
nus carpio var. Jian) fed diets supplemented with 0.24%
MOS. The results showed that the presence of E. coli was
significantly reduced and Bifidobacterium spp. and Lacto-
bacillus spp. were increased in MOS-fed fish. It has been
suggested that Bifidobacteria and LAB are both beneficial
microbial species in the GI tract because they produce bac-
teriocins, acetate and lactate which decrease the luminal
pH and create an unfavourable environment for several
pathogens (Gibson et al. 2003).

Additionally, Torrecillas et al. (2007) showed that MOS
supplementation is able to confer improved disease resis-
tance of sea bass (Dicentranchus labrax) against enteric
V. alginolyticus infection when challenged by both cohabita-
tion with infected fish and direct bacterial inoculation of the
gut. In the trials with direct gut inoculation with V. algi-
nolyticus, the number of the infected fish in the control
group was doubled within 48 h compared with the MOS
group. Furthermore, the number of the infected fish of the
MOS group remained unchanged since the start of the trial.
The authors suggested that there was a clear need for fur-
ther investigation in order to fully understand how MOS
interacts with the intestinal microbiota of aquatic animals,
which they did a few years later (Torrecillas et al. 2011). In
this later study, where European sea bass were fed either a
control diet (MOS not supplemented) or 4 ¢ MOS kg~ for
8 weeks showed a significant reduction in intestinal bacteria
translocation in vivo and ex vivo exposures. Additionally,
intestinal morphology was improved in both anterior and
posterior regions; acid mucins production goblet cells and
eosinophilic granulocytes densities were higher, and intesti-
nal mucus lysozyme activity was increased in MOS-fed fish.
It is suggested that the dietary supplementation of MOS is
strongly related with several mechanisms of intestinal pro-
tection against the bacterial translocation as well as the
improved intestinal morphology.

Another study with juvenile and subadult rainbow trout
under commercial rearing conditions (Dimitroglou et al.
2009) also demonstrates that dietary MOS has a clear effect
on the gut microbiota of rainbow trout. Dietary MOS
(0.2% of feed dry weight) significantly reduced the aerobi-
cally cultivated bacterial load within the GI tract. Addition-
ally, changes in the relative abundance of the microbiota
identified were observed. In the juvenile group of fish,
MOS-fed fish displayed a significant reduction in the
relative abundance of Micrococcus spp., Aeromonas|Vibrio
spp. and a group of unidentified Gram-positive isolates.
Coinciding with these changes, a significant increase of
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Enterococcus spp. was found. In the subadult group of fish,
MOS-fed fish also displayed a significant reduction in Mi-
crococcus spp. and Enterobacteria compared with the con-
trol group. An increase of Pseudomonas spp. was also
found in the subadult MOS-fed group. Culture-independent
analysis using PCR-DGGE showed that dietary MOS sup-
plementation resulted in reduced bacterial species richness
in both juvenile and subadult groups. Non-metric multidi-
mensional scaling (nMDS) analysis also demonstrated a
clear effect on the microbiota; MOS caused a distinct spa-
tial shift of bacterial communities away from the control
groups.

An in vitro experiment and an in vivo experiment have been
conducted by Burr ez al. (2010) in order to investigate the
effect of MOS on hybrid striped bass. In the in vitro experi-
ment, the intestinal contents were diluted and incubated with
the experimental feeds at 25 °C. The experimental diet was
based on the commercial diet added 1% MOS. After 24 and
48 h of incubation at 25 °C, supernatants were removed for
VFA analysis and DNA was extracted for PCR-DGGE
analysis. The results showed that propionate production was
low compared with acetate and butyrate production for all
samples. Additionally, there were not significant differences
in propionate, acetate and total VFA among the samples
after 48 h of incubation. Compared with the control, pro-
duced butyrate significantly increased after 48 h. Microbial
cluster analysis showed that all samples had a high similarity
coefficient (>80%) at 24 and 48 h. The dominant bands were
identified as Clostridium perfringens and Fusobacteria using
the BLAST database. In the in vivo experiment, fish fed
experimental diets supplemented 10 g of MOS kg™! for
PCR-DGGE microbial analysis revealed that
microbial patterns of fish fed MOS had a very high similarity

8 weeks.

index. The main genera identified were Clostridia, Bacillus,
Enterococcus, Lysinibacillus and Staphylococcus. This study
showed that MOS did not affect the growth performance of
the cultivated fish but modulates the intestinal microbiota.
Mansour et al. (2012) reported results from a study eval-
uating dietary inclusion of MOS at 0, 2, 4 gkg ' on
growth performance, haematological parameters and
intestinal LAB levels of beluga juvenile (46.89 + 2.57 g).
The results of this study showed that at the inclusions level,
MOS did not influence growth performance, haematologi-
cal parameters or LAB levels in the gut. On the other
hand, He et al. (2011) displayed that Saccharoculture, with
a high content of MOS, improved SGR, FCR and the
autochthonous gut microbiota of gibel carp (Carassius
auratus gibelio), but non-specific immunity factors [serum
lysozyme activity and complement activity (C3 and C4)]

Dietary effect on gut microbiota

were not significantly affected, even though Saccharoculture
slightly increased to a certain extent the content of C3.

On the other hand, the use of MOS supplementation (0,
2 and 4 g kg™") in gilthead sea bream nutrition using smal-
ler size of fish (~105 g) showed alterations of circulating
leucocytes proportions as well as increased total leucocyte
number within 2 weeks of feeding (Dimitroglou et al.
2011). Despite that, blood serum lysozyme and alternative
complement haemolytic activity remained unaffected.
Microbial analysis revealed that MOS supplementation
reduced the aerobic culturable intestinal microbial load
without altering the relative abundance of the identified
bacterial species in such short period of time.

A longer study, by Dimitroglou et al. (2010), using diet-
ary MOS supplementation (0, 2 and 4 g kg™"), fish weight
~24 g and experimental duration up to 9 weeks, using diets
either FM as protein source, or partially replacement of
FM by SBM, showed that body proximate composition
and growth parameters, such as mean final weight, SGR,
FCR, PER, remained unaffected. Histological evaluation
of the anterior and the posterior intestinal tract of sea
bream revealed that posterior intestine underlies greater
changes. More specific, posterior villi absorptive surface
was significantly improved by adding MOS to the FM
diets. Electron microscopy revealed that dietary MOS had
a pronounced effect at the ultrastructural level, as micro-
villi density was increased in both FM-based and SBM-in-
cluded diets. Similarly, microvilli length was increased in
both examined areas of the FM-based diets but only in the
posterior region for fish fed diets with SMB included.
Microbial analysis using PCR-DGGE demonstrated that
the effect of dietary MOS on the allochthonous microbial
populations was more distinctive in FM-based diets, that is
increased species diversity, richness and reduced similarity
between the different FM groups, compared with SBM-fed
fish, where species diversity and richness remained unaf-
fected and group similarity was higher. It is believed that
the large numbers of oligosaccharides that SBM includes
play an important role in intestinal microbial community
and it is possible to subdue the effect of MOS supplemen-
tation (Gibson et al. 2004). Nevertheless, like previous
studies using other prebiotics (i.e. inulin), a close relation
between intestinal histology and intestinal microbiology
should be considered evident.

Daniels et al. (2010) evaluated the effect of MOS supple-
mentation, enriched Artemia, on gut microbiota of Euro-
pean lobster (Homarus gammarus) by DGGE fingerprints
and culturable bacterial levels. The DGGE profile of the
MOS group was relatively dissimilar to the control group
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(34.6% dissimilar). Most of the selected DGGE bands were
most closely related to Vibrionaceae. On the other hand,
culture-based analysis from selective media displayed that
dietary MOS did not appear to affect levels of Vibrio, but
total viable counts were significantly lower at stages I and
IIT when fed lobster were fed MOS enriched with Artemia.
Furthermore, histological examination revealed that MOS
significantly increased in microvilli length and density.

Gluco-oligosaccharides

Two experiments, an in vitro and an in vivo, have been con-
ducted by Burr ef al. (2010) in order to investigate the
effect of gluco-oligosaccharides (GLOS) on hybrid striped
bass (Morone chrysops x Morone saxatilis). In the in vitro
experiment, intestinal contents were diluted and incubated
with the experimental feeds at 25 °C. The experimental
feed was based on the commercial feed with the addition of
0.5% GOS. After 24 and 48 h of incubation at 25 °C,
supernatants were removed for VFA analysis and DNA
was extracted for PCR-DGGE analysis. The results showed
that propionate production was low compared with acetate
and butyrate production for all samples. Additionally,
there were not significant differences in propionate, acetate
and total VFA among the samples after 48 h of incubation.
Compared with the control, produced butyrate significantly
increased after 48 h but only for samples containing 0.5%
GLOS. Microbial cluster analysis showed that all samples
had a high similarity coefficient (>80%) at 24 and 48 h.
The dominant bands were identified as Clostridium perfrin-
gens and Fusobacteria using the BLAST database. In the
in vivo experiment, fish-fed experimental diets supplemented
10 g GOS kg~! for 8 weeks. PCR-DGGE microbial analy-
sis revealed that microbial similarity coefficient of fish fed
GLOS was <80% compared with the microbial community
of the control diet-fed fish. The main genera identified were
Clostridia, Bacillus, Enterococcus, Lysinibacillus and Sta-
phylococcus. This study showed that GLOS did not affect
the growth performance of the cultivated fish but modu-
lates the intestinal microbiota.

Arabinoxylan-oligosaccharides

Information on the prebiotic potential of arabinoxylan-
oligosaccharides (AXOS) has been studied in endothermic
animals (Geraylou et al. 2012), but less information is
available about its effect on the gut microbiota of fish,
Siberian sturgeon (Acipenser baerii) (Geraylou et al. 2012,

2013a,b). The general finding from these studies is that
AXOS modulate the gut microbiota including LAB.

DVAQUA®

DVAQUA® is a feed ingredient produced by fermenting
selected liquid and cereal grain raw ingredients with baker’s
yeast (Saccharomyces cerevisiae) and drying the entire cul-
ture media without destroying the yeast factors, B vitamins
and other fermentation products (retrieved 16.08.2012:
http://www.diamondv.com/languages/en/tech-aqua/\). It
therefore consists of yeast cell walls (f-glucans and mannan
oligosaccharides), that is immunostimulating compounds
(Ringo et al. 2012b).

In a study with hybrid tilapia, the fish were fed six iso-ni-
trogenous and iso-caloric experimental diets in cages (He
et al. 2009). The diets contained six levels of DVAQUA: 0,
0.125,0.25, 0.5, 1.0 and 2.0 g kg™" diet. The purpose of this
study was to evaluate the effects of dietary yeast culture on
growth performance, intestinal autochthonous bacterial
community using 16S rDNA and DGGE, as well as non-
specific immunity of hybrid tilapia. Supplementation of diet-
ary yeast culture showed no effects on growth performance,
diet conversion and survival rate of the hybrid tilapia. How-
ever, the autochthonous gut bacteria community was
affected. Various potentially beneficial bacteria were stimu-
lated by dietary yeast culture at different feeding periods,
while potential harmful species such as E. coli serotype O20:
H42-like, uncultured bacilli bacterium clone MS030A1_F02-
like and P. fluorescens strain YCO0357-like were depressed.
Non-specific immunity of hybrid tilapia, such as serum lyso-
zyme activity, serum C3 and C4 activities, head kidney
macrophage phagocytic activity and head kidney macro-
phage respiratory burst activity, was improved by dietary
yeast culture.

He et al. (2010) evaluated the effect of florfenicol and
DAVQUA, inclusion level 5 g per kg, on growth perfor-
mance, non-specific immunity and gut bacterial community
in hybrid tilapia in a 16-week feeding trial. In fish fed
DAVQUA, improved non-specific immunity and increased
intestinal bacterial count and bacterial diversity were
observed. Dietary DAVQUA increased the abundance of
Pseudomonas migulae, Brevundimnas vesicularis, uncultured
o-Proteobacterium and Clostridium sp. but decreased the
abundance of Leifsonia sp., Pseudomonas plecoglossicida
and Pseudomonas migulae compared with fish fed the con-
trol diet. The band intensity of Lactococcus lactis subsp.
lactis was unaffected by dietary treatment.
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Readers with special interest on probiotics and prebiotics
are referred to the recent Wiley-Blackwell book entitled
‘Aquaculture Nutrition: Gut Health, Probiotics and Prebi-
otics’ edited by Merrifield & Ringe. Synbiotic refers to
nutritional supplements combining a mixture of probiotics
and prebiotics in a form of synergism (Gibson & Rober-
froid 1995). To avoid duplication, readers with special
interest on the effect of synbiotics on gut microbiota are
referred to the recent review of Ringe & Song (2016).

Effect of acidifiers, acidic calcium sulphate,
sodium butyrate, poly-p-hydroxybutyrate and
potassium diformate

Acidifiers

Dietary acidifiers have been reported as beneficial in aqua-
culture where they confer benefits such as improved feed
utilization, growth and resistance to bacterial pathogens
(Luckstadt 2007). Short-chain fatty acid (SCFA) as a group
contain one to seven carbon atoms and exist as straight or
branched chain compounds, which include formic, acetic,
propionic, butyric, isobutyric, valeric, isovaleric, 2-methyl-
butyric, hexanoic and heptanoic acids. All are produced,
along with small amounts of other organic compounds,
such as methane, carbon dioxide, lactate and alcohol by
microbial fermentation of carbohydrate substrates in the
GI tract of herbivorous animals. Acetic, propionic and
butyric acids are the predominant forms of SCFA and are
produced mainly from the fermentation of plant materials,
including celluloses, fibre, starches and sugars.

There has been an increasing interest on the use of acidi-
fiers in aquaculture due to the removal of antibiotic growth
promoters by the European Union in 2006. However, the
available publications have reported divergent results from
their use (Lickstadt 2006, 2008). This confusion is com-
pounded by inadequate differentiation in the literature
between the chemical form of the supplement, either the
acid or a salt of the respective acid. A distinction is needed
because the salts do not result in a net gain of a proton
when dissociated in the acidic environment of the stomach
and thus have no capacity for reduction in the stomach pH
required to increase the residence time of ingested material
which is often one of the cited goals of SCFA supplemen-
tation in terrestrial animal literature (Baruah 2008). How-
ever, the literature supports a greater antibacterial action in
the hindgut for SCFA salts (Liickstadt 2008). The bacteri-
cidal effect of an acid depends on its structure with the
short-chain fatty acids being more effective than those with
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a higher molecular weight and therefore less capacity for
diffusion through cellular membranes. These organic acids,
in contrast to inorganic acids, are able to penetrate the
bacterial cell wall, in their undissociated form, where they
then dissociate. The proton (H™) reduces the intracellular
pH, thus forcing the bacteria to use its own energy to
retain osmotic balance (Salmond et al. 1984). The anion
(A—) hinders the synthesis of DNA and RNA, preventing
the multiplication of the micro-organisms and altering the
synthesis of proteins. This action mechanism makes them
more effective against Gram-negative bacteria with a more
accessible cellular membrane (E. coli, Salmonella spp. Kleb-
siella spp., Yersinia spp., and Campylobacter spp.). There-
fore, the Gram-positive wall of LAB (Lactobacillus spp.,
Enterococcus faecium) and the slightly more acid medium
conferred by the organic acids will favour the development
of the latter. The above actions reduce numbers of patho-
genic bacteria in the intestine of mono-gastric animals such
as pigs, poultry, rabbits and broiler chicks (Hofacre 1997,
Ozduven et al. 2009) as well as inhibition of the growth of
some potential pathogenic bacteria such as Salmonella spp.
and Vibrio spp. in Artemia franciscana (Defoirdt et al.
2007).

Historically direct additions of SCFAs in cultured fish
diets were principally in the form of fish silages which can
be preserved by the addition of formic acid alone or in
combination with propionic acid or sulphuric acid (Asgard
& Austreng 1985a,b; Gildberg & Raa 1977) with recent
publications focussing on the use of SCFA to increase min-
eral bio-availability in the GI tract (Baruah ez al. 2007).

Acidic calcium sulphate

In a recent study by Anuta ez al. (2011), the authors inves-
tigated the effect of different inclusion level of acidic cal-
cium sulphate (ACS; Vitoxal; 0.4%, 1.2% and 2%) on
allochthonous gut microbiota of Pacific white shrimp (Li-
topenaeus vannamei) by DGGE analysis. Inclusion of ACS
to the basal diet modulated the gut bacterial community
based on Dice similarity coefficient, but no bands were
sequenced and thus no species were identified. The authors
put forward the hypothesis that beneficial gut bacteria pro-
liferate in ACS-fed shrimps such that pathogenic bacteria
may be excluded from the enteric environment. However,
this hypothesis merits further investigations. In addition, as
some stress indicators and immune response were also
improved in shrimp fed ACS-supplemented diets, the
authors indicate that further studies are needed to clarify
the specific physiological action.
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Sodium butyrate

Modulation of the gut microbiota by sodium butyrate has
been reported in broiler chickens (Czerwinski et al. 2012),
early-weaned pigs (Castillo et al. 2006) as well as for fish
(Liu et al. 2014; Owen et al. 2006). In the study of Owen
et al. (2006), the authors investigated the effect of the
sodium butyrate on the allochthonous microbiota of the
hindgut of African catfish (Clarias gariepinus Burchell).
Diets contained either FM as the protein sources of partial
replacement with SBM were supplemented with 0.2% and
2% sodium butyrate supplementation. After 15 days of
feeding on the experimental diets, the culturable allochtho-
nous microbiota was investigated. Total viable counts of
aerobic and facultative colonies for both treatments ranged
between 10° and 10'® CFU g™'; despite marginal variation
between samples, no significant differences were observed.
A total of 250 isolates were identified based on standard
biochemical tests. The microbiota of the fish fed the FM-
based control diet was dominated by Enterococcus spp. and
Enterobacteriaceae. Staphylococcus and Micrococcus were
also identified as minor components of the gut microbiota.
The microbiota was clearly affected by 0.2% sodium buty-
rate supplementation; Enterococcus levels increased, while
Enterobacteriaceae levels decreased compared with the con-
trol. This coincided with a marginal insignificant improve-
ment of SGR and FCR. Greater bacterial diversity was
observed in the SBM-fed fish as Enterococcus, Micrococcus
and Staphylococcus were the dominant groups but Pseu-
domonas, Enterobacteria (Enterobacteriaceae) and Acineto-
bacter were also identified. Dietary supplementation of
0.2% and 2.0% sodium butyrate did not seem to affect
levels of Enterococcus, which remained the dominant
group. However, Micrococcus and Staphylococcus were no
longer dominant and were displaced by Enterobacteria (En-
terobacteriaceae). Unfortunately, further identification of
Enterobacteriaceae, which was one of the most dominant
groups in virtually all treatments, was not conducted. Spe-
cies level identification may have provided a useful insight
as to specifically which species were affected by sodium
butyrate.

In a recent study, Liu er al. (2014) evaluated the effect of
sodium butyrate microencapsulation on growth, immunity
response, gut morphology and gut microbiota of common
carp. The effects of prefed oxidized soybean oil (SBO)-in-
duced stress (pre-oxidized stress) and dietary microencapsu-
lated sodium butyrate type (MSB1.5 or MSB3.0; 1.5 h or
3 h sustained release) on production, intestinal mucosa,
immunity and bacteria in juvenile common carp were

investigated. Modulation of gut adhesive bacteria within
each segment investigated was not obvious when common
carp fed diets with MSB, as similarity coefficients of >0.79
were observed.

Poly-B-hydroxybutyrate

The use of poly-pB-hydroxybutyrate (PHB) as a dietary
component for aquatic animals is not inspired by a direct
action by which it affects the host or the gut microbiota.
The rationale can be found in the release of metabolites in
the GI tract with the aim of improving the health status of
the host or increasing the protection of the host against
infections. PHB is a compound that is synthesized by a
variety of micro-organisms mainly under conditions of
nutrient limitation and carbon excess (Jendrossek & Han-
drick 2002). The chemical structure makes it an interesting
compound for application in aquaculture settings. It is
insoluble in water and consists of an aliphatic C3-polyester
backbone with a methyl group situated at the B-position of
the molecule.

Poly-B-hydroxybutyrate is produced intracellularly in
the form of granules in the cytoplasm (Lee 1996). When
it is released in case of cell lysis, it can be metabolized by
other bacteria. These excrete extracellular PHB depoly-
merases converting PHB into water-soluble monomers,
namely B-hydroxybutyric acid (Tokiwa & Calabia 2004).
B-hydroxybutyric acid is known to exhibit some antimi-
crobial, insecticidal and antiviral activities (Tokiwa &
Ugwu 2007). As such, the idea grew to apply PHB as a
means to control infectious diseases in aquaculture sys-
tems (Defoirdt et al. 2009). Indeed, it was found that
treatment with PHB resulted in the protection of brine
shrimp (Artemia fransciscana) against vibriosis (Defoirdt
et al. 2007). It led, even more, to a growth increase of
juvenile European sea bass (Dicentrarchus labrax) (De
Schryver et al. 2010) and Siberian sturgeon fingerlings
2012), and it
increased larval survival during the culture of freshwater

(Acipenser baerii) (Najdegerami et al.
prawn (Macrobrachium rosenbergii) (Nhan et al. 2010). It
thus seems that PHB has more to it than just an anti-in-
fective activity.

During GI passage, PHB comes in close contact with the
microbiota inhabiting the gut. It is likely that PHB induces
modifications at the microbial level resulting directly or
indirectly in effects at the host level. It was and still is thus
important to gain insight into the interactions between
PHB and the intestinal microbial community as was
attempted in several studies.
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In a first case, higher modifications could be observed
in the intestinal microbial community composition of juve-
nile European sea bass according to the PHB content in
the diet (De Schryver et al. 2010). This showed that
although the effects of PHB were observed at the level of
the host (i.e. increased growth in this specific case), dose-
dependent processes were also progressing at the microbial
level.

Najdegerami et al. (2012) observed in a trial on Siberian
sturgeon fingerlings that modifications resulting from the
presence of PHB in the intestinal tract represented a selec-
tion in the gut microbiota. The main proliferating bacteria
were phylogenetically closely related to Bacillus spp. and
In addition, Nhan ef al. (2010)
reported that PHB decreased the number of Vibrio spp. in

Ruminococcaceae spp.

the intestinal tract of freshwater prawn larvae.

Bacteria which are enhanced by PHB may represent
niche populations able to metabolize PHB during GI pas-
sage. The capacity to produce extracellular PHB depoly-
merases is a widespread phenomenon amongst bacteria and
has been shown under aerobic, anaerobic and thermophilic
conditions (Tokiwa & Ugwu 2007). PHB depolymerising
bacteria had, however, never been isolated from intestinal
environments. Having access to such bacteria and applying
these as probiotics for aquatic animals could contribute
considerably to the beneficial effects related to PHB appli-
cation. Liu ez al. (2010) succeeded in confirming this the-
ory. They isolated for the first time PHB-degrading strains
from the intestinal environment of aquatic animals being
fed with PHB in the diet. Acidovorax sp. was isolated from
Siberian sturgeon, and Acinetobacter sp. and Ochrobactrum
sp. were isolated from European sea bass and freshwater
prawn, respectively. The application of these PHB-degrad-
ing strains in combination with PHB could increase the
protection of Artemia franciscana against vibriosis as com-
pared to the application of PHB alone.

The bacteria stimulated by the incorporation of PHB in
the diet may, however, not only be PHB degraders. It was
shown that PHB could also protect A. franciscana from
vibriosis under gnotobiotic conditions with only the patho-
gen being present (Defoirdt et al. 2007). This indicated that
the host digestive enzymes also act on PHB, possibly alter-
ing the intestinal environmental conditions (for example,
pH decrease). Bacteria belonging to the selected groups
thus not necessarily are able to metabolize PHB, but may
be species that are better adapted to the new environment.
Of course, it is highly likely that the selected populations
represent both active and passive responders to the pres-
ence of PHB in the diet. The application of the pyrose-

Dietary effect on gut microbiota

quencing technology could contribute considerably in
obtaining an overview of how PHB modifies the intestinal
microbial community structure and composition.

Going further than observational analysis, PHB has also
been used as a model compound to illustrate new
approaches on how to study the effect of dietary compo-
nents on the gut microbiota in aquatic animals. It is
important to go further than the descriptive analysis of the
gut microbiota based on plating or molecular fingerprint-
ing analysis and try to evolve towards giving an explana-
tory function to microbial community changes. This can
imply non-conventional approaches to describe the gut
microbiota based on molecular techniques as was illus-
trated in the work of De Schryver et al. (2011). Here, juve-
nile sea bass were fed with PHB and the DGGE
fingerprinting patterns from the intestinal microbial com-
munity were converted into numerical data and interpreted
to describe the dynamics, the composition, the evenness
and the functionality of the gut microbiota according to
the PHB treatment the fish were subjected to. The aim of
such investigations is to assess how dietary components
modulate the intestinal microbiota, how this can be direc-
ted and how this can contribute to a positive outcome of
the host.

Potassium diformate

The aim of the study of Zhou et al. (2009d) was to investi-
gate the effect of potassium diformate (PDF) and two
antibiotics on growth performance, feed conversion and
gut microbiota of hybrid tilapia. PDF is the first substance
approved as non-antibiotic growth promoter by the Europe
Union and is an alternative substance for growth promot-
ers of tilapia. Flavomycin and quinocetone, or a combina-
tion of them are used as antibiotic growth promoters in
aqua-feed in China. Pooled gut contents sampled from four
replicate tanks were analysed for bacterial community by
16S rDNA PCR and denaturing gradient gel electrophore-
sis (DGGE). Dietary PDF or antibiotics modulated the gut
microbiota with different patterns for dosages of PDF or
different kinds of growth promoters. Supplementation of
PDF stimulated colonization of some intestinal bacteria
such as uncultured Actinobacterium (EU249319), Mycobac-
terium peregrinum (EU249312), uncultured alpha Proteobac-
(EU249320; EU249306)  and
Verrucomicrobiae bacterium (EU249308). However, uncul-
tured Rhizobiales bacterium (EU249305), uncultured acti-
nobacterium (EU249313) and uncultured Eubacterium
(EU249300) were less detected in the gut. Furthermore,

terium uncultured
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dietary antibiotics affected the tilapia’s growth performance
possibly through depressing most of the intestinal bacteria.

Effect of metals

Iron

To our knowledge, only one study has evaluated the effect
of iron on the microbiota of fish (Gatesoupe et al. 1997).
In this study with seabass larvae (Dicentrarchus labrax),
three diets were as follows: iron-limited (omission of fer-
rous sulphate), addition of 1 g of ferrous sulphate kg™
(compound diet) and Artemia as control. Bacterial count in
larvae fed diet included with ferrous sulphate was
10° CFU g~' larvae, while the bacterial count of larvae fed
the iron-limited or  Artemia was  approximately
3 x 108 CFU g™' larvae. The microbiota differs between
the treatments groups, and in larvae fed Artemia, a more
diverse microbiota consisting of Vibrio spp. I, II and III,
Acinetobacter, Moraxella and uncharacterized bacteria were
detected. In contrast, Vibrio spp. I and 11I, and Enterobac-
teriaceae were reported in larvae fed the iron-limited, while
Vibrio spp. 1 and III were detected in larvae fed the
compound diet. The effect of iron on gut microbiota merits
further investigations as, for example, the iron content in
feed typically used in Japan ranged between 112 and
2785 mg kg~ ! (Watanabe 2009). As a natural consequence,
large amounts of iron are supplied to the intestinal tract; it
is unlikely that siderophores produced by some gut bacteria
could inhibit adherence and colonization of fish pathogens
in the GI tract. The topic, modulatory effect of iron on gut
microbiota, is highly relevant for further investigations
especially related to the recent study of Sugita et al. (2012)
evaluating the diversity of siderophores-producing bacteria

isolated from the digestive tract of Japanese fish species.

Copper

Some studies have revealed that Cu®" -exchanged montmo-
(Cu-MMT) had
towards A. hydrophila, P. fluorescens, V. parahaemolyticus
and E. coli (Hu & Xia 2005, 2006; Hu et al. 2005) as well
as its effect on gut microbiota of Nile tilapia (Hu et al.
2007). Supplementation of Cu-MMT reduced the total
intestinal aerobic bacterial counts and decreased the counts

rillonite strong antibacterial ability

of Aeromonas, Vibrio, Pseudomonas, Flavobacterium, Acine-
tobacter, Alcaligenes and Enterobacteriaceae compared with
control diet-fed tilapia (Hu er al. 2007). The authors sug-
gested that modulation caused by Cu-MMT might be

related to bacterial accumulation on surface and its effect
on bacterial adhesion to Caco-2 cells.

Metal nanoparticles

Merrifield et al. (2013) revealed that nanoparticles (NPs;
silver, Ag and copper, Cu) with antimicrobial properties
modulated the intestinal microbial community structure in
zebra fish; Cetobacterium somerae strains and two unidenti-
fied bacterial clones from the Firmicutes phylum were sup-
pressed by Cu-NP exposure but were present in Ag-NP
and control. The loss of C. somerae in fish fed Cu-NP
resulted in greater bacterial species richness and diversity.

Chromic oxide

Chromic oxide (Cr,O3) has been one of the most widely
used indicators for the determination of nutrient digestibil-
ity in fish (Olsen & Ringe 1997; Ringe & Olsen 1994), and
it was assumed that the compound was inert. However,
some investigations have revealed that by feeding Arctic
charr a diet containing Cr,Os;, population level of lacto-
bacilli in gut and faecal samples remained stable, while
counts of Gram-negative bacteria genera declined (Ringo
1993b.c,
Gram-negative gut isolates and LAB were grown in vivo on

1994). Similar observations were made when

tryptic soy agar added 5% glucose (TSAg) plates with or
without supplement of Cr,Os. The reason for the decline in
Gram-negatives in the GI tract has not been elucidated,
but Ringe (1993b) put forward two hypothesis; (a) chromic
oxide affects the attachment sites in the gut mucosa/epithe-
lium or (b) oxidase-positive bacteria may be more sensitive
to Cr,O;. G. Gislason & E. Ringe (unpublished data)
to the diet
increased the intestinal activity of the enzyme cholytaurin

revealed that supplementation of Cr,O;

hydrolase, possibly through the selection of lactobacilli and
streptococci as demonstrated by Ringe (1993b).

Phosphorus

Xie et al. (2011) carried out a nine-week feeding trial with
juvenile Jian carp where the effect of dietary phosphorus
was investigated on intestinal Aeromonas, E. coli and Lac-
tobacillus. Aeromonas and E. coli decreased with increasing
inclusion level of phosphorus up to 3.6 and 5.5 g kg™",
respectively. Contrary, the population level of Lactobacillus
increased when increasing level of phosphorus was
included; maximum level was reported when 9.2 g phos-

phorus was included kg~'. The authors suggested that the
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effect on intestinal Aeromonas and E. coli may be due to
the production of antibacterial substances produced by
lactobacilli. However, this controversial hypothesis merits
further investigations.

The immune system and effect of
immunostimulants

In order to fully appreciate the effects of dietary compo-
nents on the gut microbiota and the corresponding influ-
ences on fish health, it is vital to consider the relationship
of dietary components and gut microbiota on the efficient
functioning of the immune system. The majority of our
understanding of how the gut immune system works is
derived from extensive studies in human and other mam-
malian systems. In healthy subjects, GALT running the
length of the gut is integral to maintaining both innate and
adaptive immune responses that allow the gut to tolerate
food/commensal organisms while being able to readily
respond to pathogens.

With the current progression in the studies of the teleost
fish immune system, it is becoming apparent that teleosts
share similarities with more developed mammalian systems
(Magnadottir 2008; Rombout et al. 2011). The innate
immune system is a non-specific response consisting of nat-
ural physical barriers such as the gut lining layer, mucus,
commensal organisms; cellular mechanisms utilizing macro-
phages and neutrophils involved in clearance of pathogenic
material by phagocytosis and oxygen-dependent and oxy-
gen-independent mechanisms of killing, reviewed in Foey &
Picchietti (2014), whereas the killing of extracellular patho-
gens is mediated by natural killer cells and eosinophils
(Plouffe et al. 2005). These non-specific innate defences are
reinforced by the release of soluble factors such as comple-
ment (Nonaka & Smith 2000), lysozyme (Saurabh & Sahoo
2008), onchorhyncins (Fernandes et al. 2003, 2004), agglu-
tinins and iron-binding siderophores (e.g. transferrin). The
barrier function of the gut mucosa is integral to defence
against pathogens and maintaining tolerance to food-
derived nutrients that must be absorbed for the fish to
thrive. The
mucus, antimicrobial products and commensal organisms

inter-relationship between epithelial cells,
resident in the gut is vital for the health and well-being of
the fish.

Teleost fish also utilize cells characteristic of an antigen-
specific adaptive immune response that is suggestive of
immunological memory. The utilization of monoclonal
antibodies available and functional analyses have allowed
for the reporting of both helper and cytotoxic T cells as

Dietary effect on gut microbiota

well as differential subpopulations of B cells (Miller et al.
1998; Scapigliati et al. 1999). In addition, the increasing
frequency by which cytokine homologues are being
reported in fish is suggestive of both efficient innate and
adaptive immune systems. Innate system cytokines include
IL-1B (Hong et al. 2004), IL-18 (Zou et al. 2004) and
TNFa (Laing et al. 2001), whereas homologues of adaptive
system cytokines such as the regulatory cytokines, IL-2,
IL-10 and TGFp have also been identified (Bird er al.
2005; Daniels & Secombes 1999; Zou et al. 2003). Thus, it
is possible that the immune system of teleost fish may clo-
sely resemble the human immune system. The inter-rela-
tionships between dietary components and commensal
organisms in the gut effectively prime regulatory mecha-
nisms resulting in mucosal tolerance which allows the sub-
ject to tolerate food and obtain the nutrients from it
without mounting a harmful immune response to what
effectively is foreign material ingested by the fish. Under
stressful situations such as predation, temperature and pH
changes, this tolerance can be broken, resulting in
inappropriate immune activation, gut dysfunction and a
failure to thrive. The appropriate dietary intake and func-
tion of commensal organisms that reinforce the gut barrier
immune system will be integral in preventing the break-
down of mucosal tolerance.

The use of probiotic bacteria has been demonstrated to
prevent binding of pathogenic organisms to gut epithelial
cells, compete with pathogenic organisms for available
nutrients, provide fermentation products that facilitate
epithelial cell growth/survival and serve to modulate the
mucosal immune system in teleost fish (Foey & Picchietti
2014). A recent study examining the effects of probiotic
bacteria Lb. rhamnosus, Ent. faecium and Bacillus subtilis
fed to the rainbow trout reported an augmentation of
superoxide production, complement activity and gene
expression of IL-1f, TNFa and the regulatory cytokine,
TGFp (Panigrahi et al. 2007). These results are suggestive
of probiotic feeds effectively boosting the innate immune
system and regulatory adaptive immune system. The pro-
duction of fermentation products such as SCFAs (butyrate)
also modulates barrier function, decreasing epithelial bar-
rier permeability by supporting epithelial cell growth and
inducing the expression of tight junction proteins as well as
suppressing pro-inflammatory cytokines in favour of anti-
inflammatory and regulatory cytokines (Van Nuenen et al.
2005). Thus, probiotic bacteria have an important role in
maintenance of an efficient immune system and epithelial
barrier that allows the fish to tolerate gut luminal contents
while extracting required nutrients essential for growth
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(Picchietti er al. 2007; Salinas et al. 2011). In addition, to
probiotic bacteria, nutrients play an important role in
maintaining an efficient immune system. Just how dietary
nutrients achieve this and how they interact with both resi-
dent commensal organisms of the gut and the immune sys-
tem of the gut require more research; a combinatorial
approach to FM replacement by more defined alternative
feeds utilizing dietary micronutrients and probiotics may
represent an effective approach to maintaining fish health
and productivity.

Effect of immunostimulants on gut microbiota

Immunostimulants seem to be valuable for the control of
fish diseases (e.g. Magsood et al. 2011; Raa 1996; Ringe
et al. 2012b; Sakai 1999; Soltanian er al. 2009; Vadstein
1997).
modulate the gut microbiota in a healthier way and

However, the ability of immunostimulants to
decrease the infection pressure by improving the gut func-
tion is less available (Ringo er al. 2012b). Few studies have
investigated the effect of immunostimulants on the gut
microbiota of fish (Gildberg & Mikkelsen 1998; Hoseinifar
et al. 2011b; Merrifield et al. 2011c; Rawling er al. 2009;
Skjermo et al. 2000).

In their recent review devoted to immunostimulants and
nucleotides, Ringo et al. (2012b) discussed the results on
the effect of immunostimulants on Atlantic cod fry (Gild-
berg & Mikkelsen 1998), Atlantic cod larvae (Skjermo
et al. 2006) and juvenile beluga (Huso huso) (Hoseinifar
et al. 2011b). However, as Ringo et al. (2012b) did not pre-
sent information from the studies of Rawling ez al. (2009)
and Merrifield et al. (2011c), they will be discussed.

Rawling et al. (2009) revealed that dietary inclusion of
Sangrovit® in the diets of tilapia had no significant effects
on the total number of viable autochthonous or allochtho-
nous bacteria in PI. However, a significant reduction in
allochthonous LAB was observed when the fish were fed
an inclusion level of Sangrovit® at 75 and 100 mg kg .
Unfortunately, the microbiota composing was not identi-
fied and should be a topic for further investigation. The
population levels of culturable autochthonous LAB were
too low to enumerate. In a study with juvenile tilapia, Mer-
rifield et al. (2011c) investigated the effect of Ergosan
(5 g kg ") on the allochthonous and autochthonous gut
bacterial community and revealed that numbers of OTUs,
species diversity and richness were unaffected by dietary
treatments within the allochthonous and autochthonous
communities. Furthermore, the authors reported trends
towards elevated survival and body protein content, and a

lower microvilli density in posterior intestine, but the val-
ues were not significantly affected by Ergosan.

Based on the fact that less information is available about
the effect of immunostimulants on the ‘good’” gut micro-
biota in fish with antagonistic activity against fish patho-
genic bacteria, this should be a topic of further research as
the GI tract is a potential port of entry for pathogenic bac-
teria (Birkbeck & Ringe 2005; Harikrishnan & Balasun-
daram 2005; Ringo et al. 2004, 2007a,b; Salinas et al. 2008;
Sugita et al. 2008).

Readers with further interest on the issue are referred to
the recent review of Vadstein et al. (2012).

Effect of antibiotics

The most commonly used antibiotics in fish farming in the
1970s and 1980s were oxolinic acid, oxytetracycline (OTC),
furazolidone, potential sulphonamides (sulphadiazine and
trimethoprim) and amoxyecillin. However, the indiscrimi-
nate use of those chemicals in disease control in many
sections of the aquaculture industry has led to selective
pressure of antibiotic resistance in bacteria, a property that
may be readily transferred to other bacteria (Amabile-Cue-
vas et al. 1995; Aoki et al. 1985; Cabello 2006; Ringe et al.
2014c; Romero et al. 2012; Serum 2006; Towner 1995).
Readers with special interest in the use of antibiotics are
referred to the reviews of Cabello (2006), Serum (2006)
and Romero et al. (2012).

Use of antibiotics to control pathogenic bacteria can also
reduce the numbers of non-pathogenic bacteria in the gut,
and numerous studies are available on the effect of antibi-
otics on intestinal microbiota of fish (Austin & Al-Zahrani
1988; Bakke-McKellep et al. 2007; Cantas et al. 2011; Fuku-
moto et al. 1987; Hansen et al. 1992; He et al. 2010, 2012;
Kerry et al. 1997; Lesel et al. 1989; Liu et al. 2012; Navar-
rete et al. 2008; Naviner et al. 2007; Sugita et al. 1988b,
1989; Takemura & Kusuda 1988; Tamminen ez al. 2011).

In their study with rainbow trout, Austin & Al-Zahrani
(1988) used erythromycin, oxolinic acid (OA), OTC, peni-
cillin G and sulphafurazole to study the effect of antimicro-
bial compounds on aerobic heterotrophic gut microbiota
(Table 6). A general increase in bacterial population level in
the GI tract was observed during a 10-day treatment when
the fish were administered OA, OTC and sulphafurazole
which are commonly used for the treatment of Gram-nega-
tive pathogens. After the treatment, however, there seemed
to be a steady decrease during the following two-week of
period. Conversely, erythromycin and penicillin G, which
are used to treat some diseases caused by Gram-positive

Aquaculture Nutrition, 22; 219-282 © 2015 The Authors. Aquaculture Nutrition Published by John Wiley & Sons Ltd.



Dietary effect on gut microbiota

Table 6 Composition (%) of the bacterial population in the digestive tract of rainbow trout during the administration of antimicrobial

compounds via medicated food. After Austin & Al-Zahrani (1988)

Erythromycin Oxolinic acid Oxytetracycline Penicillin G Sulphafurazole
Treatment regime
Sampling day Control 1 5 10 1 5 10 1 5 10 1 5 10 1 5 10
Taxon
Gram-negative
Acinetobacter spp. 8 5 0 0 52 40 36 44 40 32 0 10 5 0 0 10
Aeromonas spp. 16 35 20 0 8 0 8 4 0 0 70 30 25 30 20 15
Alcaligenes spp. 0 0 5 5 0 4 0 4 0 0 10 5 0 10 0 0
Enterobacteriaceae 20 15 25 40 16 8 4 12 8 4 5 0 0 0 5 10
Flavobacterium spp. 4 0 10 10 0 8 12 0 12 18 0 15 0 0 0 10
Methylomonas spp. 0 0 0 0 0 0 0 0 0 0 0 0 0 5 0 0
Pseudomonas spp. 12 25 5 15 0 4 0 12 0 0 0 10 0 5 10 10
Gram-positive
Bacillus spp. 8 10 15 0 0 0 0 8 8 12 10 5 40 40 40 35
Coryneforms 12 0 10 25 12 8 8 8 12 20 5 10 0 0 5 5
Micrococcus spp. 12 5 5 0 4 20 24 4 12 2 0 0 0 0 15 0
Staphylococcus spp. 8 5 5 20 8 8 8 4 8 12 0 15 30 10 5 5

bacteria, caused a rapid reduction in bacterial numbers
within the GI tract. Moreover, a dramatic effect was found
for penicillin G as the oesophagus and stomach appeared to
be totally devoid of bacteria through the treatment regime.
Austin & Al-Zahrani (1988) also examined the bacterial
composition in the GI tract during administration, focusing
on some groups of Gram-negative bacteria (Pseudomonas,
Acinetobacter, Aeromonas and Enterobacteriaceae) and
Gram-positive bacteria (Bacillus, Micrococcus, Staphylococ-
cus and coryneforms). Under OTC and oxolinic acid treat-
ment, Acinetobacter became the most frequent bacterial
group; in contrast under sulphafurazolone treatment, Bacil-
lus was the most prevalent. Furthermore, the use of antimi-
crobial compounds led to an enhanced level of resistance
among the microbiota in the GI tract. For example, use of
erythromycin resulted in total resistance to the drug within
10 days. Moreover, there was an enhanced level of resis-
tance to OA and sulphafurazole.

In the 1980s, Japanese scientists evaluated the effect of
OTC and OA on faecal microbiota of goldfish. Fukumoto
et al. (1987) reported that oral administration of OTC at
dosage of 50 mg kg~ ! body weight for seven days did not sig-
nificantly alter the faecal microbiota of goldfish. Sugita et al.
(1988b) came to similar conclusion in their study on the effect
of OTC (50 mg kg~ ") on the faecal microbiota of goldfish. In
the microbiota, several bacterial groups were observed, 4. hy-
drophila, Aeromonas punctata, Plesiomonas shigelloides, Pseu-
domonas spp. and Bacteroides type A, but their predominance
was not significantly affected by OTC administration.

In a later study, Sugita er al. (1989) investigated the
effect of OA on faecal microbiota of goldfish. OA was

orally administrated to three goldfish at 20 mg kg™' body
weight for 7 days. As A. hydrophila and Bacteroides type A
were the dominant groups in the faeces of all fish, the
authors suggested that the faecal microbiota was not
affected markedly by the oral administration of OA. The
conclusion of Fukumoto et al. (1987) and Sugita et al.
(1988b, 1989) from studies of goldfish is in accordance with
the results of Takemura & Kusuda (1988) that oral josamy-
cin administration did not significantly affected the intesti-
nal microbiota of yellowtail (Seriola quinqueradiata).

In their study on the effect of oral administration of gen-
tamicin and flumequin in two different diets, low- and
high-lipid diets fed to rainbow trout, Lesel e al. (1989)
observed that antibiotic supplement reduced the bacterial
faecal counts. Significantly lower bacterial population levels
were detected on Mac Conkey agar plates, while only a
small decrease was observed on tryptic soy agar (TSA)
plates. With respect to the effect of antibiotics on faecal
microbiota, only a small difference was seen when rainbow
trout were fed the lipid-rich or lipid-low diets with supple-
ment of antibiotics. Before and after antibiotic treatment,
four or five taxa were identified in faeces, but only one to
three when fish were fed medicated diet. The following bac-
terial genera were observed in the normal diet; Aeromonas,
Enterobacteria, Pseudomonas and coryneforms. In contrast,
Flavobacterium spp. was the only bacterial genus identified
when gentamicin and flumequin were included into the low
lipid diet. Coryneforms and Enterobacteria were also
detected in low fractions, in lipid-rich diet with antibiotics.
The results of Lesel et al. (1989) might open for the specu-
lation that inclusion of antibiotics reduce the microbiota
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composition, but as only 12 of 100 isolates from each diet-
ary group were identified, no clear conclusion can be
drawn from this experiment.

The reduction in microbiota diversity by antibiotics was
also observed in the study of Lauzon et al. (2010b) who
examined the culturable microbiota of Atlantic cod rearing
systems. Two tanks were followed, but larvae from one of
them showed unhealthy behaviour, 55 days posthatch, and
were treated with interspectin-L WS (40 ppm in rearing
water). This treatment resulted in a more homogenous
microbiota when analysed one day later, where Psychroser-
pens burtonensis; 13 of 20 analysed strains dominated com-
pared with only 5% of the analysed strains in control
larvae, the untreated tank. Other studies indicate that flor-
fenicol treatment may reduce the diversity of the intestinal
microbiota in tilapia (He e al. 2010, 2012). These authors
described the use of florfenicol as a growth promoter in the
feed and the effect on the microbiota composition assessed
by TTGE analysis and qPCR. Their results indicated that
florfenicol included in the diet (0.02 g kg™') reduced bacte-
rial diversity estimated using Shannon index and decreased
the estimated intestinal bacterial count. Florfenicol treat-
ment affected the relative abundance of some particular
groups such as Actinobacteria and Proteobacteria, as esti-
mated by qPCR using rpoB.

The intestinal microbiota of various larval fish have been
described in numerous investigations (Hansen & Olafsen
1999; Ringo & Birkbeck 1999; Vadstein et al. 2012). How-
ever, less is known about the effect of chemotherapy on the
indigenous microbiota of larvae (Hansen et al. 1992). The
antibiotics used by Hansen et al. (1992), penicillin and
streptomycin were those originally recommended to mini-
mize bacterial growth on herring (Clupea harengus) eggs
(Blaxter & Hunter 1982). The intestinal microbiota of her-
ring larvae in sand-filtered sea water (group STB) was all
Gram-negative, oxidase-positive, motile and non-pigmented
rods, most probably members of the genus Pseudomonas or
Alteromonas. Bacterial isolates from larvae incubated in
sand-filtered sea water containing penicillin and strepto-
mycin (group STA) were all Gram-negative, oxidase-posi-
tive, yellow-pigmented and non-motile rods. Based on
biochemical and physiological characteristics, the authors
suggest that these isolates consisted almost exclusively of
three or four Flavobacterium species. With respect of
antibiotic susceptibility, isolates from the STB group were
susceptible to penicillin, ampicillin, streptomycin, chloram-
phenicol and sulfamethoxazole-trimethoprim. In contrast,
STA isolates were resistant to all antibiotics tested, except
for O/129 and novobiocin. Screening of STA isolates did

not reveal plasmids; thus, antibiotic resistance was most
likely not plasmid coded. The results of Hansen et al.
(1992) strongly suggest that the intestinal microbiota of
herring larvae was affected by addition of antibiotics to the
incubation water. In an analogous study of Atlantic halibut
larvae, Verner-Jeffreys et al. (2004) investigated how the
addition of OA, OTC and amoxycillin to the inflow water
affected the larval gut microbiota. The addition of antibi-
otics at 110 and 180 day-degrees posthatched greatly
reduced bacterial numbers in the larval gut 220 day-degrees
posthatched. The microbiota of control larvae was hetero-
geneous from batch to batch and consisted high species
richness corresponding to 6 phenons based on clustering
into BIOLOG GN. In contrast, few culturable bacteria
were recovered from larvae exposed to antibiotics
(<10 CFU/larvae) and none of them were assigned to any
phenon.

Kerry et al. (1997) investigated whether the administra-
tion of OTC via medicated feed to Atlantic salmon smolts
resulted in a selection for an increase in the frequency of
resistance of the intestinal microbiota. Prior to medication,
the mean frequency of resistance was 4.7 + 4.8% but after
being fed the medicated feed for 5 days, the mean fre-
quency of resistance decreased marginally to 4.1 + 2.1%.
On the day after the end of medication, the frequency of
resistance was found to be 1.7 £+ 1.3%. The mean fre-
quency of resistance of the intestinal microbiota 6, 11, and
16 days after the end of OTC administration was found to
be 5.9 + 2.1%, 9.9 £ 0.7% and 0.1 £ 0.1%, respectively.
Based on the nonparametric method of Mann—Whitney,
the authors concluded that none of the data sets were suffi-
ciently different from those collected prior to experimental
start to justify the hypothesis that selection for increased
resistance had occurred.

As mentioned above, studies have focused mainly on
describing the frequency of antibiotic resistance during and
following the use of antibiotics (Kerry et al. 1997), antibi-
otic susceptibility of fish pathogens (Akinbowale et al.
2007; Depaola et al. 1995; Giraud et al. 2006; Schmidt
et al. 2000), and description of molecular determinants of
antibiotic resistance (Adams ez al. 1998; Izumi & Aranishi
2004; Miranda et al. 2003; Schmidt et al. 2000). However,
the effects of chemotherapeutic agents on the bacterial
ecology of the guts of fishes have received limited attention.
Navarrete et al. (2008) reported that bacterial diversity of
gut microbiota of salmon was reduced by OTC treatment.
Microbiota from untreated fishes was more diverse, and
their main components were Pseudomonas, Acinetobacter,

Bacillus, Flavobacterium, Psychrobacter and Brevundimonas.
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In contrast, the microbiota of the OTC treated group dis-
played a lower diversity and was only composed of Aero-
monas, clustering with A. sobria and A. salmonicida. In
these isolates, the presence of class A family Tet tetracy-
cline resistance genes (fetA, tetB, tetC, tetD, tetE and tetH)
was assessed by PCR and Haelll digestion of amplicons
(Jacobs & Chenia 2007; Schnabel & Jones 1999). The tetE
determinant was detected most frequently among the iso-
lates (78%), while 22% of the isolates possessed tetD/H
determinants. This promotion of Aeromonas spp. preva-
lence supports the current concern that antibiotic treatment
can eradicate micro-organisms from the normal microbiota
and facilitate the proliferation of opportunistic pathogens
by minimizing competition and dispersion-resistant deter-
minants. The occurrence of OTC-resistant bacteria in sal-
mon farming has been shown before (Jacobs & Chenia
2007; Miranda & Zemelman 2002). Also, mobile resistance
determinants have been demonstrated in several genera
(Adams et al. 1998; Miranda & Rojas 2007; Miranda &
Zemelman 2002; Schmidt ez al. 2001). The presence of bac-
teria harbouring resistance determinants could be related to
the widespread use of antibiotics in aquaculture (Cabello
2006). Some authors have even suggested that common
components of the microbiota could disperse resistance
genes via horizontal gene transfer because of the high den-
sity and proximity of resident bacteria in the GI tract
microenvironment (Salyers ez al. 2004; Summers 2002).

Some authors suggest that a successful culture environ-
ment in a hatchery depends on preservation of a diverse
microbial community that includes innocuous and benefi-
cial bacteria (Schulze ez al. 2006). It has been suggested
that high diversity in the fish intestinal microbiota and
environment, including innocuous and favourable bacteria,
is beneficial for the health of fish. Antibiotic treatments can
eradicate susceptible micro-organisms, which can then pro-
mote the colonization by resistant opportunistic bacteria
(Moffitt & Mobin 2006; Navarrete et al. 2008; Raveh et al.
2006; Vollaard & Clasener 1994).

Bakke-McKellep et al. (2007) investigated the effect of
oxytetracycline on the autochthonous and allochthonous
microbiota of Atlantic salmon fed FM, SBM or inulin.
OTC inclusion caused a greater reduction in bacteria from
digesta (allochthonous) than mucosa (adherent or auto-
chthonous). Microbiota composition was different depend-
ing on the diet. The bacteria Nocardia corynebacteroides
and Rathayibacter tritici were exclusively reported in the
FM-fed fish; Vibrio spp., Arthrobacter agillis, Brachybac-
terium spp., Kocuria carniphila and Rhodococcus spp. were
isolated only from the SBM-fed fish. In some cases, the
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total counts of viable bacteria were lower than the detec-
tion level when OTC was added to the diets. Therefore,
no adherent bacteria were identified from fish fed the
FM + OTC diet or from the distal intestinal digesta of
fish fed the SBM + OTC. In fish fed SBM signals of
enteritis were observed, however, OTC inclusion did not
affect histological scores and a slight decreasing in the
inflammation signals was observed in the fish fed SBM-
OTC. Bacterial involvement in the pathogenesis cannot be
excluded despite efforts to rule this out in the current
study. Although some antibiotics were effective in reduc-
ing bacterial numbers, in accordance with previous investi-
gations in various fish species (Austin & Al-Zahrani
1988), no influence on the inflammatory response was
observed. Several explanations have been suggested as
follows: (i) the microbiota had no influence on SBM-
(i) the activity of OTC was not
sufficiently reduce numbers of potentially key adherent

induced enteritis;

bacteria; and (iii) the absence of microbiota in the digesta
of the SBM + OTC-fed salmon may have a similar detri-
mental effect on the intestine as the SBM.

The application of natural and innocuous compounds
has potential in aquaculture as an alternative to antibiotics.
The essential oils (EOs) have been proposed because many
plants contain phenolic compounds, and these EOs com-
prise the majority of plant antimicrobial components.
Navarrete et al. (2008) evaluated the effect of diet supple-
mentation with Thymus vulgaris essential oil (TVEO) on
the allochthonous microbial composition of rainbow trout.
DNA was extracted directly from the intestinal contents,
and the 16S rRNA genes were amplified by PCR. The bac-
terial composition was analysed using temporal tempera-
ture-gradient electrophoresis (TTGE). No significant
changes (P > 0.05) were detected in the TTGE profiles of
TVEO-treated trout compared with the controls. The Dice
similarity index revealed a high stability (Cs > 70%) of the
intestinal microbiota in both groups during the five-week
period. Sequence analyses of the TTGE bands revealed the
same bacterial composition in both groups, with most bac-
teria belonging to the Proteobacteria and Firmicutes phyla.
Furthermore, in vitro antibacterial activity of TVEO was
assessed against 22 gut isolates and fish pathogens. Based
on their results, the authors suggested that essential oils
could be used as alternatives for managing bacterial popu-
lations and avoiding bacterial resistance.

Currently, molecular approaches and massive sequencing
methods have become available; hence these could be
important tools to elucidate the diversity of antibiotic-resis-
tance genes present in the fish gut. The resistome concept
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has been used to describe the diversity of antibiotic resis-
tance that exists naturally in a particular environment
(Fernandez-Alarcon et al. 2010). However, the resistome of
aquaculture environments has been poorly described and it
will require more studies using molecular approaches.
These approaches should allow the diversity of antibiotic-
resistance genes in the gut to be analysed, even when no
antibiotics are used and also permit the effects of antibi-
otics on bacterial populations to be evaluated.

Future perspectives

Mucus is secreted from goblet cells, specialized epithelial
cells, and in endothermic animals, it is known that through
the intestine mucus forms two distinct layers, the firmly
adherent mucus layer and the loosely adherent mucus layer
(Atuma et al. 2001). These Ilayers
throughout the intestine (Inglis ez al. 2012), and evidence

vary in thickness
indicates that bacteria readily colonize the loosely adherent
mucus layer, but not the adherent mucus layer (Johansson
et al. 2008). In aquatic animals, such information is not
available and this merits further investigations, as mucus-
associated bacteria are important in host health.

During the 1970s—1990s, numerous studies evaluated the
intestinal microbiota of fish using traditional culture tech-
nique (Cahill 1990; Hansen & Olafsen 1999; Horsley 1977,
Ringe & Birkbeck 1999; Ringe er al. 1995), and the state-
ment, the intestinal microbiota in fish appears to be simpler
than that of endothermic animals was put forward (Ringe
et al. 1995). However, this statement can be questioned
based on the numerous recent studies using molecular
methods, particularly as metagenomic studies using next-
generation sequencing platforms reveal 100s—1000s of bac-
terial OTUs intestine of fish. By traditional bacteriological
techniques, the major handicap to successful analysis of the
gut microbiota is the inability to cultivate all of the mem-
bers of the bacterial community under laboratory condi-
tions. In a study of the intestinal microbiota of Arctic
charr, Ringo et al. (2001a) suggested that only 3% of the
bacterial community associated with the distal intestine are
culturable. A similar underestimation of bacterial numbers
has been observed in natural environment, soil, where
growth on agar plates only accounted for 2-4% of the
total bacterial population counted using microscopy (Olsen
& Bakken 1987). This problem has long been known from
studies of faecal microbiota of human (Tannock e al.
2000) and has been solved to some extent in microbial ecol-
ogy by the use of analytical approaches that are DNA-
based and hence are referred to as molecular methods

(Vaughan et al. 2000). Nucleic acid-based techniques now
permit the analysis of even the non-culturable members of
the bacterial community. PCR coupled with DGGE pro-
vides a useful technique for comparisons of faecal or
intestinal microbiota.

Recent publications indicate that this approach is effi-
cient to study the GI bacterial community structure of
fishes (e.g. Griffiths ez al. 2001; Hovda et al. 2007; Jensen
et al. 2004; Romero & Navarrete 2006). However, the
number of studies is still limited. Analysis of bacterial com-
munities has been commonly performed by analysis of
PCR-TTGE/DDGE. DGGE of PCR-amplified DNA frag-
ments offers a rapid means for the study of complex bacte-
rial populations in environmental samples, either at a gross
taxonomic level (Muyzer et al. 1993) or at more refined,
for example genus, levels (Garbeva et al. 2003). The gene
of choice has been the 16S rDNA gene due to its mosaic
structure, ubiquity, and the growing database. However,
the disadvantages are the heterogeneity of the different rrs
operon and poor discrimination between closely related
bacteria (Magne et al. 2006). These inconveniences had led
to the proposal of other genes that can be more resolute to
analyse bacterial communities, like the spacer region (ITS)
between the 16S and 23S rRNA genes and the rpoB gene.
Another concern is related to metabolic state of the bacte-
ria detected using DNA-based approaches, whereas studies
based on RNA extraction and detection of ribosomal RNA
sequences could give a more comprehensive vision of the
active bacterial population within the fish gut.

Adhesion capacity and/or colonization are of impor-
tance when evaluating the intestinal microbiota of aquatic
animals. Even though fish microbiologists have gained
some knowledge about adherence of bacteria in the GI
tract of fish during the last two decades, it is a long way
to go compared with the information available from non-
aquaculture studies. For example, in a study using crude
mucus from small intestine of a 23-day-old healthy piglet,
Macias-Rodriguez et al. (2009) demonstrated that adhe-
sion of the potential probiotic Lactobacillus fermentum
originally isolated from faeces of a piglet involved two
adhesion-associated proteins with a relative molecular
weight of 29 and 32 kDa that are attached non-covalently
to the cell surface. In a study with Lb. rhamnosus a pili-
ated bacterium, von Ossowski ef al. (2010) reported that 2
pilin subunits (SpaB and SpaC) in the SpaCBA pilus fibre
are involved in binding to intestinal mucus. Moreover,
Huang ef al. (2013) evaluated the relationship between
adhesive ability of probiotic bacteria and acid residues of
soluble in the human colonic mucin (SHCM). Based on
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their results using a Biacore binding assay, the authors
concluded that there was a strong relationship between
probiotic adhesion and acid residues of sHCM. Further-
more, the recognition of intestinal receptors by bacterial
fimbriae and the attachment of E. coli to the brush bor-
der of epithelial cells are considered as the primary requi-
sites for pathogenesis. In a recent study, Gonzalez-Ortiz
et al. (2014) reported that wheat bran (WB), casein glyco-
macropeptide (CGMP) and locust bean (LB) significantly
reduced the number of enterotoxigenic E. coli (ETEC
K88) attached to the intestinal mucus. Based on their
results, the authors suggested that WB, CGMP and LB
are good candidates to be added in diets of weaned pig-
lets to prevent ETEC K&88-induced diarrhoea. To our
knowledge, no aquatic studies have been carried out on
cell surface components of marine probiotic bacteria
responsible for mucosal adhesion and prevention of
pathogen colonization, and we recommend that these
topics merit investigations.

A SCFA transport mechanism has been reported in tila-
pia (Titus & Ahearn 1988) and may be common to other
fish species, thus future research on the interactions of
SCFA and gut microbiota should firstly examine whether
the host animal has an existing SCFA producing bacterial
population. Subsequently investigations can determine
whether this population can be increased via the provision
of SCFA due to the ‘positive feedback’ mechanism of the
lower pH favouring SCFA producing Gram-positive bacte-
ria. Additionally, while the mode of action against Gram-
negative bacterial pathogens is accepted, the antibacterial
action of SCFA against ubiquitous aquatic Gram-negative
pathogens such as A. salmonicida subsp. salmonicida has
yet to be confirmed.

Alternative feed ingredients, pea and lupin, have already
proved their potential as feed ingredients for salmonids
(Zhang et al. 2012). Even though knowledge of the impact
of pea on gut microbiota of human and golden Syrian
hamsters (Dominika ef al. 2011; Marinangeli et al. 2011)
and lupin on gilthead sea bream and goldfish (de Paula
Silva et al. 2011) is available, more information is needed
on aquatic animals.

During the last decade, numerous studies have investi-
gated inclusion of antinutritional factors (ANFs) and
genetically modified plants on general biological effects,
growth, gut histology and immunology (Francis et al.
2001; Gatlin ez al. 2007, Krogdahl ez al. 2010; Sissener
et al. 2011). However per se, no information is available
about their effect on gut microbiota. This topic merits fur-
ther investigations; as the gut microbiota may modify

Dietary effect on gut microbiota

ANFs, and hence their interactions and biological effects.
Furthermore, the intestinal disorder reported in Atlantic
salmon fed soy bean protein concentrate at high seawater
temperatures may be due to modulation of the intestinal
microbiota and merits further investigations.

The intestinal microbiota is undoubtedly an important
factor in determining the health status of endothermic ani-
mals (Power ef al. 2014). Compared to the considerable
increase in the studies of the effect commensal microbes
exert in the mammalian gut from 1996 up to 2009 (Sekirov
et al. 2010), less studies have been carried out on the role
played by the GI microbiota in aquatic animals health and
disease. Therefore, the topic ‘dietary effect on gut micro-
biota of aquatic animals’ is probably a never-ending story.

Acknowledgements

The authors would like to dedicate this review to the pio-
neers (Austin, Colwell, Deguchi, Dyer, Gatesoupe, Horsley,
Kraus, Kvasnikov, Lésel, Liston, Muroga, Sakata, Sugita,
Trust, Sparrow, Ugajin and Yoshimuzu) starting the evalu-
ation of the gut microbiota in aquatic animals. The first
author would like to thank Professor Birkbeck and Dr.
Strom for the introduction to the fascinating topic, gut
microbiota of fish. Thanks to Mrs Ewa Marie Breines and
Mrs Ellinor Hareide at Department of Arctic and Marine
Biology, UiT The Arctic University of Norway, and Mrs
Turid Kaino and Mrs Premasany Kanapathippillai at UiT
The Arctic University of Norway for excellent technical
assistance with identification of bacteria isolates by 16S
rRNA gene sequence analysis and electron microscopy,
respectively, which was vital in several of the studies cited
in the present review. Romero J. acknowledges Fondecyt
1110253. Peter De Schryver is a postdoctoral fellow of the
FWO Flanders (Fonds voor Wetenschappelijk Onderzoek
Vlaanderen).

References

Abid, A., Davies, S.J., Waines, P., Emery, M., Castex, M., Gioac-
chini, G., Carnevali, O., Bickeridike, R., Romero, J. & Merri-
field, D.L. (2013) Dietary synbiotic application modulates
Atlantic salmon (Salmo salar) intestinal communities and intesti-
nal immunity. Fish Shellfish Immunol., 35, 1948—1956.

Acinas, S.G., Anton, J. & Rodriguez-Valera, F. (1999) Diversity of
free-living and attached bacteria in offshore western Mediter-
ranean waters as depicted by analysis of genes encoding 16S
rRNA. Appl. Environ. Microbiol., 65, 514-522.

Adams, C.A. (2010) The probiotic paradox: live and dead cells are
biological response modifiers. Nutr. Res. Rev., 23, 37-46.

Adams, C.A., Austin, B., Meaden, P.G. & MclIntosh, D. (1998)
Molecular characterization of plasmid-mediated oxytetracycline

Aquaculture Nutrition, 22; 219-282 © 2015 The Authors. Aquaculture Nutrition Published by John Wiley & Sons Ltd.

263



264

E. Ringo et al.

resistance in Aeromonas salmonicida. Appl. Environ. Microbiol.,
64, 4194-4201.

Akinbowale, O.L., Peng, H. & Barton, M.D. (2007) Diversity of
tetracycline resistance genes in bacteria from aquaculture sources
in Australia. J. Appl. Microbiol., 103, 2016-2025.

Akrami, R., Abdolmajid, H., Matinfar, A. & Abdolmohammad,
A.K. (2009) Effect of dietary prebiotic inulin on growth perfor-
mance, intestinal microflora, body composition and hematologi-
cal parameters of juvenile beluga, Huso huso (Linnaeus, 1758). J.
World Aquacult. Soc., 40, 771-779.

Al-Harbi, A.H. & Naim Uddin, M. (2004) Seasonal variation in
the intestinal bacterial flora of hybrid tilapia (Oreochromis niloti-
cus X Oreochromis aureus) cultured in earthen ponds in Saudi
Arabia. Aquaculture, 229, 37-44.

Al-Hisnawi, A., Ringe, E., Davies, S.J., Waines, P., Bradley, G. &
Merrifield, D.L. (2014) First report on the autochthonous gut
microbiota of brown trout (Salmo trutta). Aquacult. Res., 46,
2962-2971.

Al-Marzouk, A. & Saheb, A.I. (2012) Probiotics in aquaculture of
Kuwait — current state and prospect. In: Health and Environ-
ment in Aquaculture (Carvalho, E. ed.), pp. 227-248. InTech,
Rijeka, Croatia. ISBN 978-953-51-0497-1.

Amabile-Cuevas, C.F., Gardenas-Garcia, M. & Lundgar, M.
(1995) Antibiotic resistance. Am. Sci., 83, 320-329.

Amann, R. & Ludwig, W. (2000) Ribosomal RNA-targeted nucleic
acid probes for studies in microbial ecology. FEMS Microbiol.
Rev., 24, 555-565.

Amann, R.I., Ludwig, W. & Schleifer, K.H. (1995) Phylogenetic
identification and in situ detection of individual microbial cells
without cultivation. Microbiol. Rev., 59, 143—-169.

Anuta, J.D., Buentello, A., Patnaik, S., Lawrence, A.L., Mustafa, A.,
Hume, M.E. & Gatlin, D.M. III (2011) Effect of dietary supple-
mentation of acidic calcium sulphate (Vitoxal) on growth, survival,
immune response and gut microbiota of the Pacific white shrimp,
Litopenaeus vannamei. J. World Aquacult. Soc., 42, 834-844.

Aoki, T., Kanazawa, T. & Kitao, T. (1985) Epidemiological
surveillance of drug resistant Vibrio anguillarum strains. Fish
Pathol., 20, 199-208.

Apajalahti, J.H.A., Kettunen, H., Kettunen, A., Holben, W.E.,
Nurminen, P.H., Rautonen, N., Rautonen, N. & Mutanen, M.
(2002) Culture-independent microbial community analysis
reveals that inulin in the diet primarily affects previously
unknown bacteria in the mouse cecum. Appl. Environ. Micro-
biol., 68, 4986-4995.

Asfie, M., Yoshijima, T. & Sugita, H. (2003) Characterization of
the goldfish fecal microflora by the fluorescent in sizu hybridiza-
tion method. Fish. Sci., 69, 21-26.

Asgard, T. & Austreng, E. (1985a) Casein silage as feed for salmo-
nids. Aquaculture, 48, 233-252.

Asgard, T. & Austreng, E. (1985b) Dogfish offal, ensiled or frozen,
as feed for salmonids. Aquaculture, 49, 289-305.

Askarian, F., Zhou, Z., Olsen, R.E., Sperstad, S. & Ringo, E.
(2012) Culturable autochthonous gut bacteria in Atlantic salmon
(Salmo salar L.) fed diets with or without and chitin. Characteri-
zation by 16S rRNA gene sequencing, ability to produce
enzymes and in vitro growth inhibition of four fish pathogens.
Aquaculture, 326-329, 1-8.

Askarian, F., Sperstad, S., Merrifield, D.L., Ray, A.K. & Ringg,
E. (2013) The effect of different feeding regimes on enzymatic
activity of Atlantic cod (Gadus morhua L.) gut microbiota. Aqua-
cult. Res., 44, 841-846.

Attramadal, K.J.K., Salvesen, 1., Xue, R., Qie, G., Storseth, T.R.,
Vadstein, O. & Olsen, Y. (2012) Recirculation as a possible

microbial control strategy in the production of marine larvae.
Aquacult. Eng., 68, 27-39.

Atuma, C., Strugala, V., Allen, A. & Holm, L. (2001) The adher-
ent gastrointestinal mucus gel layer: thickness and physical state
in vivo. Am. J. Physiol. Gastrointest. Liver Physiol., 280, G922~
G929.

Aubel, D., Renaud, F.N.R. & Freney, J. (1997) Genomic diversity
of several Corynebacterium species identified by amplification of
the 16S-23S rRNA gene spacer regions. Int. J. Syst. Bacteriol.,
47, 767-772.

Aubin, J., Gatesoupe, F.-J., Labbe, L. & Lebrun, L. (2005) Trial
of probiotics to prevent the vertebral column compression syn-
drome in rainbow trout (Oncorhynchus mykiss Walbaum). Aqua-
cult. Res., 36, 758-767.

Austin, B. (2006) The bacterial microflora of fish, revised. Scien-
tificWorldJournal, 6, 931-945.

Austin, B. & Al-Zahrani, A.M.J. (1988) The effect of antimicrobial
compounds on the gastrointestinal microflora of rainbow trout,
Salmo gairdneri Richardson. J. Fish Biol., 33, 1-14.

Avella, M.A., Gioacchini, G., Decamp, O., Makridis, P., Brac-
ciatelli, C. & Carnevali, O. (2010) Application of multi-species of
Bacillusin sea bream larviculture. Aquaculture, 305, 12-19.

Azari, A.H., Hashim, R., Azari Takami, G., Farabi, SM.V., Dar-
vish, M. & Safari, R. (2011) Effect of (GroBiotic®-A) on the
growth performance and intestinal microflora on rainbow trout
(Oncorhynchus mykiss Walbaum). J. Res. Biol., 1, 325-334.

Bacanu, G.M. & Oprea, L. (2013) Differences in the gut micro-
biota between wild and domestic Acipenser ruthenus evaluated
by denaturing gradient gel electrophoresis. Rom. Biotechnol.
Lett., 18, 8069-8076.

Bagheri, T., Hedayati, S.A., Yavari, V., Alizade, M. & Farzanfar,
A. (2008) Growth, survival and gut microbial load of rainbow
trout (Onchorhynchus mykiss) fry given diet supplemented with
probiotic during the two months of first feeding. Turk. J. Fish.
Aquat. Sci., 8, 43-48.

Bakke, A.M., Glover, C. & Krogdahl, A. (2011) Feeding, digestion
and absorption of nutrients. In: Fish Physiology, Volume 30:
The Multifunctional Gut of Fish (Grosell, M., Farrell, A.P. &
Brauner, C.J. eds), pp. 57-110. Academic Press, San Diego, CA,
USA.

Bakke, I., Skjermo, J., Vo, T.A. & Vadstein, O. (2013) Live
feed is not a major determinant of the microbiota associated with
cod larvae (Gadus morhua). Environ. Microbiol. Rep., 5, 537-548.

Bakke-McKellep, A.M., Penn, M.H., Salas, P.M., Refstie, S., Sper-
stad, S., Landsverk, T., Ringe, E. & Krogdahl, A. (2007) Effects
of dietary soybean meal, inulin and oxytetracycline on intestinal
microbiota and epithelial cell stress, apoptosis and proliferation
in the teleost Atlantic salmon (Salmo salar L.). Br. J. Nutr., 97,
699-713.

Balcdzar, J.L., de Blas, 1., Ruiz-Zarzuela, I., Cunningham, D.,
Vendrell, D. & Muzquiz, J.L. (2006) The role of probiotics in
aquaculture. Vet. Microbiol., 114, 173-186.

Balcazar, J.L., Vendrell, D., de Blas, 1., Ruiz-Zarzuela, 1., Gironés,
0. & Muzquiz, J.L. (2007a) In vitro competitive adhesion and
production of antagonistic compounds by lactic acid bacteria
against fish pathogens. Vetr. Microbiol., 122, 373-380.

Balcazar, J.L., De Blas, 1., Ruiz-Zarzuela, 1., Vendrell, D., Calvo,
A.C., Marquez, 1., Gironés, O. & Muzquiz, J.L. (2007b)
Changes in intestinal microbiota and humoral immune response
following probiotic administration in brown trout (Sa/mo trutta).
Br. J. Nutr., 97, 522-527.

Balcazar, J.L., de Blas, I., Ruiz-Zarzuel, 1., Vendrell, D., Girones,
0. & Muzquiz, J.L. (2007c) Enhancement of the immune

Aquaculture Nutrition, 22; 219-282 © 2015 The Authors. Aquaculture Nutrition Published by John Wiley & Sons Ltd.



response and protection induced by probiotic lactic acid bacteria
against furunculosis in rainbow trout (Oncorhynchus mykiss).
FEMS Immunol. Med. Microbiol., 51, 185-193.

Baruah, K. (2008) Organic acids as non-antibiotic nutraceuticals in
fish and prawn feed. Aquacult. Health Int., 12, 4-6.

Baruah, K., Sahu, N.P., Pal, A.K., Jain, K.K., Debnath, D. &
Mukherjee, S.C. (2007) Dietary microbial phytase and citric acid
synergistically enhances nutrient digestibility and growth perfor-
mance of Labeo rohita (Hamilton) juveniles at sub-optimal pro-
tein level. Aquacult. Res., 38, 109—120.

Bergman, E.N. (1990) Energy contributions of volatile fatty acids
from the gastrointestinal tract. Physiol. Rev., 70, 567-590.

Bimbo, A.P. (1990) Production of fish oil. In: Fish Oils in Nutri-
tion (Stansby, M.E. ed.), pp. 141-180. Van Nostrand Reinhold,
New York, NY, USA.

Bird, S., Zou, J., Kono, T., Sakai, M., Dijkstra, H. & Secombes,
C.J. (2005) Characterisation and expression analysis of an inter-
leukin 2 (IL-2) and IL-21 homologue in the Japanese pufferfish,
Fugu rubripes discovered by synteny. Immunogenetics, 56, 909—
923.

Birkbeck, T.H. & Ringe, E. (2005) Pathogenesis and the gastroin-
testinal tract of growing fish. In: Microbial Ecology in Growing
Animals (Holzapfel, W. & Naughton, P. eds), pp. 208-234. Else-
vier, Edinburgh, UK.

Blackwood, C.B., Marsh, T., Kim, S.H. & Paul, E.A. (2003) Ter-
minal restriction fragment length polymorphism data analysis
for quantitative comparison of microbial communities. Appl.
Environ. Microbiol., 69, 926-932.

Blaxter, J.H.S. & Hunter, J.R. (1982) The biology of clupeoid
fishes. Adv. Mar. Biol., 20, 1-223.

Bogut, I., Milakovic, Z., Brkic, S., Novoselic, D. & Bukvic, Z.
(2000) Effects of Enterococcus faecium on the growth rate and
content of intestinal microflora in sheat fish (Silurus glanis). Vet.
Med., 45, 107-109.

Bolnick, D.I., Snowberg, L.K., Hirsch, P.E., Lauber, C.L., Knight,
R., Caporaso, J.G. & Svanbick, R. (2014) Individuals’ diet
diversity influences gut microbial diversity in two freshwater fish
(threespine stickleback and Eurasian perch). Ecol. Lett., 17, 979—
987.

Borneman, J. & Triplett, E.-W. (1997) Molecular microbial diver-
sity in soils from Eastern Amazonia: evidence for unusual
microorganisms and population shifts associated with deforesta-
tion. Appl. Environ. Microbiol., 63, 2647-2653.

Bromley, P.J. (1994) The role of gastric evacuation experiments in
quantifying the feeding rates of predatory fish. Rev. Fish Biol.
Fish, 4, 36-66.

Brunvold, L., Sandaa, R.A., Mikkelsen, H., Welde, E., Bleie, H. &
Bergh, @. (2007) Characterisation of bacterial communities asso-
ciated with early stages of intensively reared cod (Gadus morhua)
using Denaturing Gradient Gel Electrophoresis (DGGE). Aqua-
culture, 272, 319-327.

Buddington, R.K., Krogdahl, A & Bakke-McKellep, A.M. (1997)
The intestines of carnivorous fish: structure and functions and
the relations with diet. Acta Physiol. Scand., 161(Suppl 638), 67—
80.

Burbank, D.R., Shah, D.H., LaPatra, S.E., Fornshell, G. & Cain,
K.D. (2011) Enhanced resistance to coldwater disease following
feeding of probiotic bacterial strains to rainbow trout (On-
corhynchus mykiss). Aquaculture, 321, 185-190.

Burr, G., Gatlin, D. III & Ricke, S. (2005) Microbial ecology of
the gastrointestinal tract of fish and the potential application of
prebiotics and probiotics in finfish aquaculture. J. World Aqua-
cult. Soc., 36, 425-436.

Dietary effect on gut microbiota

Burr, G., Hume, M., Neill, W.H. & Gatlin, D.M. III (2008a) Ef-
fects of the prebiotics on nutrient digestibility of a soybean-
meal-based diet by red drum Sciaenops ocellatus (Linnaeus).
Aquacult. Res., 39, 1680-1686.

Burr, G., Hume, M., Ricke, S., Nisbet, D. & Gatlin, D.M. III
(2008b) A preliminary in virro assessment of GroBiotic®-A,
brewer’s yeast and fructooligosaccharides as prebiotics for the
red drum, Sciaenops ocellatus. J. Environ. Sci. Health, Part B,
43, 253-260.

Burr, G., Gatlin, D.M. III & Hume, M. (2009) Effects of the pre-
biotic GroBiotic® and inulin on the intestinal microbiota of red
drum, Sciaenops ocellatus. J. World Aquacult. Soc., 40, 440-449.

Burr, G., Hume, M., Ricke, S., Nisbet, D. & Gatlin, D.M. III
(2010) In vitro and in vivo evaluation of the prebiotics GroBi-
otic®-A, inulin, mannanoligosaccharide, and galactooligosaccha-
ride on the digestive microbiota and performance of hybrid
striped bass (Morone chrysops x Morone saxatilis). Microb.
Ecol., 59, 187-198.

Cabello, F.C. (2006) Heavy use of prophylactic antibiotics in aqua-
culture: a growing problem for human and animal health and
for the environment. Environ. Microbiol., 8, 1137-1144.

Cahill, M.M. (1990) Bacterial flora of fishes: a review. Microb.
Ecol., 19, 21-41.

Cai, C.-F., Wang, W.-J., Ye, T.-T., Krogdahl, A., Wang, Y.-L.,
Xia, Y.-M. & Yang, C.-G. (2012) Effect of soybean meal, raffi-
nose and stachyose on the growth, body composition, intestinal
morphology and intestinal microflora of juvenile allgynogenetic
silver crucian carp (Carrassius auratus gibelio? x Cyprinus car-
piod). Aquacult. Res., 41, 128-138.

Caipang, C.M.A., Brinchmann, M.F. & Kiron, V. (2010) Antago-
nistic activity of bacterial isolates from intestinal microbiota of
Atlantic cod, Gadus morhua, and an investigation of their
immunomodulatory capabilities. Aquacult. Res., 41, 249-256.

Cantas, L., Fraser, T.W.K., Fjelldal, P.G., Mayer, 1. & Serum, H.
(2011) The culturable intestinal microbiota of triploid and
diploid juvenile Atlantic salmon (Salmo salar) —a comparison of
composition and drug resistance. BMC Vet. Res., 7, 71.

Cao, H., Cao, X., Guan, X., Xue, S. & Zhang, W. (2012) High
temporal variability in bacterial community, silicatein and hsp70
expression during the annual cycle of Hymeniacidon sinapium
(Demospongiae) in China’s Yellow Sea. Aquaculture, 358-359,
262-273.

Carda-Diéguez, M., Mira, A. & Fouz, B. (2013) Pyrosequencing
survey of intestinal microbiota diversity in cultured sea bass (Di-
centrarchus labrax) fed functional diets. FEMS Microbiol. Ecol.,
87, 451-459.

Carnevali, O., de Vivo, L., Sulpizio, R., Olivotto, 1., Silvi, S. &
Cresci, A. (2006) Growth improvement by probiotic in European
sea bass juveniles (Dicentrarchus labrax, L.), with particular
attention to IGF-1, myostatin and cortisol gene expression.
Aquaculture, 258, 430-438.

Carrascal, O.M.P., Elorsa, M.P., Restrepo, G.E.C. & Herrera,
X.M. (2014) Assessment of the bacterial community diversity
associated with the queen conch Strombus gigas (Linnaeus,
1758) using denaturing gradient gel electrophoresis and cultur-
ing. Aquacult. Res., 45, 773-786.

Castillo, M., Martin-Orue, S.M., Roca, M., Manzanilla, E.G., Ba-
diola, I., Perez, J.F. & Gasa, J. (2006) The response of gastroin-
testinal microbiota to avilamycin, butyrate, and plant extracts in
early-weaned pigs. J. Anim. Sci., 84, 2725-2734.

Castillo, M., Martin-Orue, S.M., Taylor-Pickard, J.A., Perez, J.F.
& Gasa, J. (2008) Use of mannanoligosaccharides and zinc
chelate as growth promoters and diarrhea preventative in wean-

Aquaculture Nutrition, 22; 219-282 © 2015 The Authors. Aquaculture Nutrition Published by John Wiley & Sons Ltd.

265



266

E. Ringo et al.

ing pigs: effects on microbiota and gut function. J. Anim. Sci.,
86, 94-101.

Cazzulo, J.J., Sundaram, T.K. & Kornberg, K.L. (1969) Regula-
tion of pyruvate carboxylase formation from the apo-enzyme
and biotin in a thermophilic Bacillus. Nature, 223, 1137-1138.

Cerezuela, R., Fumanal, M., Tapia-Paniagua, S.T., Meseguer, M.,
Morinigo, M.A. & Esteban, M.A. (2012) Histological alterations
and microbial ecology of the intestine in gilthead seabream
(Sparus aurata L.) fed dietary probiotics and microalgae. Cell
Tissue Res., 350, 477-489.

Chang, C.I. & Liu, W.Y. (2002) An evaluation of two probiotic
bacterial strains, Enterococcus faecium SF68 and Bacillus toyoi,
for reducing edwardsiellosis in cultured European eel, Anguilla
anguilla L. J. Fish Dis., 25, 311-315.

Chen, Y., Zhu, X., Yang, Y., Han, D., Jin, J. & Xie, S. (2014) Ef-
fect of dietary chitosan on growth performance, haematology,
immune response, intestine morphology, intestine microbiota and
disease resistance in gibel carp (Carassius auratus gibelio). Aqua-
cult. Nutr., 20, 532-546.

Chikwati, E.M., Venold, F.F., Penn, M.H., Rohloff, J., Refstie, S.,
Guttvik, A., Hillestad, M. & Krogdahl, A. (2012) Interaction of
soyasaponins with plant ingredients in diets for Atlantic salmon
Salmo salar L. Br. J. Nutr., 107, 1570-1590.

Clements, K.D., Angert, E.R., Montgomery, W.L. & Choat, J.H.
(2014) Intestinal microbiota in fishes: what’s known and what’s
not. Mol. Ecol., 23, 1891-1898.

Conceigao, L.E.C., Yufera, M., Makridis, P., Morais, S. & Dinis,
M.T. (2010) Live feeds for early stages of fish rearing. Aquacult.
Res., 41, 613-640.

Cordero, H., Guardiola, F.A., Tapia-Paniagua, S.T., Cuesta, A.,
Meseguer, J., Balebona, M.C., Morinigo, MA. & Esteban,
M.A. (2015) Modulation of immunity and gut microbiota after
dietary administration of alginate encapsulated Shewanella putre-
faciens Pdpll to gilthead seabream (Sparus aurata L.). Fish
Shellfish Immunol., 45, 608-618.

Czerwinski, J., Hojberg, O., Smulikowska, S., Engberg, R.M. &
Mieckowska, A. (2012) Effects of sodium butyrate and salino-
mycin upon microbiota, mucosal morphology and performance
of broiler chickens. Arch. Anim. Nutr., 66, 102—116.

Daniels, C.L. & Hoseinifar, S.H. (2014) Prebiotic applications in
shellfish. In: Aquaculture Nutrition: Gut Health, Probiotics and
Prebiotics (Merrifield, D. & Ringe, E. eds), pp. 401-418. Wiley-
Blackwell Publishing, Oxford, UK.

Daniels, G.D. & Secombes, C.J. (1999) Genomic organisation of
rainbow trout, Oncorhynchus mykiss TGF-B. Dev. Comp. Immu-
nol., 23, 139-147.

Daniels, C.L., Merrifield, D.L., Boothroyd, D.P., Davies, S.J.,
Factor, J.R. & Arnold, K.E. (2010) Effect of dietary Bacillus
spp. and mannan oligosaccharides (MOS) on European lobster
(Homarus gammarus L.) larvae growth performance, gut mor-
phology and gut microbiota. Aquaculture, 304, 49-57.

Daniels, C.L., Merrifield, D.L., Ringe, E. & Davies, S.J. (2013)
Probiotic, prebiotic and synbiotic applications for the improve-
ment of larval European lobster (Homarus gammarus) culture.
Aquaculture, 416-417, 396-406.

Dave, M., Johnson, L.A., Walk, S.T., Young, V.B., Stidham,
R.W., Chaudhary, M.N., FunNell, J. & Higgins, P.D.R. (2011)
A randomised trial of sheathed versus standard forceps for
obtaining uncontaminated biopsy specimens of microbiota from
the terminal ileum. Guz, 60, 1043-1046.

De Schryver, P., Sinha, A.K., Kunwar, P.S., Baruah, K., Ver-
straete, W., Boon, N., De Boeck, G. & Bossier, P. (2010) Poly-
B-hydroxybutyrate (PHB) increases growth performance and

intestinal bacterial range-weighted richness in juvenile European
sea bass, Dicentrarchus labrax. Appl. Microbiol. Biotechnol., 86,
1535-1541.

De Schryver, P., Dierckens, K., Bahn Thi, Q.Q., Amalia, R., Mar-
zorati, M., Bossier, P., Boon, N. & Verstraete, W. (2011) Con-
vergent dynamics of the juvenile European sea bass gut
microbiota induced by poly-beta-hydroxybutyrate. Environ.
Microbiol., 13, 1042-1051.

De, B.C., Meena, D.K., Behera, B.K., Das, P., Das Mohapatra,
P.K. & Sharma, A.P. (2014) Probiotics in fish and shellfish cul-
ture: immunomodulatory and ecophysiological responses. Fish
Physiol. Biochem., 40, 921-971.

Defoirdt, T., Halet, D., Vervaeren, H., Boon, N., van de Wiele, T.,
Sorgeloos, P., Bossier, P. & Verstraete, W. (2007) The bacterial
storage compound poly- B-hydroxybutyrate protects Artemia
franciscana from pathogenic Vibrio campbellii. Environ. Micro-
biol., 9, 445-452.

Defoirdt, T., Boon, N., Sorgeloos, P., Verstraete, W. & Bossier, P.
(2009) Short-chain fatty acids and poly-beta-hydroxyalkanoates:
(New) biocontrol agents for a sustainable animal production.
Biotechnol. Adv., 27, 680-685.

Delcroix, J., Gatesoupe, F.-J., Desbruyeres, E., Huelvan, C., le
Delliou, H., le Gall, M.-M., Quazuguel, P., Mazurais, D. &
Zambonino-Infante, J.L. (2015) The effects of dietary marine
protein hydrolysates on the development of sea bass larvae, Di-
centrarchus labrax, and associated microbiota. Aquacult. Nutr.,
21, 98-104.

Denev, S., Staykov, Y., Moutafchieva, R. & Beev, G. (2009) Mi-
crobial ecology of the gastrointestinal tract of fish and the poten-
tial application of probiotics and prebiotics in finfish
aquaculture. Int. Aquat. Res., 1, 1-29.

Depaola, A., Peeler, J.T. & Rodrick, G.E. (1995) Effect of oxyte-
tracycline-medicated feed on antibiotic resistance of gram-nega-
tive bacteria in catfish ponds. Appl. Environ. Microbiol., 61,
2335-2340.

de Paula Silva, F.C., Nicoli, J.R., Zambonino-Infante, J.L.,
Kaushik, S. & Gatesoupe, F.-J. (2011) Influence of the diet on
the microbial diversity of faecal and gastrointestinal contents in
gilthead sea bream (Sparus aurata) and intestinal contents in
goldfish (Carassius auratus). FEMS Microbiol. Ecol., 78, 285-296.

Desai, A.R., Links, M.G., Collins, S.A., Mansfield, G.S., Drew,
M.D., Van Kessel, A.G. & Hill, J.E. (2012) Effects of plant-
based diets on the distal gut microbiome of rainbow trout (On-
corhynchus mykiss). Aquaculture, 350-353, 134-142.

Desbois, A.P., Mearns-Spagg, A. & Smith, V.J. (2009) A fatty acid
from the diatom Phaeodactylum tricornutum is antibacterial
against diverse bacteria including multi-resistant Staphylococcus
aureus (MRSA). Mar. Biotechnol., 11, 45-52.

Dethlefsen, L., Huse, S., Sogin, M. & Relman, D.A. (2008) Thep-
ervasive effects of an antibiotic on the human gut microbiota, as
revealed by deep 16S rRNAsequencing. PLoS Biol., 6, €280.

Di Maiuta, N., Schwarzentruber, P., Schenker, M. & Schoelkopf,
J. (2013) Microbial population dynamics in the faeces of wood-
eating loricariid catfishes. Lett. Appl. Microbiol., 56, 401-407.

Diler, O., Altun, S., Calikusu, F. & Diler, A. (2000) A study on
qualitative and quantitative bacterial flora of the rainbow trout
(Oncorhynchus mykiss) living in different fish farms. Twrk. J.
Vet. Anim. Sci., 24, 251-259.

Dimitroglou, A., Merrifield, D.L., Moate, R., Davies, S.J., Spring,
P., Sweetman, J. & Bradley, G. (2009) Dietary mannan oligosac-
charides supplementation modulates intestinal microbial ecology
and improve morphology of rainbow trout, Oncorhynchus mykiss
(Walbaum). J. Anim. Sci., 87, 3226-3234.

Aquaculture Nutrition, 22; 219-282 © 2015 The Authors. Aquaculture Nutrition Published by John Wiley & Sons Ltd.



Dimitroglou, A., Merrifield, D.L., Spring, P., Sweetman, J.,
Moate, R. & Davies, S.J. (2010) Effects of mannan oligosaccha-
ride (MOS) supplementation on growth performance, feed utili-
sation, intestinal histology and gut microbiota of gilthead sea
bream (Sparus aurata). Aquaculture, 300, 182—188.

Dimitroglou, A., Merrifield, D.L., Carnevali, O., Picchietti, S.,
Avella, M., Daniels, C.L., Giiroy, D. & Davies, S.J. (2011)
Microbial manipulations to improve fish health and production
— a Mediterranean perspective. Fish Shellfish Immunol., 30, 1-16.

Dominika, S., Arjan, N., Karyn, R.P. & Henryk, K. (2011) The
study on the impact of glycated pea proteins on human intestinal
bacteria. Int. J. Food Microbiol., 145, 267-272.

Dong, M., Feng, L., Kuang, S.-Y., Liu, Y., Jiang, J., Hu, K.,
Jiang, W.-D., Li, S.-H., Tang, L. & Zhou, X.-Q. (2013) Growth,
body composition, intestinal enzyme activities and microflora of
juvenile Jian carp (Cyprinus carpio var. Jian) fed graded levels of
dietary valine. Aquacult. Nutr., 19, 1-14.

Dosanjh, B.S., Higgs, D.A., Plotnikoff, M.D., McBride, J.R.,
Markert, J.R. & Buckley, J.T. (1984) Efficacy of canola oil, pork
lard and marine oil singly and in combination as supplemental
dietary lipid sources for juvenile coho salmon (Oncorhynchus
kisutch). Aquaculture, 36, 333-345.

Edwards, J.E., McEwan, N.R., McKain, N., Walker, N. & Wallace,
R.J. (2005) Influence of flavomycin on ruminal fermentation and
microbial populations in sheep. Microbiology, 151, 717-725.

Edwards, R.A., Rodriguez-Brito, B., Wegley, L., Haynes, M., Bre-
itbart, M., Peterson, D.M., Saar, M.O., Alexander, S., Alexan-
der, E.C. Jr & Rohwer, F. (2006) Using pyrosequencing to shed
light on deep mine microbial ecology. BMC Genom., 7, 57.

Engering, A.J., Cella, M., Fluitsma, D., Brockhaus, M., Hoefsmit,
E.C.M. & Lanzavecchia, A. (1997) The mannose receptor func-
tions as a high capacity and broad specificity antigen receptor in
human dendritic cells. Eur. J. Immunol., 27, 2417-2425.

Falk-Petersen, 1.B. (2005) Comparative organ differentiation dur-
ing early life stages of marine fish. Fish Shellfish Immunol., 19,
397-412.

Fange, R. & Grove, D. (1979) Digestion. In: Fish Physiology.
Bioenergetics and Growth. Vol. VIII (Hoar, W.S., Randall, D.J.
& Brett, J.R. eds), pp. 161-260. Academic Press, New York,
NY, USA.

Farzanfar, A. (2006) The use of probiotics in shrimp aquaculture.
FEMS Immunol. Med. Microbiol., 48, 149-158.

Feng, J.-B., Hu, C.-Q., Luo, P., Zhang, L.-P. & Chen, C. (2010)
Microbiota of yellow grouper (Epinephelus awoora Temminck &
Schlegel, 1842) fed two diets. Aquacult. Res., 41, 1778-1790.

Feng, L., Huang, H.-H., Liu, Y., Jiang, J., Jiang, W.-D., Hu, K.,
Li, S.-H. & Zhou, X.-Q. (2011) Effect of dietary thiamin supple-
ment on immune responses and intestinal microflora in juvenile
Jian carp (Cyprinus carpio var. Jian). Aquacult. Nutr., 17, 557—
569.

Ferguson, R.M.W., Merrifield, D.L., Harper, G.M., Rawling,
M.D., Mustafa, S., Picchietti, S., Balcdzar, J.L. & Davies, S.J.
(2010) The effect of Pediococcus acidilactici on the gut micro-
biota and immune status of on-growing red tilapia (Oreochromis
niloticus). J. Appl. Microbiol., 109, 851-862.

Fernandes, J.M.O., Saint, N., Kemp, G.D. & Smith, V.J. (2003)
Oncorhyncin III: a potent antimicrobial peptide derived from
the non-histone chromosomal protein H6 of rainbow trout, On-
corhynchus mykiss. Biochem. J., 373, 621-628.

Fernandes, J.M.O., Kemp, G.D. & Smith, V.J. (2004) Two novel
muraminidases from skin mucosa of rainbow trout, On-
corhynchus mykiss. Comp. Biochem. Physiol. B Biochem. Mol.
Biol., 138, 53-64.

Dietary effect on gut microbiota

Fernandez, F., Hinton, M. & Van Gils, B. (2002) Dietary mannan-
oligosaccharides and their effect on chicken caecal microflora in
relation to Salmonella Enteritis colonization. Avian Pathol., 31,
49-58.

Fernandez-Alarcon, C., Miranda, C.D., Singer, R.S., Lopez, Y.,
Rojas, R., Bello, H., Dominguez, M. & Gonzdlez-Rocha, G.
(2010) Detection of the floRgene in a diversity of florfenicol
resistant Gram-negative bacilli from freshwater salmon farms in
Chile. Zoonoses Public Health, 57, 181-188.

Fjellheim, A.J., Playfoot, K.J., Skjermo, J. & Vadstein, O. (2012)
Inter-individual variation in the dominant intestinal microbiota
of reared Atlantic cod (Gadus morhua L.) larvae. Aquacult. Res.,
43, 1499-1508.

Foey, A. & Picchietti, S. (2014) Immune defences of teleost fish.
In: Aquaculture Nutrition: Gut Health, Probiotics and Prebiotics
(Merrifield, D. & Ringe, E. eds), pp. 14-52. Wiley-Blackwell
Publishing, Oxford, UK.

Francis, G., Makkar, H.P.S. & Becker, K. (2001) Antinutritional
factors present in plant-derived alternate fish feed ingredients
and their effects in fish. Aquaculture, 199, 197-227.

Fukumoto, M., Sugita, H., Koyama, H. & Deguchi, Y. (1987)
Changes in the fecal microflora of gold fish, Carassius auratus
L., with the oral administration of oxytetracycline. Ann. Meeting
Jpn. Soc. Sci. Fish., 4-5 October 1987; Hakodate, Hokkaido,
Japan. Abstract, p 188.

Ganguly, S., Paul, I. & Mukhopadhayay, S.K. (2010) Application
and effectiveness of immunostimulants, probiotics, and prebi-
otics in aquaculture: a review. Isr. J. Aquacult. — Bamidgeh, 62,
130-138.

Ganguly, S., Dora, K.C., Sarkar, S. & Chowdhury, S. (2013) Sup-
plementation of prebiotics in fish feed: a review. Rev. Fish Biol.
Fish, 23, 195-199.

Garbeva, P., van Veen, J.A. & van Elsas, J.D. (2003) Predominant
Bacillus spp. in agricultural soil under different management
regimes detected via PCR-DGGE. Microb. Ecol., 45, 302-316.

Gatesoupe, F.-J. (1991) The effect of three strains of lactic bacteria
on the production rate of rotifers, Brachionus plicatilis, and their
dietary value for larval turbot, Scophthalmus maximus. Aquacul-
ture, 96, 335-342.

Gatesoupe, F.-J. (1993) Bacillus sp. spores as food additive for the
rotifer Brachionus plicatilis: improvement of their bacterial envi-
ronment and their dietary value for larval turbot, Scophthalmus
maximus L. In: Fish Nutrition in Practice, 4th International
Symposium on Fish Nutrition and Feeding, Biarritz, France,
1991 (Kaushik, S.J. & Luquet, P. eds), pp. 561-568. INRA,
Paris.

Gatesoupe, F.-J. (1999) The use of probiotics in aquaculture.
Aquaculture, 180, 147-165.

Gatesoupe, F.-J. (2002) Probiotic and formaldehyde treatments of
Artemia nauplii as food for larval pollack, Pollachius pollachius.
Aquaculture, 212, 347-360.

Gatesoupe, F.-J. (2007) Live yeast in the gut: natural occurrence,
dietary introduction, and their effects on fish health and develop-
ment. Aquaculture, 267, 20-30.

Gatesoupe, F.-J. (2008) Updating the importance of lactic acid
bacteria in fish farming: natural occurrence and probiotic treat-
ments. J. Mol. Microbiol. Biotechnol., 14, 107-114.

Gatesoupe, F.-J., Zambonino Infante, J.-L., Cahu, C. & Quazu-
guel, P. (1997) Early weaning of seabass larvae, Dicentrarchus
labrax: the effect on microbiota, with attention to iron supply
and exoenzymes. Aquaculture, 158, 117-127.

Gatesoupe, F.-J., Coves, D., Ortega, A., Papandroulakis, N., Vad-
stein, O. & de la Gandara, F. (2013) A spatiotemporal study of

Aquaculture Nutrition, 22; 219-282 © 2015 The Authors. Aquaculture Nutrition Published by John Wiley & Sons Ltd.

267



268

E. Ringo et al.

bacterial community profiles associated with Atlantic bluefin
tuna larvae, Thunnus thynnus L., in three Mediterranean hatch-
eries. Aquacult. Res., 44, 1511-1523.

Gatlin, D.M. III, Li, P., Wang, X., Burr, G.S., Castille, F. &
Lawrence, A.L. (2006) Potential application of prebiotics in
aquaculture. In: Avances en Nutricion Acuicola VIII. VIII Sim-
posium International de Nutricion Acuicola (Suarez, E.C.,
Marie, D.R., Salazar, M.T., Lopez, M.G.N., Cavazos, D.A.V.,
Cruz, A.C.P. & Ortega, A.G. eds.), pp. 371-376. Universidad
Autonoma de Nuevo Leon, Monterrey, Nuevo Leon, Mexico.
ISBN 970-694-33-5.

Gatlin, D.M. III, Barrows, F.T., Brown, P. e al. (2007) Expanding
the utilization of sustainable plant products in aquafeeds: a
review. Aquacult. Res., 38, 551-579.

Geraylou, Z., Souffreau, C., Rurangwa, E., D'Hondt, S., Calle-
waert, L., Courtin, C.M., Delcour, J.A., Buyse, J. & Ollevier, F.
(2012) Effects of arabinoxylan-oligosaccharides (AXOS) on juve-
nile Siberian sturgeon (Acipenser baerii) performance, immune
responses and gastrointestinal microbial community. Fish Shell-
fish Immunol., 33, 718-724.

Geraylou, Z., Souffreau, C., Rurangwa, E., De Meester, L., Courtin,
C.M., Delcour, J.A., Buyse, J. & Ollevier, F. (2013a) Effects of
dietary arabinoxylan-oligosaccharides (AXOS) and endogenous
probiotics on the growth performance, non-specific immunity and
gut microbiota of juvenile Siberian sturgeon (Acipenser baerii).
Fish Shellfish Immunol., 35, 766-775.

Geraylou, Z., Souffreau, C., Rurangwa, E., Maes, G.E., Spanier,
K.I., Courtin, C.M., Delcour, J.A., Buyse, J. & Ollevier, F.
(2013b) Prebiotic effects of arabinoxylan-oligosaccharides on
juvenile Siberian sturgeon (Acipenser baerii) with emphasis on
the modulation of the gut microbiota using 454 pyrosequencing.
FEMS Microbiol. Ecol., 86, 357-371.

Gharizadeh, B., Nordstrom, T., Ahmadian, A., Ronaghi, M. &
Nyren, P. (2002) Long-read pyrosequencing using pure 2'-deox-
yadenosine-5'-O’~(1-thiotriphosphate) Sp-isomer. Anal. Biochem.,
301, 82-90.

Ghomi, M.R., Heshmatipour, Z., Nazari, R.M., Sohrabnejad, M.,
Zarei, M., Nikoo, M., Ovissipour, M. & Molla, A.E. (2010) In-
testinal microflora of kutum Rutilus frisii kutum under dietary
supplementation with probiotic and vitamin C. Bulg. J. Agric.
Sci., 16, 635-642.

Ghosh, S., Sinha, A. & Sahu, C. (2008) Dietary probiotic supple-
mentation in growth and health of live-bearing ornamental
fishes. Aquacult. Nutr., 14, 289-299.

Giannenas, I., Triantafillou, E., Stavrakakis, S., Margaroni, M.,
Mavridis, S., Steiner, T. & Karagouni, E. (2012) Assessment of
dietary supplementation with carvacrol or thymol containing
feed additives on performance, intestinal microbiota and antioxi-
dant status of rainbow trout (Oncorhynchus mykiss). Aquacul-
ture, 350-353, 26-32.

Gibson, G.R. (1998) Dietary modulation of the human gut micro-
flora using prebiotics. Br. J. Nutr., 80, S209-S212.

Gibson, G.R. & Roberfroid, M.B. (1995a) Dietary modulation of
the human colonic microbiota: introducing the concept of prebi-
otics. J. Nutr., 125, 1401-1412.

Gibson, G.R., Rastall, R.A. & Fuller, R. (2003) The health bene-
fits of probiotics and prebiotics. In: Gut Flora, Nutrition, Immu-
nity and Health (Fuller, R. & Perdigdon, G. eds), pp. 52-76.
Blackwell Scientific Publications, Oxford.

Gibson, G.R., Probert, HM., Loo, J.V., Rastall, R.A. & Rober-
froid, M.B. (2004) Dietary modulation of the human colonic
microbiota: updating the concept of prebiotics. Nutr. Res. Rev.,
17, 259-275.

Gildberg, A. & Mikkelsen, H. (1998) Effects of supplementing the
feed to Atlantic cod (Gadus morhua) fry with lactic acid bacteria
and immuno-stimulating peptides during a challenge trial with
Vibrio anguillarum. Aquaculture, 167, 103—113.

Gildberg, A. & Raa, J. (1977) Properties of a propionic acid/for-
mic acid preserved silage of cod viscera. J. Sci. Food Agric., 28,
647-653.

Gildberg, A., Johansen, A. & Bogwald, J. (1995) Growth and sur-
vival of Atlantic salmon (Salmo salar) fry given diets supple-
mented with fish protein hydrolysate and lactic acid bacteria
during a challenge trial with Aeromonas salmonicida. Aquacul-
ture, 138, 23-34.

Gildberg, A., Mikkelsen, H., Sandaker, E. & Ringe, E. (1997) Pro-
biotic effect of lactic acid bacteria in the feed on growth and sur-
vival of fry of Atlantic cod (Gadus morhua). Hydrobiologia, 352,
279-285.

Gilmour, A., McCallum, M.F. & Allan, M.C. (1976) Study of bac-
terial types occurring on skin and in intestines of farmed plaice
(Pleuronectes platessa L.). Aquaculture, 7, 161-172.

Giraud, E., Douet, D.-G., Le Bris, H., Bouju-Albert, A., Donnay-
Moreno, C., Thorin, C. & Pouliquen, H. (2006) Survey of antibi-
otic resistance in an integrated marine aquaculture system under
oxolinic acid treatment. FEMS Microbiol. Ecol., 55, 439-448.

Gomez-Gil, B., Roque, A. & Turnbull, J.F. (2000) The use and
selection of probiotic bacteria for use in the culture of larval
organisms. Aquaculture, 191, 259-270.

Gonzalez, R.J. (2012) The physiology of hyper-salinity tolerance in
teleost fish: a review. J. Comp. Physiol. B., 182, 321-329.

Gonzilez-Ortiz, G., Pérez, J.F., Hermes, R.G., Molist, F.,
Jiménez-Didz, R. & Martin-Orte, S.M. (2014) Screening the
ability of natural feed ingredients to interfere with the adherence
of enterotoxigenic Escherichia coli (ETEC) K88 to the porcine
intestinal mucus. Br. J. Nutr., 111, 633-642.

Gram, L. & Ringo, E. (2005) Prospects of fish probiotics. In: Mi-
crobial Ecology in Growing Animals (Holzapfel, W. & Naugh-
ton, P. eds), pp. 379—417. Elsevier, Edinburgh, UK.

Gram, L., Lovold, T., Nielsen, J., Melchiorsen, J. & Spanggaard,
B. (2001) In vitro antagonism of the probiont Pseudomonas fluo-
rescens strain AH2 against Aeromonas salmonicida does not con-
fer protection of salmon against furunculosis. Aquaculture, 199,
1-11.

Green, G.L., Brostoff, J., Hudspith, B., Michael, M., Mylonaki,
M., Rayment, N., Staines, N., Sanderson, J., Rampton, D.S. &
Bruce, K.D. (2006) Molecular characterization of the bacteria
adherent to human colorectal mucosa. J. Appl. Microbiol., 100,
460-469.

Green, T.J., Smullen, R. & Barnes, A.C. (2013) Dietary soybean
protein concentrate-induced intestinal disorder in marine farmed
Atlantic salmon, Salmo salar is associated with alterations in gut
microbiota. Vet. Microbiol., 166, 286-292.

Grieshop, C., Flickinger, E., Bruce, K., Patil, A.R., Czarnecki-
Maulden, G.L. & Fahey, G.C. (2004) Gastrointestinal and
immunological responses of senior dogs to chicory and mannan-
oligosaccharides. Arch. Anim. Nutr., 58, 483-494.

Griffiths, S., Melville, K., Cook, M., Vincent, S., Pierre, M. &
Lanteigne, C. (2001) Profiling of bacterial species associated with
haddock larviculture by PCR amplification of 16S rDNA and
denaturing gradient gel electrophoresis. J. Aquat. Anim. Health,
13, 355-363.

Groff, J. & LaPatra, S. (2000) Infectious diseases impacting the
commercial culture of salmonids. J. Appl. Aquacult., 10, 17-90.
Guillou, A., Soucy, P., Khalil, M. & Adambounou, L. (1995) Ef-

fects of dietary vegetable and marine lipid on growth, muscle

Aquaculture Nutrition, 22; 219-282 © 2015 The Authors. Aquaculture Nutrition Published by John Wiley & Sons Ltd.



fatty acid composition and organoleptic quality of flesh of brook
charr (Salvelinus fontinalis). Aquaculture, 136, 351-362.

Gullian, M., Thompson, F. & Rodriguez, J. (2004) Selection of
probiotic bacteria and study of their immunostimulatory effect
in Penaeus vannamei. Aquaculture, 233, 1-14.

Hagi, T., Tanaka, D., Iwamura, Y. & Hoshino, T. (2004) Diversity
and seasonal changes in lactic acid bacteria in the intestinal tract
of cultured freshwater fish. Aquaculture, 234, 335-346.

Hanley, F., Brown, H. & Carbery, J. (1995) First observations on
the effects of mannan oligosaccharide added to hatchery diets
for warm water hybrid red tilapia. In: Poster at the 11th Annual
Symposium on Biotechnology in the Feed Industry. Lexington,
KY.

Hansen, A.-C. & Hemre, G.-1. (2013) Effects of replacing fish meal
and oil with plant resources in on-growing diets for Atlantic cod
Gadus morhua L. Aquacult. Nutr., 19, 641-650.

Hansen, G.H. & Olafsen, J.A. (1999) Bacterial interactions in early
life stages of marine cold water fish. Microb. Ecol., 38, 1-26.

Hansen, G.H., Strom, E. & Olafsen, J.A. (1992) Effect of different
holding regimens on the intestinal microflora of herring (Clupea
harengus) larvae. Appl. Environ. Microbiol., 58, 461-470.

Hardy, R.W., Scott, T.M. & Harrell, L.W. (1987) Replacement of
herring oil with menhaden oil, soybean oil, or tallow in the diets
of Atlantic salmon raised in marine net-pens. Aquaculture, 65,
267-277.

Harikrishnan, R. & Balasundaram, C. (2005) Modern trends in
Aeromonas hydrophila disease management with fish. Rev. Fish.
Sci., 13, 281-320.

Harper, G.M., Dimitroglou, A., Ringe, E. & Merrifield, D.L.
(2011) Electron microscopy: an important tool to assess the
effects of dietary components on the gastrointestinal tract of fish.
Asian Aquacult. Netw. Pract., 2, 22-24.

Hartviksen, M., Gonzalez Vecino, J.L., Ringe, E., Bakke, A.-M.,
Wadsworth, S., Krogdahl, A., Ruohonen, K. & Kettunen, A.
(2014) Alternative dietary protein sources for Atlantic salmon
(Salmo salar L.) affect intestinal microbiota, intestinal and liver
histology and growth. Aquacult. Nutr., 20, 381-398.

Hartviksen, M., Gonzalez Vecino, J.L., Kettunen, A., Myklebust,
R., Ruohonen, K., Wadsworth, S. & Ringe, E. (2015) Probiotic
and pathogen ex vivo exposure of Atlantic salmon (Salmo salar
L.) intestine from fish fed four different protein sources. J. Aqua-
cult. Res. Dev., 6, 340.

He, S.X., Zhou, Z.G., Liu, Y.C., Shi, P.J., Yao, B., Ringo, E. &
Yoon, 1. (2009) Effects of dietary Saccharomyces cerevisiae fer-
mentation product (DVAQUA®) on growth performance, intesti-
nal autochthonous bacterial community and non-specific
immunity of hybrid tilapia (Oreochromis niloticus female x O. au-
reus male) cultured in cages. Aquaculture, 294, 99-107.

He, S., Zhou, Z., Meng, K., Zhao, H., Yao, B., Ringe, E. &
Yoon, I. (2010) Effects of dietary antibiotic growth promoter
and Saccharomyces cerevisiae fermentation product on produc-
tion, intestinal bacterial community, and nonspecific immunity
of hybrid tilapia (Oreochromis niloticus female x Oreochromis
aureus male). J. Anim. Sci., 89, 84-92.

He, S., Wan, Q., Ren, P., Yang, Y. & Zhou, Z. (2011) The effect
of dietary Saccharoculture on growth performance, non-specific
immunity and autochthonous gut microbiota of gibel carp
Carassius auratus. J. Aquacult. Res. Dev., S1, 010.

He, S., Zhou, Z., Liu, Y., Cao, Y., Meng, K., Shi, P., Yao, B. &
Ringe, E. (2012) Do dietary betaine and antibiotic florfenicol
influence the intestinal autochthonous bacterial community in
hybrid tilapia (Oreochromis niloticus® x O. aureusd)? World J.
Microbiol. Biotechnol., 28, 785-791.

Dietary effect on gut microbiota

He, S., Wu, Z., Liu, Y., Wu, N., Tao, Y., Xu, L., Zhou, Z., Yao,
B. & Ringe, E. (2013) Effects of dietary 60 g kg~' dried
distiller’s grains in leas-cost practical diets on production and
gut allochthonous bacterial composition of cage-cultured fish:
comparison among fish species with different natural food
habits. Aquacult. Nutr., 19, 765-772.

Heikkinen, J., Vielma, J., Kemilainen, O.L., Tiirola, M., Eskelinen,
P., Kiuru, T., Navia-Paldanius, D. & von Wright, A. (2006) Ef-
fects of soybean meal based diet on growth performance, gut
histopathology and intestinal microbiota of juvenile rainbow
trout (Oncorhynchus mykiss). Aquaculture, 261, 259-268.

Hemre, G.-I., Amlund, H., Aursand, M., Bakke, A.M., Olsen,
R.E., Ringe, E. & Svihus, B. (2009) Criteria for safe use of plant
ingredients in diets for aquacultured fish. ISNB 978-82-8082-299-
4. Norwegian Scientific Committee for Food Safety, Oslo, Nor-
way. 173 p. The report is available at: http://www.vkm.no\.
ISBN 978-82-8082-299-4 (electronic version).

Hidaka, H., Eida, T., Takizawa, T., Tokunaga, T. & Tashiro, Y.
(1986) Effects of fructooligosaccharides on intestinal flora and
human health. Biosci. Microflora, 5, 37-50.

Hjelm, M., Bergh, @., Riaza, A., Nielsen, J., Melchiorsen, J., Jen-
sen, S., Duncan, H., Ahrens, P., Birkbeck, H. & Gram, L.
(2004) Selection and identification of autochthonous potential
probiotic bacteria from turbot larvae (Scophthalmus maximus)
rearing units. Syst. Appl. Microbiol., 27, 360-371.

Hofacre, C.L. (1997) Establishing the normal gut flora. Feed Mix,
5, 18-24.

Holben, W.E., Williams, P., Gilbert, M.A., Saarinen, M., Sarki-
lahti, L.K. & Apajalahti, J.H. (2002) Phylogenetic analysis of
intestinal microflora indicates a novel Mycoplasma phylotype in
farmed and wild salmon. Microb. Ecol., 44, 175-185.

Holland, P.M., Abramson, R.D., Watson, R. & Gelfand, D.H.
(1991) Detection of specific polymerase chain reaction product
by utilizing the 5—3’ exonuclease activity of Thermus aquaticus
DNA polymerase. Proc. Natl Acad. Sci. USA, 88, 7276-7280.

Holst, J.J., Fahrenkrug, J., Stadil, F. & Rehfeld, J.F. (1996) Gas-
trointestinal endocrinology. Scand. J. Gastroenterol., 31(Supp.
216), 27-38.

Hong, S., Zou, J., Collet, B., Bols, N.C. & Secombes, C.J. (2004)
Analysis and characterisation of IL-1f processing in rainbow
trout, Oncorhynchus mykiss. Fish Shellfish Immunol., 16, 453—
459.

Hooge, D.M. (2004) Meta-analysis of broiler chicken pen trials
evaluating dietary mannan oligosaccharide, 1993-2003. Int. J.
Poult. Sci., 3, 163-174.

Horsley, T.W. (1977) A review of the bacterial flora of teleost and
elasmobranchs, including methods for its analysis. J. Fish Biol.,
10, 529-553.

Hoseinifar, S.H., Mirvaghefi, A., Mojazi Amiri, B., Rostami, H.K.
& Merrifield, D.L. (2011a) The effects of oligofructose on
growth performance, survival and autochthonous intestinal
microbiota of beluga (Huso huso) juveniles. Aquacult. Nutr., 17,
498-504.

Hoseinifar, S.H., Mirvaghefi, A.M. & Merrifield, D.L. (2011b) The
effect of dietary inactive brewer’s yeast Saccharomyces cerevisiae
var. ellipsoideus on the growth, physiological responses and gut
microbiota of juvenile beluga (Huso huso). Aquaculture, 318, 90—
94.

Hoseinifar, S.H., Sharifian, M., Vesaghi, M.J., Khalili, M. &
Angeles Esteban, M. (2014a) The effect of dietary xylooligosac-
charide on mucosal parameters, intestinal microbiota and mor-
phology and growth performance of Caspian white fish (Rutilus
Srisii kutum) fry. Fish Shellfish Immunol., 39, 231-236.

Aquaculture Nutrition, 22; 219-282 © 2015 The Authors. Aquaculture Nutrition Published by John Wiley & Sons Ltd.

269


http://www.vkm.no

270

E. Ringo et al.

Hoseinifar, S.H., Ringe, E., Shenavar Masouleh, A. & Angeles
Esteban, M. (2014b) Probiotic, prebiotic and synbiotic supple-
ments in sturgeon aquaculture: a review. Rev. Aquacult., doi:
10.1111/raq.12082. [Epub ahead of print].

Hovda, M.B., Lunestad, B.T., Fontanillas, R. & Rosnes, J.T.
(2007) Molecular characterisation of the intestinal microbiota of
farmed Atlantic salmon (Salmo salar L.). Aquaculture, 272, 581—
588.

Hovda, M.B., Fontanillas, R., McGurk, C., Obach, A. & Rosnes,
J.T. (2012) Seasonal variations in the intestinal microbiota of
farmed Atlantic salmon (Salmo salar L.). Aquacult. Res., 43,
154-159.

Hu, C.H. & Xia, M.S. (2005) Antibacterial effect of copper-bearing
montmorillonite on aquacultural pathogenic bacteria and its
mechanism. J. Chin. Ceram. Soc., 33, 1376-11380 (in Chinese
with English abstract).

Hu, C.H. & Xia, M.S. (2006) Adsorption and antibacterial effect
of copper-exchanged montmorillonite on Escherichia coli Kgg.
Appl. Clay Sci., 31, 180-184.

Hu, C.H., Xu, Z.R. & Xia, M.S. (2005) Antibacterial effect of
Cu? " -exchanged montmorillonite on Aeromonas hydrophila and
discussion on its mechanism. Vet. Microbiol., 109, 83-88.

Hu, C.H., Xu, Y., Xia, M.S., Xiong, L. & Xu, Z.R. (2007) Effects
of Cu>" — exchanged montmorillonite on growth performance,
microbial ecology and intestinal morphology on Nile tilapia
(Oreochromis niloticus). Aquaculture, 270, 200-206.

Huang, G. (2008) The study of intestinal bacterial molecular ecol-
ogy of cultured fishes. Mater thesis, Huazhong Agricultural
University.

Huang, I.-N., Okawara, T., Watanabe, M. ef al. (2013) New
screening methods for probiotics with adhesion properties to
sialic acid and sulphate residues inhuman colonic mucin using
Biacore assay. J. Appl. Microbiol., 114, 854-860.

Huang, Z., Li, X., Wang, L. & Shao, Z. (2014) Changes in the
intestinal bacterial community during the growth of white
shrimp, Litopenaeus vannamei. Aquacult. Res., doi: 10.1111/
are.12628. [Epub ahead of print].

Huber, 1., Spanggaard, B., Appel, K.F., Rossen, L., Nielsen, T. &
Gram, L. (2004) Phylogenetic analysis and in situ identification
of the intestinal microbial community of rainbow trout (On-
corhynchus mykiss, Walbaum). J. Appl. Microbiol., 96, 117-132.

Kihara, M. & Sakata, T. (1997) Fermentation of dietary carbohy-
drates to short-chain fatty acids by gut microbes and its influ-
ence on intestinal morphology of a detritivorus teleost tilapia
(Oreochromis niloticus). Comp. Biochem. Physiol., 118A, 1201—
1207.

Klappenbach, J.A., Dunbar, J. M. & Schmidt, T.M. (2000) RRNA
operon copy number reflects ecological strategies of bacteria.
Appl. Environ. Microbiol., 66, 1328—1333.

Iehata, S., Inagaki, T., Okunishi, S., Nakano, M., Tanaka, R. &
Maeda, H. (2009) Colonization and probiotic effects of lactic
acid bacteria in the gut of the abalone Haliotis gigantea. Fish.
Sci., 75, 1285-1293.

Iehata, S., Valenzuela, F. & Riquelme, C. (2015) Analysis of bacte-
rial community and nutritional enzyme activity associated with
the digestive tract of wild Chilean octopus (Octopus mimus
Gould, 1852). Aquacult. Res., 46, 861-873.

Iji, P.A., Saki, A.A. & Tivey, D.R. (2001) Intestinal structure and
function of broiler chickens on diets supplemented with a man-
nan oligosaccharide. J. Sci. Food Agric., 81, 1186-1192.

Inglis, G.D., Thomas, M.C., Thomas, D.K., Kalmokoff, M.L.,
Brooks, S.P.J. & Selinger, L.B. (2012) Molecular methods to
measure intestinal bacteria: a review. J. AOAC Int., 95, 5-23.

Irianto, A. & Austin, B. (2002) Probiotics in aquaculture. J. Fish
Dis., 25, 633-642.

Ishikawa, M., Nakajima, K., Yanagi, M., Yamamoto, Y. &
Yamasato, K. (2003) Marinilactibacillus psychrotolerans gen. nov.,
sp. nov., a halophilic and alkaliphilic marine lactic acid bacterium
isolated from marine organisms in temperate and subtropical
areas of Japan. Int. J. Syst. Evol. Microbiol., 53, 711-720.

Ishino, R., Iehata, S., Nakano, M., Tanaka, R., Yoshimatsu, T. &
Maeda, H. (2012) Bacterial diversity associated with the rotifer
Brachionus plicatilis sp. complex determined by culture-depen-
dent and — independent methods. Biocontrol Sci., 17, 51-56.

Isola, D., Pardini, M., Varaine, F. e al. (2005) A pyrosequencing
assay for rapid recognition of SNPs in Mycobacterium tuberculo-
sis embB306 region. J. Microbiol. Methods, 62, 113—120.

Izumi, S. & Aranishi, F. (2004) Relationship between gyrA muta-
tions and quinolone resistance in Flavobacterium psychrophilum
isolates. Appl. Environ. Microbiol., 70, 3968-3972.

Izvekova, G.I., Izvekov, E.I. & Plotnikov, A.O. (2007) Symbiotic
microflora in fishes of different ecological groups. Biol. Bull., 34,
610-618.

Jaafar, R.M., Kania, P.W., Larsen, A.H., Nielsen, D.S., Fouz, B.,
Browdy, C. & Buchmann, K. (2013) Gut microbiota changes in
rainbow trout, Oncorhynchus mykiss (Walbaum), during organic
acid feed supplementation and Yesrinia ruckeri infection. J. Fish
Dis., 36, 599-606.

Jacobs, L. & Chenia, H.Y. (2007) Characterization of integrons
and tetracycline resistance determinants in Aeromonas spp. iso-
lated from South African aquaculture systems. Int. J. Food
Microbiol., 114, 295-306.

Jahn, C.E., Charkowski, A.O. & Willis, D.K. (2008) Evaluation of
isolation methods and RNA integrity for bacterial RNA quan-
tification. J. Microbiol. Methods, 75, 318-324.

Jendrossek, D. & Handrick, R. (2002) Microbial degradation of
polyhydroxyalkanoates. Ann. Rev. Microbiol., 56, 403—432.

Jensen, M.A., Webster, J.A. & Straus, N. (1993) Rapid identifica-
tion of bacteria on the basis of polymerase chain reaction-ampli-
fied ribosomal DNA spacer polymorphisms. Appl. Environ.
Microbiol., 59, 945-952.

Jensen, S., Bergh, @., Enger, @. & Hjeltnes, B. (2002) Use of
PCR-RFLP for genotyping 16SrRNA and characterizing bac-
teria cultured from halibut fry. Can. J. Microbiol., 48, 379—
386.

Jensen, S., Ovreas, L., Bergh, @. & Torsvik, V. (2004) Phylogenetic
analysis of bacterial communities associated with larvae of the
Atlantic halibut propose succession from a uniform normal
flora. Syst. Appl. Microbiol., 27, 728-736.

Jiang, W.-D., Feng, L., Liu, Y., Jiang, J. & Zhou, X.-Q. (2009)
Growth, digestive capacity and intestinal microflora of juvenile
Jian carp (Cyprinus carpio var. Jian) fed graded levels of dietary
inositol. Aquacult. Res., 40, 955-962.

Jiang, T.-T., Feng, L., Liu, Y., Jiang, W.-D., Jiang, J., Li, S.-
H., Tang, L., Kuang, S.-Y. & Zhou, X.-Q. (2014) Effects of
exogenous xylanase supplementation in plant protein-enriched
diets on growth performance, intestinal enzyme activities and
microflora of juvenile Jian carp (Cyprinus carpio var. Jian).
Aquacult. Nutr., 20, 632-645.

Joborn, A., Olsson, J.C., Westerdahl, A., Conway, P.L. & Kjelle-
berg, S. (1997) Colonization in the fish intestinal tract and produc-
tion of inhibitory substances in intestinal mucus and faecal
extracts by Carnobacterium sp. strain K1. J. Fish Dis., 20, 383—
392.

Johansson, M.E.V., Phillipson, M., Petersson, J., Velcich, A.,
Holm, L. & Hansson, G.C. (2008) The inner of the two Muc2

Aquaculture Nutrition, 22; 219-282 © 2015 The Authors. Aquaculture Nutrition Published by John Wiley & Sons Ltd.


http://dx.doi.org/10.1111/raq.12082
http://dx.doi.org/10.1111/are.12628
http://dx.doi.org/10.1111/are.12628

mucin-dependent mucus layers in colon is devoid of bacteria.
Proc. Natl Acad. Sci. USA, 105, 15064—-15069.

Jolles, P. & Muzzarelli, R.A.A. (eds) (1999) Chitin and Chitinases.
Birkhauser Verlag, Basel, Switzerland, 349 pp. ISBN 3-7643-
5815-7.

Jonasson, J., Olofsson, M. & Monstein, H.J. (2002) Classification,
identification and subtyping of bacteria based on pyrosequencing
and signature matching of 16S rDNA fragments. APMIS, 110,
263-272.

Jones, R.T., Robeson, M.S., Lauber, C.L., Hamady, M., Knight,
R. & Fierer, N. (2009) A comprehensive survey of soil acidobac-
terial diversity using pyrosequencing and clone library analyses.
ISME J., 3, 442-453.

Jung, T.S., Thompson, K.D., Volpatti, D., Galeotti, M. & Adams,
A. (2008) In vivo morphological and antigenic characteristics of
Photobacterium damselae subsp. piscicida. J. Vet. Sci., 9, 169—
175.

Kankaanpaa, P.E., Salminen, S.J., Isolauri, E. & Lee, J.K. (2001)
The influence of polyunsaturated fatty acids on probiotic growth
and adhesion. FEMS Microbiol. Lett., 194, 149-153.

Karasov, W.H. & Martinez del Rio, C. (2007) Physiological Ecol-
ogy: How Animals Process Energy, Nutrients and Toxins.
Princeton University Press, Princeton, NJ, USA.

Karila, P., Shahbazi, F., Jensen, J. & Holmgren, S. (1998) Projec-
tions and actions of tachykininergic, cholinergic, and serotoner-
gic neurones in the intestine of the Atlantic cod. Cell Tissue
Res., 291, 403-413.

Kataja, K., Satokari, R.M., Arvas, M., Takkinen, K. & Soderlund,
H. (2006) A highly sensitive and multiplexed method for focused
transcript analysis. J. Microbiol. Methods, 67, 102—113.

Kerry, J., Gabhainnb, S.N. & Smith, P. (1997) Changes in
oxytetracycline resistance of intestinal microflora following oral
administration of this agent to Atlantic salmon (Salmo salar
L.) smolts in a marine environment. Aquaculture, 157, 187—
195.

Kesarcodi-Watson, A., Kaspar, H., Lategan, M.J. & Gibson, L.
(2008) Probiotics in aquaculture: the need, principles and mecha-
nisms of action and screening processes. Aquaculture, 274, 1-14.

Kim, D.-H. & Austin, B. (2006) Innate immune responses in rain-
bow trout (Oncorhynchus mykiss, Walbaum) induced by probi-
otics. Fish Shellfish Immunol., 21, 513-524.

Kim, D.-H. & Kim, D.-y. (2013) Microbial diversity in the intes-
tine of olive flounder (Paralichthys olivaceus). Aquaculture, 414—
415, 103-108.

Kim, D.-H., Brunt, J. & Austin, B. (2007) Microbial diversity of
intestinal contents and mucus in rainbow trout (Oncorhynchus
mykiss). J. Appl. Microbiol., 102, 1654-1664.

Kim, B.-S., Kim, B.K., Lee, J.-H., Kim, M., Lim, Y.W. & Chun,
J. (2008) Rapid phylogenetic dissection of prokaryotic
community structure in tidal flat using pyrosequencing. J. Appl.
Microbiol., 46, 357-363.

Koh, C.-B., Romano, N., Zahrah, A.S. & Ng, W.-K. (2016)
Effects of a dietary organic acids blend and oxytetracycline on
the growth, nutrient utilization and total cultivable gut micro-
biota of the red hybrid tilapia, Oreochromis sp., and resistance
to Streptococcus agalactiae. Aquacult. Res., 47, 357-369.

Kono, M., Matsui, T. & Shimizu, C. (1987) Chitin decomposing
bacteria in the digestive tract of red sea bream and Japanese eel.
Nipp. Suis. Gakk., 53, 305-310.

Kotzamanis, Y.P., Gisbert, E., Gatesoupe, F.J., Zambonino
Infante, J. & Cahu, C. (2007) Effects of different dietary levels
of fish protein hydrolysates on growth, digestive enzymes, gut
microbiota, and resistance to Vibrio anguillarum in European sea

Dietary effect on gut microbiota

bass (Dicentrarchus labrax) larvae. Comp. Biochem. Physiol., 147,
205-214.

Krogdahl, A, Berg Lea, T. & Olli, J.J. (1994) Soybean proteinase
inhibitors affect intestinal trypsin activities and amino acid
digestibilities in rainbow trout (Oncorhynchus mykiss). Comp.
Biochem. Physiol., 107A, 215-219.

Krogdahl, A., Penn, M., Thoresen, J., Refstie, S. & Bakke, A.M.
(2010) Important antinutrients in plant feedstuffs for aquacul-
ture: an update on recent findings regarding responses in salmo-
nids. Aquacult. Res., 41, 333-344.

Kumar, P., Sahu, N.P., Saharan, N., Reddy, A.K. & Kumar, S.
(2006) Effect of dietary source and level of chitin on growth and
survival of post-larvae Macrobrachium rosenbergii. J. Appl.
Ichthyol., 22, 363-368.

Laing, K.J., Wang, T., Zou, J., Holland, J., Hong, S., Bols, N.,
Hirono, I., Aoki, T. & Secombes, C.J. (2001) Cloning and
expression analysis of rainbow trout Oncorhynchus mykiss
tumour necrosis factor-alpha. Eur. J. Biochem., 268, 1315-1322.

Lamari, F., Castex, M., Larcher, T., Ledevin, M., Mazurais, D.,
Bakhrouf, A. & Gatesoupe, F.-J. (2013) Comparison of the
effect of the dietary addition of two lactic acid bacteria on the
development and confirmation of sea bass larvae, Dicentrarchus
labrax, and the influence on associated microbiota. Aquaculture,
376-379, 137-145.

Lara-Flores, M. (2011) The use of probiotics in aquaculture: an
overview. Int. Res. J. Microbiol., 2, 471-478.

Laubitz, D., Zabielski, R., Wolinski, J., Nieminuszczy, J. & Grze-
siuk, E. (2003) Physiological and chemical characteristics of
antibacterial activity of pancreatic juice. J. Physiol. Pharmacol.,
54, 283-290.

Lauzon, H.L. & Ringg, E. (2012) Prevalence and application of lactic
acid bacteria in aquatic environments. In: Lactic Acid Bacteria:
Microbiological and Functional Aspects, 4th Edition (Lahtinen,
S., Ouwehand, A., Salminen, S. & von Wright, A. eds), pp. 593—
631. CRC Press, Taylor and Francis Group, New York, NY, USA.

Lauzon, H.L., Gudmundsdottir, S., Pedersen, M.H., Budde, B.B.
& Gudmundsdottir, B.K. (2008) Isolation of putative probionts
from cod rearing environment. Ver. Microbiol., 132, 328-339.

Lauzon, H.L., Gudmundsdottir, S., Steinarsson, A., Oddgeirsson,
M., Martinsdottir, E. & Gudmundsdottir, B.K. (2010a) Impact
of probiotic intervention on microbial load and performance of
Atlantic cod (Gadus morhua L.) juveniles. Aquaculture, 310, 139—
144.

Lauzon, H.L., Gudmundsdottir, S., Petursdottir, S.K., Reynisson,
E., Steinarsson, A., Oddgeirsson, M., Bjornsdottir, R. & Gud-
mundsdottir, B.K. (2010b) Microbiota of Atlantic cod (Gadus
morhua L.) rearing systems at pre- and posthatch stages and the
effect of different treatments. J. Appl. Microbiol., 109, 1775-1789.

Lauzon, H.L., Gudmundsdottir, S., Steinarsson, A., Oddgeirsson,
M., Petursdottir, S.K., Reynisson, E., Bjornsdottir, R. & Gud-
mundsdottir, B.K. (2010c) Effects of bacterial treatment at early
stages of Atlantic cod (Gadus morhua L.) on larval survival and
development. J. Appl. Microbiol., 108, 624-632.

Lauzon, H.L., Magnadottir, B., Gudmundsdottir, B.K., Steinars-
son, A., Arnason, 1.O. & Gudmundsdottir, S. (2010d) Applica-
tion of prospective probionts at early stages of Atlantic cod
(Gadus morhua L.) rearing. Aquacult. Res., 41, ¢576-e586.

Lee, S.Y. (1996) Bacterial polyhydroxyalkanoates. Biotechnol. Bio-
eng., 49, 1-14.

Lee, D.H., Zo, Y.G. & Kim, S.J. (1996) Nonradioactive method to
study genetic profiles of natural bacterial communities by PCR-
single-strand-conformation polymorphism. Appl. Environ. Micro-
biol., 62, 3112-3120.

Aquaculture Nutrition, 22; 219-282 © 2015 The Authors. Aquaculture Nutrition Published by John Wiley & Sons Ltd.

271



272

E. Ringo et al.

Lesel, R. & Pointel, J.-G. (1979) Implantation de la flore bac-
teréenne dans le tube digestif de la truite arc-en-ciel. Etude au
microscope ¢lectronique a balayage. Ann. Zool. Ecol. Anim., 11,
327-335.

Lesel, R., de la Noiie, J. & Choubert, G. (1989) Fecal bacterial
flora of rainbow trout under antibiotic treatment: effect of the
number of pyloric caeca and the lipid content of food. In: Aqua-
culture — A Biotechnology in Progress. Vol. 2 (De Pauw, N.,
Jaspers, E., Ackerfors, H. & Wilkins, N. eds), pp. 8§97-903.
European Aquaculture Society, Bredane, Belgium.

Li, S., Sun, L., Wu, H., Hu, Z., Liu, W., Li, Y. & Wen, X. (2012)
The intestinal microbial diversity in mud crab (Scylla paramamo-
sain) as determined by PCR-DGGE and clone library analysis.
J. Appl. Microbiol., 113, 1341-1351.

Li, X., Yan, Q., Xie, S., Hu, W., Yu, Y. & Hu, Z. (2013) Gut
microbiota contributes to the growth of fast-growing transgenic
common carp (Cyprinus carpio L.). PLoS One, 8, ¢64577.

Li, Z., Xu, L., Liu, W., Liu, Y., Ringe, E., Du, Z. & Zhou, Z.
(2014a) Protein replacement in practical diets altered gut
allochthonous bacteria of cultured cyprinid species with different
food habits. Aquacult. Int., 23, 913-928.

Li, X.M., Zhu, Y.J., Yan, Q.Y., Ringo, E. & Yang, D.G. (2014b)
Do the intestinal microbiotas differ between paddlefish (Polyo-
don spathala) and bighead carp (Aristichthys nobilis) reared in
thw same pond? J. Appl. Microbiol., 117, 1245-1252.

Liu, Y., Zhou, Z., Yao, B., Shi, P., He, S., Benjaminsen Helvold,
L. & Ringe, E. (2008) The effect of intraperitoneal injection of
immunostimulatory substances on allochthonous gut microbiota
of Atlantic salmon (Salmo salar L.) determined using denaturing
gradient gel electrophoresis (DGGE). Aquacult. Res., 39, 635-
646.

Liu, Y., De Schryver, P., Van Delsen, B., Maignien, L., Boon, N.,
Sorgelood, P., Verstracte, W., Bossier, P. & Defoirdt, T. (2010)
PHB-degrading bacteria isolated from the gastrointestinal tract
of aquatic animals as protective actors against luminescent vib-
riosis. FEMS Microbiol. Ecol., 74, 196-204.

Liu, Y., Chi, L., Feng, L., Jiang, J., Jiang, W.-D., Hu, K., Li, S.-
H. & Zhou, X.-Q. (2011a) Effects of graded levels of dietary
vitamin C on the growth, digestive capacity and intestinal micro-
flora of juvenile Jian carp (Cyprinus carpio var. Jian). Aquacult.
Res., 42, 534-543.

Liu, H., Wang, L., Liu, M., Wang, B., Jiang, K., Ma, S. & Li, Q.
(2011b) The intestinal microbial diversity in Chinese shrimp
(Fenneropenaeus chinensis) as determined by PCR-DGGE and
clone library analyses. Aquaculture, 317, 32-36.

Liu, Y., Zhou, Z., Wu, N., Tao, Y., Xu, L., Cao, Y., Zhang, Y. &
Yao, B. (2012) Gibel carp Carassius auratus gut microbiota after
oral administration of trimethoprim/sulfamethoxazole. Dis.
Aquat. Org., 99, 207-213.

Liu, W., Yang, Y., Zhang, J., Gatlin, D.M., Ringe, E. & Zhou, Z.
(2014) Effects of dietary microencapsulated sodium butyrate on
growth, intestinal mucosal morphology, immune response and
adhesive bacteria in juvenile common carp (Cyprinus carpio) pre-
fed with or without oxidised oil. Br. J. Nutr., 112, 15-29.

Livak, K.J., Flood, S.J.A., Marmaro, J., Giusti, W. & Deetz, K.
(1995) Oligonucleotides with fluorescent dyes at opposite ends
provide a quenched probe system useful for detecting PCR prod-
ucts and nucleic-acid hybridization. PCR Methods Appl., 4, 357—
362.

Llewellyn, M.S., Boutin, S., Hoseinifar, S.H. & Derome, N. (2014)
Teleost microbiomes: the state of the art in their characteriza-
tion, manipulation and importance in aquaculture and fisheries.
Front. Microbiol., 5, 207.

Lochmann, R., Phillips, H. & Xie, L. (2011) Effects of a dairy-
yeast prebiotic on the growth performance, mineral composition
and gut microflora of fathead minnow (Pimephales promelas) in
recirculating systems. Aquaculture, 320, 76-81.

Loedemel, J.B. (2000) A comparative study of Arctic charr (Salveli-
nus alpinus L.) fed a diet based on a commercial recipe and
enriched with linseed oil or soybean oil. Master thesis, Norwe-
gian College of Fishery Science, University of Tromse, 61 p.

Lodemel, J.B., Mayhew, T.M., Myklebust, R., Olsen, R.E., Espe-
lid, S. & Ringg, E. (2001) Effect of three dietary oils on disease
susceptibility in Arctic charr (Salvelinus alpinus L.) during
cohabitant challenge with Aeromonas salmonicida ssp. salmoni-
cida. Aquacult. Res., 32, 935-945.

Lovmo, L. (2007) In vitro eksponering av torsketarm. Histologiske
og bakteriologiske forandringer som folge av Carnobacterium
maltaromaticum og Vibrio anguillarum. Master thesis (in Norwe-
gian), Norwegian College of Fishery Science, University of
Tromse, 56 p.

Lovmo Martinsen, L., Salma, W., Myklebust, R., Mayhew, T.M.
& Ringe, E. (2011) Carnobacterium maltaromaticum vs. Vibrio
(Listonella) anguillarum in the midgut of Atlantic cod (Gadus
morhua L.). An ex vivo study. Aquacult. Res., 42, 1830-1839.

Lovoll, M., Wiik-Nielsen, C.R., Tunsjo, H.S., Colquhoun, D.,
Lunder, T., Serum, H. & Grove, S. (2009) Atlantic salmon bath
challenged with Moritella viscosa — pathogen invasion and host
response. Fish Shellfish Immunol., 26, 877-884.

Liickstadt, C. (2006) Use of organic acids as feed additives — sus-
tainable aquaculture production the non-antibiotic way. Int.
Aquafeed, March-April, 21-26.

Liickstadt, C. (2007) Effect of organic acid containing additives in
worldwide aquaculture — sustainable production the non-antibi-
otic way. In: Acidifiers in Animal Nutrition — A Guide for
Preservation and Acidification to Promote Animal Performance
(Lickstadt, C. Ed.), pp. 71-77. Nottingham University Press,
Nottingham, UK.

Liickstadt, C. (2008) The use of acidifiers in fish nutrition. CAB
Reviews. Perspec. Agricult. Vet. Sci. Nutr. Nat. Res., 3, 8.

Lv, H., Zhou, Z., Rudeaux, F. & Respondek, F. (2007) Effects of
dietary short chain fructo-oligosaccharides on intestinal micro-
flora, mortality and growth performance of O. nilotica
Q x O. aurea &. Chin. J. Anim. Nutr., 19, 691-697.

Macias-Rodriguez, M.E., Zagorec, M., Ascencio, F., Vazquez-
Judrez, R. & Rojas, M. (2009) Lactobacillus fermentum BCS87
expresses mucus and mucin-binding proteins on the cell surface.
J. Appl. Microbiol., 107, 1866-1874.

Maes, N., De Gheldre, Y., De Ryck, R., Vaneechoutte, M., Meug-
nier, H., Etienne, J. & Struelens, M.J. (1997) Rapid and accurate
identification of Staphylococcus species by tRNA intergenic
spacer length polymorphism analysis. J. Clin. Microbiol., 35,
2477-24381.

Magnadottir, B. (2008) Innate immunity of fish (overview). Fish
Shellfish Immunol., 20, 137-151.

Magne, F., Abely, M., Boyer, F., Morville, P., Pochart, P. & Suau,
A. (2006) Low species diversity and high interindividual variabil-
ity in faeces of preterm infants as revealed by sequences of 16S
rRNA genes and PCR-temporal temperature gradient gel elec-
trophoresis profiles. FEMS Microbiol. Ecol., 57, 128-138.

Mabhious, A.S., Gatesoupe, F.-J., Hervi, M., Metailler, R. & Olle-
vier, F. (2006) Effect of dietary inulin and oligosaccharides as
prebiotics for weaning turbot, Psetta maxima (Linnaeus, C.
1758). Aquacult. Int., 14, 219-229.

Makridis, P., Martins, S., Tsalavouta, M., Dioniso, L.C., Ko-
toulas, G., Magoulas, A. & Dinis, M.T. (2005) Antimicrobial

Aquaculture Nutrition, 22; 219-282 © 2015 The Authors. Aquaculture Nutrition Published by John Wiley & Sons Ltd.



activity in bacteria isolated from Senegalese sole, Solea sene-
galensis, fed with natural prey. Aquacult. Res., 36, 1619-1627.

Makridis, P., Costa, R.A. & Dinis, M.T. (2006) Microbial condi-
tions and antimicrobial activity in cultures of two microalgae
species, Tetraselmis chuii and Chlorella minutissima, and effect
on bacterial load of enriched Artemia metanauplii. Aquaculture,
255, 76-81.

Manning, T.S. & Gibson, G.R. (2004) Prebiotics. Best Pract. Res.
Clin. Gastroenterol., 18, 287-298.

Mansfield, G.S., Desai, A.R., Nilson, S.A., Van Kessel, A.G.,
Drew, M.D. & Hill, J.E. (2010) Characterization of rainbow
trout (Oncorhynchus mykiss) intestinal microbiota and inflamma-
tory marker gene expression in a recirculating aquaculture sys-
tem. Aquaculture, 307, 95-104.

Mansour, M.R., Akrami, R., Ghobadi, S.H., Denji, K.A., Eza-
trahimi, N. & Gharaei, A. (2012) Effect of dietary mannan
oligosaccharide (MOS) on growth performance, survival, body
composition, and some hematological parameters in giant stur-
geon juvenile (Huso huso Linnaeus, 1754). Fish Physiol. Bio-
chem., 38, 829-835.

Manzano, M., lacumin, L., Giusto, C., Cecchini, F., Patthey, C.,
Fontanillas, R. & Comi, G. (2012) Utilization of denaturing
gradient gel electrophoresis (DGGE) to evaluate the intestinal
microbiota of brown trout Salmo trutta fario. J. Vet. Sci. Med.
Diagn., 1, 2.

Magsood, S., Singh, P., Samoon, M.H. & Munir, K. (2011)
Emerging role of immunostimulants in combating the disease
outbreak in aquaculture. Int. Aquat. Res., 3, 147-163.

Marinangeli, C.P.F., Krause, D., Harding, S.V., Rideout, T.C.,
Zhu, F.Q. & Jones, P.J.H. (2011) Whole and fractionated yellow
pea flours modulate insulin, glucose, oxygen consumption, and
the caecal microbiome in golden Syrian hamsters. Appl. Physiol.
Nutr. Metab., 36, 811-820.

McBain, A.J., Bartolo, R.G., Catrenich, C.E., Charbonneau, D.,
Ledder, R.G., Rickard, A.H., Symmons, S.A. & Gilbert, P.
(2003) Microbial characterization of biofilms in domestic drains
and the establishment of stable biofilm microcosms. Appl. Envi-
ron. Microbiol., 69, 177-185.

McDonald, R., Schreier, H.J. & Watts, J.E.M. (2012) Phylogenetic
analysis of microbial communities in different regions of the gas-
trointestinal tract in Panaque nigrolineatus, a wood-eating fish.
PLoS One, 7, €48018.

Mclntosh, D., Ji, B., Forward, B.S., Puvanendran, V., Boyce, D.
& Ritchie, R. (2008) Culture-independent characterization of
the bacterial populations associated with cod (Gadus morhua
L.) and live feed at an experimental hatchery facility using
denaturing gradient gel electrophoresis. Aquaculture, 275, 42—
50.

McKenna, P., Hoffmann, C., Minkah, N., Aye, P.P., Lackner, A.,
Liu, Z., Lozupone, C.A., Hamady, M., Knight, R. & Bushman,
F.D. (2008) The macaque gut microbiome in health, lentiviral
infection, and chronic enterocolitis. PLoS Pathog., 4, ¢20.

Merrifield, D.L. & Carnevali, O. (2014) Probiotic modulation of
the gut microbiota of fish. In: Aquaculture Nutrition: Gut
Health, Probiotics and Prebiotics (Merrifield, D. & Ringo, E.
eds), pp. 185-222. Wiley-Blackwell Publishing, Oxford, UK.

Merrifield, D.L., Dimitroglou, A., Bradley, G., Baker, R.L.M. &
Davies, S.J. (2009a) Soybean meal alters autochthonous micro-
bial populations, microvilli morphology and compromises
intestinal enterocyte integrity of rainbow trout, Oncorhynchus
mykiss (Walbaum). J. Fish Dis., 32, 755-766.

Merrifield, D.L., Burnard, D., Bradley, G., Davies, S.J. & Baker,
R.T.M. (2009b) Microbial community diversity associated with

Dietary effect on gut microbiota

the intestinal mucosa of farmed rainbow trout (Oncorynchus
mykiss Walbaum). Aquacult. Res., 40, 1064-1072.

Merrifield, D.L., Dimitroglou, A., Foey, A., Davies, S.J., Baker,
R.R., Bogwald, J., Castex, M. & Ringg, E. (2010a) The current
status and future focus of probiotic and prebiotic applications
for salmonids. Aquaculture, 302, 1-18.

Merrifield, D.L., Bradley, G., Baker, R.T.M. & Davies, S.J.
(2010b) Probiotic applications for rainbow trout (Oncorhynchus
mykiss Walbaum) II. Effects on growth performance, feed uti-
lization, intestinal microbiota and related health criteria postan-
tibiotic treatment. Aquacult. Nutr., 16, 496-503.

Merrifield, D.L., Giiroy, D., Giiroy, B., Emery, M.J., Llewellyn,
C.A., Skill, S. & Davies, S.J. (2010c) Assessment of
Chlorogloeopsis as a novel microbial dietary supplement for red
tilapia (Oreochromis niloticus). Aquaculture, 299, 128-133.

Merrifield, D.L., Olsen, R.E., Myklebust, R. & Ringe, E. (2011a)
Dietary effect of soybean (Glycine max) products on gut histol-
ogy and microbiota of fish. In: Soybean and Nutrition (EI-
Shemy, H. ed.), pp. 231-250. InTech, Rijeka, Croatia. ISBN
978-953-307-536-5.

Merrifield, D.L., Bradley, G., Harper, G.M., Baker, R.T.M.,
Munn, C.B. & Davies, S.J. (2011b) Assessment of the effects of
vegetative and lyophilized Pediococcus acidilactici on growth,
feed utilization, intestinal colonization and health parameters of
rainbow trout (Oncorhynchus mykiss Walbaum). Aquacult. Nutr.,
17, 73-79.

Merrifield, D.L., Harper, G.M., Mustafa, S., Carnevali, O., Picchi-
etti, S. & Davies, S.J. (2011c) Effect of dietary alginic acid on
juvenile tilapia (Oreochromis niloticus) intestinal microbial bal-
ance, intestinal histology and growth performance. Cell Tissue
Res., 344, 135-146.

Merrifield, D.L., Shaw, B.J., Harper, G.M., Saoud, I.P., Davies,
S.J., Handy, R.D. & Henry, T.B. (2013) Ingestion of
metal-nanoparticle contaminated food disrupts endogenous
microbiota in zebrafish (Danio rerio). Environ. Pollut., 174, 157—
163.

Miller, N., Wilson, M., Bengten, E., Stuge, T., Warr, G. & Clem,
W. (1998) Functional and molecular characterisation of teleost
leukocytes. Immunol. Rev., 166, 187-197.

Miranda, C.D. & Rojas, R. (2007) Occurrence of florfenicol
resistance in bacteria associated with two Chilean salmon
farms with different history of antibacterial usage. Aquaculture,
266, 39-46.

Miranda, C.D. & Zemelman, R. (2002) Bacterial resistance to
oxytetracycline in Chilean salmon farming. Aquaculture, 212, 31—
47.

Miranda, C.D., Kehrenberg, C., Ulep, C., Schwarz, S. & Roberts,
M.C. (2003) Diversity of tetracycline resistance genes in bacteria
from Chilean salmon farms. Antimicrob. Agents Chemother., 47,
883-888.

Mo, J., Yang, T., Song, X. & Chang, J. (2004) Cellulase activity in
five species of important termites in China. Appl. Entomol. Zool.,
39, 635-641.

Moffitt, C.M. & Mobin, S.M.A. (2006) Profile of microflora of the
posterior intestine of Chinook salmon before, during, and after
administration of rations with and without erythromycin. North
Am. J. Aquacult., 68, 176—185.

Mohapatra, S., Chakraborty, T., Kumar, V., DeBoeck, G. & Mo-
hanta, K.N. (2013) Aquaculture and stress management: a
review of probiotic intervention. J. Anim. Physiol. Anim. Nutr.,
97, 405-430.

Montero, D., Kalinowski, T., Obach, A., Robaina, L., Tort, L.,
Caballero, M.J. & Izquierdo, M.S. (2003) Vegetable lipid sources

Aquaculture Nutrition, 22; 219-282 © 2015 The Authors. Aquaculture Nutrition Published by John Wiley & Sons Ltd.

273



274

E. Ringo et al.

for gilthead seabream (Sparus aurata): effects on fish health.
Aquaculture, 225, 353-370.

Montero, D., Caballero, M.J., Gijon, D., Real, F., Robaina, L.E.
& Izquierdo, M.S. (2006) Influence of dietary blend of vegetable
oils on disease resistance and intestinal microbiota of gilthead
seabream (Sparus aurata). XII International Symposium on Fish
Nutrition and Feeding, May 28th—June Ist, 2006, Biarritz,
France.

Morais, S., Silva, T., Cordero, O., Rodrigues, P., Guy, D.R., Bron,
J.E., Taggart, J.B., Bell, J.G. & Tocher, D.R. (2012) Effects of
genotype and dietary fish oil replacement with vegetable oil on the
intestinal transcriptome and proteome of Atlantic salmon (Salmo
salar). BMC Genom., 13, 448.

Moter, A. & Gobel, U.B. (2000) Fluorescence in situ hybridization
(FISH) for direct visualization of microorganisms. J. Microbiol.
Methods, 41, 85-112.

Mouchet, M.A., Bouvier, C., Bouvier, T., Troussellier, M., Es-
calas, A. & Mouillot, D. (2012) Genetic difference but functional
similarity among fish gut bacterial communities through molecu-
lar and biochemical fingerprints. FEMS Microbiol. Ecol., 79,
568-580.

Mourino, J.L.P., Do Nascimento Vieira, F., Jatobd, A.B., Da
Silva, B.C., Jesus, G.F.A., Seiffert, W.Q. & Martins, M.L.
(2012) Effect of dietary supplementation of inulin and W. cibaria
on haemato-immunological parameters of hybrid surubim (Pseu-
doplatystoma sp.). Aquacult. Nutr., 18, 73-80.

Mrazek, J., Koppova, 1., Kopecny, J., Simunek, J. & Fliegerova,
K. (2010) PCR-DGGE-based study of fecal microbial stability
during the long-term chitosan supplementation of humans. Folia
Microbiol., 55, 352-358.

Murdoch, D.A., Collins, M.D., Willems, A., Hardie, J.M., Young,
K.A. & Magee, J.T. (1997) Description of three new species of
the genus Peptostreatococcus from human clinical specimens:
Peptostreptococcusharei  sp. nov., Peptostreptococcus — ivorii
sp.nov., and Peptostreptococcus octavius sp. nov. Int. J. Syst.
Bacteriol., 47, 781-787.

Muyzer, G. & Smalla, K. (1998) Application of denaturing gradi-
ent gel electrophoresis (DGGE) and temperature gradient gel
electrophoresis (TGGE) in microbial ecology. Antonie Van
Leeuwenhoek, 73, 127-141.

Muyzer, G., Dewaal, E.C. & Uitterlinden, A.G. (1993) Profiling of
complex microbial-populations by denaturing gradient gel-elec-
trophoresis analysis of polymerase chain reaction-amplified
genes-coding for 16S ribosomal-RNA. Appl. Environ. Microbiol.,
59, 695-700.

Myers, R.M., Fischer, S.G., Lerman, L.S. & Maniatis, T. (1985)
Nearly all single base substitutions in DNA fragments joined to
a GC-clamp can be detected by denaturing gradient gel-elec-
trophoresis. Nucleic Acids Res., 13, 3131-3145.

Najdegerami, E.H., Tran, T.T., Defoirdt, T., Marzorati, M., Sor-
geloos, P., Boon, N. & Bossier, P. (2012) Effects of poly-f-hy-
droxybutyrate (PHB) on Siberian sturgeon (Acipenser baerii)
fingerlings performance and its gastrointestinal tract microbial
community. FEMS Microbiol. Ecol., 79, 25-33.

Najdegerami, E.H., Baruah, K., Shiri, A., Rekecki, A., Van den
Broek, W., Sorgeloos, P., Boon, N., Bossier, P. & De Schryver,
P. (2015) Siberian sturgeon (Acipenser baerii) larvae fed Artemia
nauplii enriched with poly-B-hydroxybutyrate (PHB): effects of
on growth performance, body composition, digestive enzymes,
gut microbial community, gut histology and stress tests. Aqua-
cult. Res., 46, 801-812.

Navarrete, P., Mardones, P., Opazo, R., Espejo, R. & Romero, J.
(2008) Oxytetracycline treatment reduces bacterial diversity of

intestinal microbiota of Atlantic salmon. J. Aquat. Anim. Health,
20, 177-183.

Navarrete, P., Espejo, R.T. & Romero, J. (2009) Molecular analy-
sis of microbiota along the digestive tract of juvenile Atlantic
salmon (Salmo salar L.). Microb. Ecol., 57, 550-561.

Navarrete, P., Magne, F., Mardones, P., Riveros, M., Opazo, R.,
Suau, A., Pochart, P. & Romero, J. (2010a) Molecular analysis
of intestinal microbiota of rainbow trout (Oncorhynchus mykiss).
FEMS Microbiol. Ecol., 71, 148-156.

Navarrete, P., Toledo, 1., Mardones, P., Opazo, R., Espejo, R. &
Romero, J. (2010b) Effect of Thymus vulgaris essential oil on intesti-
nal bacterial microbiota of rainbow trout, Oncorhynchus mykiss
(Walbaum) and bacterial isolates. Aquacult. Res., 41, e667—678.

Navarrete, P., Magne, F., Araneda, C., Fuentes, P., Barros, L.,
Opazo, R., Espejo, R. & Romero, J. (2012) PCR-TTGE analysis
of 16S rRNA from rainbow trout (Oncorhynchus mykiss) gut
microbiota reveals host-specific communities of active bacteria.
PLoS One, 7, e31335.

Navarrete, P., Fuentes, P., De la Fuente, L., Barros, L., Magne,
F., Opazo, R., Ibacache, C., Espejo, R. & Romero, J. (2013)
Short-term effects of dietary soybean meal and lactic acid bacte-
ria on the intestinal morphology and microbiota of Atlantic sal-
mon (Salmo salar). Aquacult. Nutr., 19, 827-836.

Navarro, E., Simonet, P., Normand, P. & Bardin, R. (1992) Char-
acterization of natural populations of Nitrobacter spp. using
PCR/RFLP analysis of the ribosomal intergenic spacer. Arch.
Microbiol., 157, 107-115.

Naviner, M., Giraud, E., le Bris, H., Armand, F., Mangion, C. &
Ganiere, J.-P. (2006) Seasonal variability of intestinal microbiota
in rainbow trout (Oncorhynchus mykiss), with a particular atten-
tion to Aeromonas spp. as candidate indicator of antimicrobial
resistance. Rev. Meéd. Vet. (Toulouse), 157, 599-604.

Naviner, M., Giraud, E., Thorin, C., Lebris, H., Pouliquen, H. &
Ganiere, J. (2007) Effects of three dosages of oral oxolinic acid
treatment on the selection of antibiotic-resistant Aeromonas:
experimental approach in farmed trout. Aquaculture, 269, 31-40.

Nayak, S.K. (2010a) Role of gastrointestinal microbiota in fish.
Aquacult. Res., 41, 1553—1573.

Nayak, S.K. (2010b) Probiotics and immunity: a fish perspective.
Fish Shellfish Immunol., 29, 2—14.

Nelson, J.A., Wubah, D.A., Whitmer, M.E., Johnson, E.A. & Ste-
wart, D.J. (1999) Wood-eating catfishes of the genus Panaque:
gut microflora and cellulolytic enzyme activities. J. Fish Biol.,
54, 1069-1082.

Newaj-Fyzul, A., Adesiyun, A.A., Mutani, A., Ramsubhag, A.,
Brunt, J. & Austin, B. (2007) Bacillus subtilis AB1 controls Aero-
monas infection in rainbow trout (Oncorhynchus mykiss, Wal-
baum). J. Appl. Microbiol., 103, 1699-1706.

Newaj-Fyzul, A., Al-Harbi, A.H. & Austin, B. (2014) Review:
developments in the use of probiotics for disease control in
aquaculture. Aquaculture, 431, 1-11.

Newman, M. (2006) Effect of mannan oligosaccharide source and
structure on antibiotic resistance of pathogenic bacteria. In:
Nutritional Biotechnology on the Feed and Food Industries:
Proceedings of Alltech’s 22nd Annual Symposium, pp. 109—-113.
Nottingham University Press.

Ng, W.-K., Tocher, D.R. & Bell, J.G. (2007) The use of palm oil
in aquaculture feeds for salmonids species. Eur. J. Lipid Sci.
Technol., 109, 394-399.

Nhan, D.T., Wille, M., de Schryver, F., Defoirdt, T., Bossier, P. &
Sorgeloos, P. (2010) The effect of poly-B-hydroxybutyrate on lar-
viculture of the giant freshwater prawn Macrobrachium rosen-
bergii. Aquaculture, 302, 76-81.

Aquaculture Nutrition, 22; 219-282 © 2015 The Authors. Aquaculture Nutrition Published by John Wiley & Sons Ltd.



Nikoskelainen, S., Ouwehand, A.C., Bylund, G., Salminen, S. &
Lilius, E.M. (2003) Immune enhancement in rainbow trout (On-
corhynchus mykiss) by potential probiotic bacteria (Lactobacillus
rhamnosus). Fish Shellfish Immunol., 15, 443-452.

Ninawe, A.S. & Selvin, J. (2009) Probiotics in shrimp aquaculture:
avenues and challenges. Crit. Rev. Microbiol., 35, 43-66.

Nocker, A., Burr, M. & Camper, A.K. (2007) Genotypic microbial
community profiling: a critical technical review. Microb. Ecol.,
54, 276-289.

Nonaka, M. & Smith, S.L. (2000) Complement system of bony
and cartilaginous fish. Fish Shellfish Immunol., 10, 215-228.

Nordrum, S., Olli, J.J., Resjo, C., Holm, H. & Krogdahl, A.
(2003) Effects of graded levels of medium chain triglycerides and
cysteine on growth, digestive processes and nutrient utilization in
seawater reared Atlantic salmon (Salmo salar, L.) under ad libi-
tum feeding regime. Aquacult. Nutr., 9, 263-274.

Nya, E.J. & Austin, B. (2013) Bacterial microflora of salmonids.
In: Trout: From Physiology to Conservation (Polakof, S. &
Moon, T.W. eds.), pp. 113-129. Nova Science Publishers, Inc.,
New York.

Olli, J.J., Krogdahl, A., van den Ingh, T.S.G.A.M. & Brattas, L.E.
(1994) Nutritive value of four soybean products in diets for
Atlantic salmon (Salmo salar, L.). Acta Agric. Scand. A Anim.
Sci., 44, 50-60.

Olsen, R.A. & Bakken, L.A. (1987) Viability of soil bacteria: opti-
mization of plate-counting technique and comparison between
total counts and plate counts within different size groups. Mi-
crob. Ecol., 13, 59-74.

Olsen, R.L. & Hasan, M.R. (2012) A limited supply of fishmeal:
impact on future increases in global aquaculture production.
Trends Food Sci. Technol., 27, 120-128.

Olsen, R.E. & Ringe, E. (1997) Lipid digestibility in fish: a review.
In: Recent Research Developments in Lipid Research Vol. 1.
(Pandalai, S.G. ed.), pp. 199-265. Transworld Research Net-
work, Trivandrum, India. ISBN 81-8684604-2.

Olsen, R.E., Myklebust, R., Kaino, T. & Ringe, E. (1999) Lipid
digestibility and histological changes in the enterocytes of Arctic
char (Salvelinus alpinus L.) fed linseed oil and soybean lecithin.
Fish Physiol. Biochem., 21, 35-44.

Olsen, R.E., Myklebust, R., Ringe, E. & Mayhew, T.M. (2000)
The influence of dietary linseed oil and saturated fatty acid on
caecal enterocytes in Arctic char (Salvelinus alpinus L.): a quanti-
tative ultrastructural study. Fish Physiol. Biochem., 22, 207-216.

Olsen, R.E., Myklebust, R., Kryvi, H., Mayhew, T.M. & Ringo,
E. (2001) Damaging effect of dietary inulin to intestinal entero-
cytes in Arctic charr (Salvelinus alpinus L.). Aquacult. Res., 32,
931-934.

Olsen, R.E., Sundell, K., Mayhew, T.M., Myklebust, R. & Ringo,
E. (2005) Acute stress alters intestinal function of rainbow trout,
Oncorhynchus mykiss (Walbaum). Aquaculture, 250, 480-495.

Omar, S.S., Merrifield, D.L., Kiihlwein, H., Williams, P.E.V. &
Davies, S.J. (2012) Biofuel derived yeast protein concentrate
(YPC) as a novel feed ingredient in carp diets. Aquaculture, 330—
333, 54-62.

von Ossowski, I., Reunanen, J., Satokari, R., Vesterlund, S., Kan-
kainen, M., Huhtinen, H., Tynkkynen, S., Salminen, S., de Vos,
W.M. & Palva, A. (2010) Mucosal adhesion properties of the
probiotic Lactobacillus rhamnosus GG SpaCBA and SpaFED
pilin subunits. Appl. Environ. Microbiol., 76, 2049-2057.

Owen, M.A.G., Bradley, G. & Davies, S.J. (2006) The effect of
dietary supplementation of sodium butyrate on growth and the
microflora of Clarias gariepinus (Burchell 1822). Poster, P-037,

Dietary effect on gut microbiota

presented at the XII International Symposium on Fish Nutrition
& Feeding, May 28th—June Ist, Biarritz 2006, p 149.

Oyofo, B.A., Droleskey, R.E., Norman, J.O., Molenauer, H.H.,
Ziprin, R.L., Corrier, D.E. & Deloach, J.R. (1989a) Inhibition
by mannose of in vitro colonization of chicken small intestine by
Salmonella typhimurium. Poult. Sci., 68, 1351-1356.

Oyofo, B.A., DeLoach, J.R., Corrier, D.E., Norman, J.O., Ziprin,
R.L. & Molenauer, H.H. (1989b) Prevention of Salmonella typhi-
murium colonization of broilers with D-mannose. Poult. Sci., 68,
1357-1360.

Ozduven, M.L., Samli, H.E., Okur, A.A., Koc, F., Akyurek, H. &
Senkoylu, N. (2009) Effects of mannanoligosaccharides and/or
organic acid mixture on performance, blood parameters and
intestinal microbiota of broiler chicks. Ital. J. Anim. Sci., 8, 595—
602.

Panigrahi, A., Kiron, V., Kobayashi, T., Puangkaew, J., Satoh, S.
& Sugita, H. (2004) Immune responses in rainbow trout On-
corhynchus mykiss induced by a potential probiotic bacteria Lac-
tobacillus rhamnosus JCM 1136. Vet. Immunol. Immunopathol.,
102, 379-388.

Panigrahi, A., Kiron, V., Puangkaew, J., Kobayashi, T., Satoh, S.
& Sugita, H. (2005) The viability of probiotic bacteria as a fac-
tor influencing the immune response in rainbow trout On-
corhynchus mykiss. Aquaculture, 243, 241-254.

Panigrahi, A., Kiron, V., Satoh, S., Hirono, I., Kobayashi, T.,
Sugita, H., Puangkaew, J. & Aoki, T. (2007) Immune modula-
tion and expression of cytokine genes in rainbow trout On-
corhynchus mykiss upon probiotic feeding. Dev. Comp. Immunol.,
31, 372-382.

Pedrotti, F.S., Davies, S., Merrifield, D.L., Marques, M.R.F.,
Fraga, A.P.M., Mourino, J.L.P. & Fracalossi, D.M. (2015) The
autochthonous microbiota of the freshwater omnivores jundid
(Rhamdia quelen) and tilapia (Oreochromis niloticus) and the
effect of dietary carbohydrates. Aquacult. Res., 46, 472—481.

Pérez, T., Balcazar, J.L., Ruiz-Zarzuela, 1., Halaihel, 1., Vendrell,
D., de Blas, I. & Miuzquiz, J.L. (2010) Host — microbiota inter-
actions within the fish intestinal ecosystem. Mucosal Immunol., 3,
355-360.

Pérez-Sanchez, T., Balcazar, J.L., Garcia, Y., Halaihel, N., Vendrell,
D., de Blas, I., Merrifield, D.L. & Ruiz-Zarzuela, I. (2011) Identi-
fication and characterization of lactic acid bacteria isolated from
rainbow trout, Oncorhynchus mykiss (Walbaum), with inhibitory
activity against Lactococcus garvieae. J. Fish Dis., 34, 499-507.

Picchietti, S., Mazzini, M., Taddei, A.R., Renna, R., Fausto,
A.M., Mulero, V., Carnevali, O., Cresci, A. & Abelli, L. (2007)
Effects of administration of probiotic strains on GALT of larval
gilthead seabream: immunohistochemical and ultrastructural
studies. Fish Shellfish Immunol., 22, 57-67.

Plouffe, D.A., Hanington, P.C., Walsh, J.G., Wilson, E.C. & Belo-
sevic, M. (2005) Comparison of select innate immune mecha-
nisms of fish and mammals. Xenotransplantation, 12, 266-277.

Polz, M.F. & Cavanaugh, C.M. (1998) Bias in template-to-product
ratios in multitemplate PCR. Appl. Environ. Microbiol., 64,
3724-3730.

Power, S.E., O‘Toole, P.W., Stanton, C., Ross, R.P. & Fitzgerald,
G.F. (2014) Intestinal microbiota, diet and health. Br. J. Nutr.,
111, 387-402.

Prado, S., Romalde, J.L. & Barja, J.L. (2010) Review of probiotics
for use in bivalve hatcheries. Vet. Microbiol., 145, 187-197.

Qi, Z.Z., Zhang, X.H., Boon, N. & Bossier, P. (2009) Probiotics in
aquaculture of China — current state, problems and prospect.
Aquaculture, 290, 15-21.

Aquaculture Nutrition, 22; 219-282 © 2015 The Authors. Aquaculture Nutrition Published by John Wiley & Sons Ltd.

275



276

E. Ringo et al.

Raa, J. (1996) The use of immunostimulatory substances in fish
and shellfish farming. Rev. Fish. Sci., 4, 229-288.

Ramachandran, S., Bairagi, A. & Ray, A.K. (2005) Improvement
of nutritive value of grass pea (Lathyrus sativus) seed meal in the
formulated diets for rohu, Labeo rohita (Hamilton) fingerlings
after fermentation of a fish gut bacterium. Bioresour. Technol.,
96, 1465-1472.

Ramos, M.A., Weber Goncalves, J.F., Santos, G.A., Rema, P. &
Ozorio, R.0.A. (2013) Dietary probiotic supplementation modu-
lated gut microbiota and improved growth of juvenile rainbow
trout (Oncorhynchus mykiss). Comp. Biochem. Physiol. A, 166,
302-307.

Ransom, D.P., Lannan, C.N., Rohovecm, J.S. & Fryer, J.L. (1984)
Comparison of histopathology caused by Vibrio anguillarum and
Vibrio ordalii in three species of pacific salmon. J. Fish Dis., 7,
107-115.

Rautio, J.J., Kataja, K., Satokari, R., Penttild, M., Soderlund, H.
& Saloheimo, M. (2006) Rapid and multiplexed transcript anal-
ysis of microbial cultures using capillary electrophoresis-de-
tectable oligonucleotide probe pools. J. Microbiol. Methods, 65,
404-416.

Raveh, D., Rabinowitz, B., Breuer, G.S., Rudensky, B. & Yinnon,
A.M. (2006) Risk factors for Clostridium difficile toxin—positive
nosocomial diarrhoea. Int. J. Antimicrob. Agents, 28, 231-237.

Rawling, M.D., Merrifield, D.L. & Davies, S.J. (2009) Preliminary
assessment of dietary supplementation of Sangrovit® on red tila-
pia (Oreochromis niloticus) growth performance and health.
Aquaculture, 294, 118-122.

Rawls, J.F., Mahowald, M.A., Ley, R.E. & Gordon, J.I. (2006)
Reciprocal gut microbiota transplants from zebrafish and mice
to germ-free recipients reveal host habitat selection. Cell, 127,
423-433.

Ray, A.K. & Ringg, E. (2014) The gastrointestinal tract of fish. In:
Aquaculture Nutrition: Gut Health, Probiotics and Prebiotics
(Merrifield, D. & Ringe, E. eds), pp. 1-13. Wiley-Blackwell Pub-
lishing, Oxford, UK.

Ray, A.K., Ghosh, K. & Ringe, E. (2012) Enzyme-producing bac-
teria isolated from fish gut: a review. Aquacult. Nutr., 18, 465—
492.

Refstie, S., Landsverk, T., Ringe, E., Sundby, A., Shearer, K.D. &
Krogdahl, A. (2006) Digestive responses of l-year and 2-year
old Atlantic cod (Gadus morhua) fed fishmeal and standard or
bioprocessed soybean meal. Aquaculture, 261, 269-284.

Reitan, K.I., Natvik, C.M. & Vadstein, O. (1998) Drinking rate,
uptake of bacteria and microalgae in turbot larvae. J. Fish Biol.,
53, 1145-1154.

Rengpipat, S., Rukpratanporn, S., Piyatiratitivorakul, S. & Me-
nasaveta, P. (2000) Immunity enhancement in black tiger shrimp
(Penaeus monodon) by a probiont bacterium (Bacillus SI1).
Aquaculture, 191, 271-288.

Rengpipat, S., Pusiririt, S. & Rukpratanporn, S. (2008) Differenti-
ating between isolates of Vibrio vulnificus with monoclonal anti-
bodies. J. Microbiol. Methods, 75, 398-404.

Reveco, F.E., @Qverland, M., Romarheim, O.H. & Mydland, L.T.
(2014) Intestinal bacterial community structure differs between
healthy and inflamed intestines in Atlantic salmon (Salmo salar
L.). Aquaculture, 420-421, 262-269.

Ringe, E. (1993a) Does dietary linoleic acid affect intestinal micro-
flora in Arctic charr, Salvelinus alpinus (L.)? Aquacult. Fish.
Manage., 24, 133-135.

Ringe, E. (1993b) Does chromic oxide (Cr,O3) affect faecal lipid
and intestinal bacterial flora in Arctic charr, Salvelinus alpinus
(L.)? Aquacult. Fish. Manage., 24, 767-776.

Ringo, E. (1993¢c) The effect of chromic oxide (Cr,O3) on aerobic
bacterial populations associated with the epithelial mucosa of
Arctic charr (Salvelinus alpinus L.). Can. J. Microbiol., 39, 1169—
1173.

Ringe, E. (1994) The effect of chromic oxide (Cr,O3) on faecal lipid
and intestinal bacterial flora of sea water reared Arctic charr,
Salvelinus alpinus (L.)? Aquacult. Fish. Manage., 25, 341-344.

Ringo, E. (1999) Does Carnobacterium divergens isolated from
Atlantic salmon, Sa/mo salar L., colonize the gut of early devel-
oping turbot, Scophthalmus maximus L., larvae? Aquacult. Res.,
30, 229-232.

Ringo, E. (2000) Lactic acid bacteria in fish: antibacterial effect
against fish pathogens. In: Effects of Antinutrients on the Nutri-
tional Value of Legume Diets. Vol. 8, COST 98 (Krogdahl, A.,
Mathiesen, S.D. & Pryme, 1. eds), pp. 70-75. EEC Publication,
Luxembourg.

Ringoe, E. (2004) Lactic acid bacteria in fish and fish farming. In:
Lactic Acid Bacteria (Salminen, S., Ouwehand, A. & von
Wright, A. eds), pp. 581-610. Marcel Dekker Inc., New York,
NY, USA.

Ringe, E. (2008) The ability of carnobacteria isolated from fish
intestine to inhibit growth of fish pathogenic bacteria: a screen-
ing study. Aquacult. Res., 39, 171-180.

Ringo, E. & Birkbeck, T.H. (1999) Intestinal microflora of fish
larvae and fry. Aquacult. Res., 30, 73-93.

Ringo, E. & Gatesoupe, F.-J. (1998) Lactic acid bacteria in fish: a
review. Aquaculture, 160, 177-203.

Ringe, E. & Olsen, R.E. (1994) Lipid nutrition in Arctic charr,
Salvelinus alpinus (L.): a mini review. Aquacult. Fish. Manage.,
25, 823-838.

Ringo, E. & Olsen, R.E. (1999) The effect of diet on aerobic bacte-
rial flora associated with intestine of Arctic charr (Salvelinus
alpinus L.). J. Appl. Microbiol., 86, 22-28.

Ringe, E. & Strom, E. (1994) Microflora of Arctic charr, Salvelinus
alpinus (L.); gastro-intestinal microflora of free-living fish, and
effect of diet and salinity on the intestinal microflora. Aquacult.
Res., 25, 623-629.

Ringoe, E. & Song, S.K. (2016) Applications of dietary supplements
(synbiotics and probiotics in combination with plant products
and B-glucans) in aquaculture. Aquacult. Nutr., 22, 4-24.

Ringe, E., Strem, E. & Tabachek, J.-A. (1995) Intestinal micro-
flora of salmonids: a review. Aquacult. Res., 26, 773-789.

Ringo, E., Birkbeck, T.H., Munro, P.D., Vadstein, O. & Hjelme-
land, K. (1996) The effect of early exposure to Vibrio pelagius
on the aerobic bacterial flora of turbot, Scophthalmus maximus
(L) larvae. J. Appl. Bacteriol., 81, 207-211.

Ringe, E., Olsen, R.E., Overli, &. & Lovik, F. (1997) Effect of
dominance hierarchy formation on aerobic microbiota associated
with epithelial mucosa of subordinate and dominant individuals
of Arctic charr, Salvelinus alpinus (L.). Aquacult. Res., 28, 901—
904.

Ringo, E., Bendiksen, H.R., Gausen, S., Sundsfjord, A. & Olsen,
R.E. (1998) The effect of dietary fatty acids on lactic acid bacte-
ria associated with the epithelial mucosa and from faecalia of
Arctic charr, Salvelinus alpinus (L.). J. Appl. Microbiol., 85, 855—
864.

Ringe, E., Bendiksen, H.R., Wesmajervi, M.S., Olsen, R.E., Jan-
sen, P.A. & Mikkelsen, H. (2000) Lactic acid bacteria associated
with the digestive tract of Atlantic salmon (Salmo salar L.).
J. Appl. Microbiol., 89, 317-322.

Ringo, E., Ledemel, J.B., Myklebust, R., Kaino, T., Mayhew,
T.M. & Olsen, R.E. (2001a) Epithelium-associated bacteria in
the gastrointestinal tract of Arctic charr (Salvelinus alpinus L.).

Aquaculture Nutrition, 22; 219-282 © 2015 The Authors. Aquaculture Nutrition Published by John Wiley & Sons Ltd.



An electron microscopical study. J. Appl. Microbiol., 90, 294—
300.

Ringe, E., Wesmajervi, M.S., Bendiksen, H.R., Berg, A., Olsen,
R.E., Johnsen, T., Mikkelsen, H., Seppola, M., Strom, E. &
Holzapfel, W. (2001b) Identification and characterization of
Carnobacteria isolated from fish intestine. Syst. Appl. Microbiol.,
24, 183-191.

Ringe, E., Ledemel, J.B., Myklebust, R., Jensen, L., Lund, V.,
Mayhew, T.M. & Olsen, R.E. (2002) Effect of soybean, linseed
and marine oils on aerobic gut microbiota of Arctic charr
Salvelinus alpinus L. before and after challenge with Aeromonas
salmonicida ssp. salmonicida. Aquacult. Res., 33, 591-606.

Ringe, E., Olsen, R.E., Mayhew, T.M. & Myklebust, R. (2003)
Electron microscopy of the intestinal microflora of fish. Aquacul-
ture, 227, 395-415.

Ringe, E., Jutfelt, F., Kanapathippillai, P., Bakken, Y., Sundell,
K., Glette, J., Mayhew, T.M., Myklebust, R. & Olsen, R.E.
(2004) Damaging effect of the fish pathogen Aeromonas salmoni-
cida ssp. salmonicida on intestinal enterocytes of Atlantic salmon
(Salmo salar L.). Cell Tissue Res., 318, 305-311.

Ringe, E., Schillinger, U. & Holzapfel, W. (2005) Antibacterial
abilities of lactic acid bacteria isolated from aquatic animals and
the use of lactic acid bacteria in aquaculture. In: Microbial Ecol-
ogy in Growing Animals (Holzapfel, W. & Naughton, P. eds),
pp. 418-453. Elsevier, Edinburgh, UK.

Ringe, E., Sperstad, S., Myklebust, R., Mayhew, T.M. & Olsen,
R.E. (2006a) The effect of dietary inulin on bacteria associated
with hindgut of Arctic charr (Salvelinus alpinus L.). Aquacult.
Res., 37, 891-897. )

Ringe, E., Sperstad, S., Myklebust, R., Refstie, S. & Krogdahl, A.
(2006b) Characterisation of the microbiota associated with intes-
tine of Atlantic cod (Gadus morhua L.). The effect of fish meal,
standard soybean meal and bioprocessed soybean meal. Aquacul-
ture, 261, 829-841.

Ringe, E., Sperstad, S., Myklebust, R., Mayhew, T.M., Mjelde,
A., Melle, W. & Olsen, R.E. (2006c) The effect of dietary
krill supplementation on epithelium-associated bacteria in the
hindgut of Atlantic salmon (Salmo salar L.). A microbial
and electron microscopical study. Aquacult. Res., 37, 1644—
1653.

Ringe, E., Myklebust, R., Mayhew, T.M. & Olsen, R.E. (2007a)
Bacterial translocation and pathogenesis in the digestive tract of
larvae and fry. Aquaculture, 268, 251-264.

Ringe, E., Salinas, I., Olsen, R.E., Nyhaug, A., Myklebust, R. &
Mayhew, T.M. (2007b) Histological changes in Atlantic salmon
(Salmo salar L.) intestine following in vitro exposure to patho-
genic and probiotic bacterial strains. Cell Tissue Res., 328, 109—
116.

Ringo, E., Sperstad, S., Kraugerud, O.F. & Krogahl, A. (2008)
Use of 16S rRNA gene sequencing analysis to characterise cul-
turable intestinal bacteria in Atlantic salmon (Salmo salar L.)
fed diets with cellulose or non-starch polysaccharides from soy.
Aquacult. Res., 39, 1087-1100.

Ringe, E., Lovmo, L., Kristiansen, M., Bakken, Y., Salinas, I.,
Myklebust, R., Olsen, R.E. & Mayhew, T.M. (2010a) Lactic acid
bacteria vs. pathogens in the gastrointestinal tract of fish: a
review. Aquacult. Res., 41, 451-467.

Ringe, E., Olsen, R.E., Gifstad, T.9., Dalmo, R.A., Amlund, H.,
Hemre, G.-I. & Bakke, A.M. (2010b) Prebiotics in aquaculture:
a review. Aquacult. Nutr., 16, 117-136.

Ringo, E., Zhou, Z., Olsen, R.E. & Song, S.K. (2012a) Use of
chitin and krill in aquaculture — the effect on gut microbiota and
the immune system: a review. Aquacult. Nutr., 18, 117-131.

Dietary effect on gut microbiota

Ringo, E., Olsen, R.E., Gonzalez Vecino, J.L., Wadsworth, S. &
Song, S.K. (2012b) Use of immunostimulants and nucleotides in
aquaculture: a review. J. Mar. Sci. Res. Dev., 1, 104.

Ringe, E., Dimitroglou, A., Hoseinifar, S.H. & Davies, S.J.
(2014a) Prebiotics in fin fish: an update. In: Aquaculture Nutri-
tion: Gut Health, Probiotics and Prebiotics (Merrifield, D. &
Ringo, E. eds), pp. 360—400. Wiley-Blackwell Publishing, Ox-
ford, UK.

Ringe, E., Zhou, Z., He, S. & Olsen, R.E. (2014b) Effect of stress
on intestinal microbiota of Arctic charr, Atlantic salmon, rain-
bow trout and Atlantic cod: a review. Afr. J. Microbiol. Res., 8,
609-618.

Ringe, E., Olsen, R.E., Jensen, I., Romero, J. & Lauzon, H.
(2014c) Application of vaccines and dietary supplements in
aquaculture: possibilities and challenges. Rev. Fish Biol. Fish, 24,
1005-1033.

Roberfroid, M. (1993) Dietary fiber, inulin, and oligofructose: a
review comparing their physiological effects. Crit. Rev. Food Sci.
Nutr., 33, 103-148.

Robertson, P.A.W., O’Dowd, C., Burrells, C., Williams, P. & Aus-
tin, B. (2000) Use of Carnobacterium sp. as a probiotic for
Atlantic salmon (Salmo salar L.) and rainbow trout (On-
corhynchus mykiss, Walbaum). Aquaculture, 185, 235-243.

Robleto, E.A., Borneman, J. & Triplett, E.-W. (1998) Effects of
bacterial antibiotic production on rhizosphere microbial commu-
nities from a culture-independent perspective. Appl. Environ.
Microbiol., 64, 5020-5022.

Roeselers, G., Mittge, E.K., Zac Stephens, W., Parichy, D.M., Ca-
vanaugh, C.M., Karen Guillemin, K. & Rawls, J.F. (2011) Evi-
dence for a core gut microbiota in the zebrafish. ISME J., S,
1595-1608.

Romarheim, O.H., Skrede, A., Gao, Y.L., Krogdahl, A, Den-
stadli, V., Lilleeng, E. & Storebakken, T. (2006) Comparison of
white flakes and toasted soybean meal partly replacing fish meal
as protein source in extruded feed for rainbow trout (On-
corhynchus mykiss). Aquaculture, 256, 354-364.

Rombout, JJH.W.M., Abelli, L., Picchieti, S., Scapigliati, G. &
Kiron, V. (2011) Teleost intestinal immunology. Fish Shellfish
Immunol., 31, 616-626.

Romero, J. & Navarrete, P. (2006) 16S rDNA-based analysis of
dominant bacterial populations associated with early life stages of
coho salmon (Oncorhynchus kisutch). Microb. Ecol., 51, 422-430.

Romero, J., Feijod, C.G. & Navarrete, P. (2012) Antibiotics in
aquaculture — use, abuse and alternatives. In: Health and Envi-
ronment in Aquaculture (Carvalho, E., ed.), pp. 159-198.
InTech, Rijeka, Croatia. ISBN 978-953-51-0497-1.

Ronaghi, M., Uhlen, M. & Nyren, P. (1998) A sequencing method
based on real-time pyrophosphate. Science, 281, 363-365.

Rosenlund, G., Obach, A., Sandberg, M.G., Standal, H. & Tveit,
K. (2001) Effect of alternative lipid sources on long-term growth
performance and quality of Atlantic salmon (Salmo salar L.).
Aquacult. Res., 32, 323-328.

Rust, M.B. (2002) Nutritional Physiology. In: Fish Nutrition, 3rd
edn (Halver, J.E. & Hardy, R.W. eds), pp. 367-452. Academic
Press, Amsterdam.

Sakai, M. (1999) Current status of fish immunostimulants. Aqua-
culture, 172, 63-92.

Sakamoto, M., Huang, Y., Ohnishi, M., Umeda, M., Ishikawa, 1.
& Benno, Y. (2004) Changes in oral microbial profiles after peri-
odontal treatment as determined by molecular analysis of 16S
rRNA genes. J. Med. Microbiol., 53, 563-571.

Salinas, I., Myklebust, R., Esteban, M.A., Olsen, R.E., Meseguer,
J. & Ringg, E. (2008) In vitro studies of Lactobacillus delbrueckii

Aquaculture Nutrition, 22; 219-282 © 2015 The Authors. Aquaculture Nutrition Published by John Wiley & Sons Ltd.

2717



278

E. Ringo et al.

ssp. lactis in Atlantic salmon (Salmo salar L.) foregut: tissue
responses and evidence of protection against Aeromonas salmoni-
cida ssp. salmonicida epithelial damage. Vet. Microbiol., 128,
167-177.

Salinas, 1., Zhang, Y.-A. & Sunyer, J.O. (2011) Mucosal
immunoglobulins and B cells of teleost fish. Dev. Comp. Immu-
nol., 35, 1346-1365.

Salmond, C.V., Kroll, R.G. & Booth, I.R. (1984) The effect of
food preservatives on pH homeostasis in Escherichia-coli. J. Gen.
Microbiol., 130, 2845-2850.

Salyers, A.A., Gupta, A. & Wang, Y. (2004) Human intestinal bac-
teria as reservoirs for antibiotic resistance genes. Trends Micro-
biol., 12, 412-416.

Sanchez, L.M., Wong, R.W., Riener, R.M., Schulze, C.J. & Lin-
ington, R.G. (2012) Examining the fish microbiome: vertebrate-
derived bacteria as an environmental niche for the discovery of
unique marine natural products. PLoS One, 7, €35398.

Santigosa, E., Sanchez, J., Medale, F., Kaushik, S., Perez-Sanchez,
J. & Gallardo, M.A. (2008) Modifications of digestive enzymes
in trout (Oncorhynchus mykiss) and sea bream (Sparus aurata) in
response to dietary fish meal replacement by plant protein
sources. Aquaculture, 282, 68-74.

Satokari, R.M., Kataja, K. & Soderlund, H. (2005) Multiplexed
quantification of bacterial 16S rRNA by solution hybridization
with oligonucleotide probes and affinity capture. Microb. Ecol.,
50, 120-127.

Saurabh, S. & Sahoo, P.K. (2008) Lysozyme: an important defence
molecule of fish innate immune system. Aquacult. Res., 39, 223—
239.

Savolainen, L.C. & Gatlin, D.M. III (2009) Evaluation of dairy-
yeast prebiotic supplementation in the diet of juvenile goldfish in
the presence or absence of phytoplankton and zooplankton. J.
Aquat. Anim. Health, 21, 156-163.

Scapigliati, G., Romano, N. & Abelli, L. (1999) Monoclonal anti-
bodies in fish immunology: identification, ontogeny and activity
of T- and B-lymphocytes. Aquaculture, 172, 3-28.

Scheinert, P., Krausse, R., Ullman, U., Soller, R. & Krupp, G.
(1996) Molecular differentiation of bacteria by PCR amplifica-
tion of the 16S-23S rRNA spacer. J. Microbiol. Methods, 26,
103-117.

Schmidt, A.S., Bruun, M.S., Dalsgaard, 1., Pedersen, K. & Larsen,
J.L. (2000) Occurrence of antimicrobial resistance in fish- patho-
genic and environmental bacteria associated with four Danish
rainbow trout farms. Appl. Environ. Microbiol., 66, 4908-4915.

Schmidt, A.S., Bruun, M.S., Dalsgaard, I. & Larsen, J.L. (2001)
Incidence, distribution, and spread of tetracycline resistance
determinants and integron-associated antibiotic resistance genes
among motile Aeromonads from a fish farming environment.
Appl. Environ. Microbiol., 67, 5675-5682.

Schnabel, E.L. & Jones, A.L. (1999) Distribution of tetracycline
resistance genes and transposons among phylloplane bacteria in
Michigan apple orchards. Appl. Environ. Microbiol., 65, 4898—
4907.

Schohuber, W., Fuchs, B., Juretschko, S. & Amann, R. (1997)
Improved sensitivity of whole-cell hybridization by the combina-
tion of horseradish peroxidise-labeled oligonucleotides and tyra-
mide signal amplification. Appl. Environ. Microbiol., 63, 3268-3273.

Schulze, A.D., Alabi, A.O., Tattersall-Sheldrake, A.R. & Miller,
K.M. (2006) Bacterial diversity in a marine hatchery: balance
between pathogenic and potentially probiotic bacterial strains.
Aquaculture, 256, 50-73.

Sekirov, I., Russel, S.L., Antunes, L.C.M. & Finlay, B.B. (2010) Gut
microbiota in health and disease. Physiol. Rev., 90, 859-904.

Seppola, M., Olsen, R.E., Sandaker, E., Kanapathippillai, P., Hol-
zapfel, W. & Ringe, E. (2006) Random amplification of poly-
morphic DNA (RAPD) typing of carnobacteria isolated from
hindgut chamber and large intestine of Atlantic cod (Gadus mor-
hua L.). Syst. Appl. Microbiol., 29, 131-137.

Sera, H. & Kimata, M. (1972) Bacterial flora in the digestive tracts
of marine fish I. Bacterial flora of fish, red sea bream snapper
and crimson sea bream, fed three kinds of diets. Bull. Jpn. Soc.
Sci. Fish., 38, 50-55.

Seychelles, L.H., Audet, C., Tremblay, R., Lemarchand, K. & Per-
net, F. (2011) Bacterial colonization of winter flounder Pseudo-
pleuronectes americanus fed live feed enriched with three
different commercial diets. Aquacult. Nutr., 17, e196-e206.

Sghir, A., Chow, J.M. & Mackie, R.I. (1998) Continuous culture
selection of bifidobacteria and lactobacilli from human faecal
samples using fructooligosaccharide as selective substrate. J.
Appl. Microbiol., 85, 769-777.

Shiina, A., Itoi, S., Washio, S. & Sugita, H. (2006) Molecular iden-
tification of intestinal microflora in Takifugu niphobles. Comp.
Biochem. Physiol. Part D Genomics Proteomics, 1, 128—132.

Simpson, V.M., McCracken, V.J., White, B.A., Gaskins, H.R. &
Mackie, R.I. (1999) Application of denaturant gradient gel elec-
trophoresis for the analysis of the porcine gastrointestinal micro-
biota. J. Microbiol. Methods, 36, 167-179.

Sims, M.D., Dawson, K.A., Newman, K.E., Spring, P. & Hoo-
ger, D.M. (2004) Effects of dietary mannan oligosaccharide,
bacitracin methylene disacylate, or both on the live perfor-
mance and intestinal microbiology of turkeys. J. Poult. Sci.,
83, 1148-1154.

Sissener, N.H., Sanden, M., Krogdahl, A., Bakke, A.-M., Johan-
nessen, L.E. & Hemre, G.-I. (2011) Genetically modified
plants as fish feed ingredients. Can. J. Fish Aquat. Sci., 68, 563—
574.

Skjermo, J., Sterseth, T.R., Hansen, K., Handa, A. & Oie, G.
(2006) Evaluation of B-(1—3, 1—6)-glucans and high-M alginate
used as immunostimulatory dietary supplement during first feed-
ing and weaning of Atlantic cod (Gadus morhua L.). Aquaculture,
261, 1088-1101.

Smith, C.J. & Osborn, M. (2009) Advantages and limitations of
quantitative PCR (Q-PCR)-based approaches in microbial ecol-
ogy. FEMS Microbiol. Ecol., 67, 6-20.

Smith, C.J., Danilowicz, B.S. & Meijer, W.G. (2007) Characteriza-
tion of the bacterial community associated with the surface and
mucus layer of whiting (Merlangius merlangus). FEMS Micro-
biol. Ecol., 62, 90-97.

Smriga, S., Sandin, S.A. & Azam, F. (2010) Abundance, diversity,
and activity of microbial assemblages associated with coral reef
guts and faeces. FEMS Microbiol. Ecol., 73, 31-42.

Sneli, E.E., Strong, F.M. & Peterson, W.H. (1939) Growth factors
for bacteria. VII. Pantothenic and nicotinic acids as essential
growth factors for lactic and propionic acid bacteria. J. Bacte-
riol., 38, 293-308.

Soltanian, S., Stuyven, E., Cox, E., Sorgeloos, P. & Bossier, P.
(2009) Beta-glucans as immunostimulant in vertebrates and
invertebrates. Crit. Rev. Microbiol., 35, 109—138.

Son, V.M., Chang, C.C., Wu, M.C., Guu, Y.K., Chiu, CH. &
Cheng, W.T. (2009) Dietary administration of the probiotic,
Lactobacillus plantarum, enhanced the growth, innate immune
responses, and disease resistance of the grouper Epinephelus
coioides. Fish Shellfish Immunol., 26, 691-698.

Song, S.K., Beck, B.R., Kim, D., Park, J., Kim, J., Kim, H.D. &
Ringe, E. (2014) Prebiotics as immunostimulants in aquaculture:
a review. Fish Shellfish Immunol., 40, 40-438.

Aquaculture Nutrition, 22; 219-282 © 2015 The Authors. Aquaculture Nutrition Published by John Wiley & Sons Ltd.



Serum, H. (2006) Antimicrobial drug resistance in fish pathogens.
In: Antimicrobial Resistance in Bacteria of Animal Origin (Aare-
strup, F.M. ed.), pp. 213-238. ASM Press, Washington, DC,
USA.

Spais, A.B., Giannenas, A.l., Florou-Paneri, P., Christaki, E. &
Botsoglou, N.A. (2003) Effect of the feed supplement Bio-MOS,
a mannan oligosaccharide, on the performance of broiler chick-
ens. Hellenic Vet. Med. Soc., 54, 111-118.

Spanggaard, B., Huber, I., Nielsen, J., Nielsen, T., Appel, K.F. &
Gram, L. (2000) The microflora of rainbow trout intestine: a
comparison of traditional and molecular identification. Aquacul-
ture, 182, 1-15.

Spanggaard, B., Huber, I., Nielsen, J., Sick, E.B., Pipper, C.B.,
Martinussen, T., Slierendrecht, W.J. & Gram, L. (2001) The pro-
biotic potential against vibriosis of the indigenous microflora of
rainbow trout. Environ. Microbiol., 3, 755-765.

Spring, P. (2003) Intestinal microflora and the possibility to influ-
ence it with mannan oligosaccharide. Praxis Vet., 51, 25-35.

Spring, P., Wenk, C., Dawson, K.A. & Newman, K.E. (2000)
The effects of dietary mannan oligosaccharides on cecal
parameters and the concentrations of enteric bacteria in the
cecac of Salmonella-challenged broiler chicks. Poult. Sci., 79,
205-211.

Star, B., Haeverkamp, T.H.A., Jentoft, S. & Jakobsen, K.S. (2013)
Next generation sequencing shows high variation of the intesti-
nal microbial species composition in Atlantic cod caught at a
single location. BMC Microbiol., 13, 248.

Storebakken, T., Kvien, I.E., Shearer, K.D., Grisdale-Helland,
B. & Helland, S.J. (1999) Estimation of gastrointestinal evacu-
ation rate in Atlantic salmon (Sa/mo salar) using inert markers
and collection of faeces by sieving: evacuation of diets with
fish meal, soybean meal or bacterial meal. Aquaculture, 172,
291-299.

Strom, E. & Olafsen, J.A. (1990) The indigenous microflora of
wild-captured juvenile cod in net-pen rearing. In: Microbiology
in Poecilotherms (Lésel, R. ed.), pp. 181-185. Elsevier, Amster-
dam.

Strom, E. & Ringe, E. (1993) Changes in bacterial flora in devel-
oping cod, Gadus morhua L., larvae after inoculation of Lacto-
bacillus  plantarum in the water. In: Physiological and
Biochemical Aspects of Fish Larval Development (Walther,
H.F.B. ed.), pp. 226-228. University of Bergen, Bergen, Norway.
ISBN 82-992402-0-4.

Suchodolski, J.S., Ruaux, C.G., Steiner, J.M., Fetz, K. & Wil-
liams, D.A. (2004) Application of molecular fingerprinting for
qualitative assessment of small-intestinal bacterial diversity in
dogs. J. Clin. Microbiol., 42, 4702-4708.

Sugita, H. & Mizuki, H. (2012) Bacterial diversity of the upper
and lower intestines of the common carp (Cyprinus carpio Lin-
naeus, 1758) reared in an indoor tank. J. Appl. Ichthyol., 28,
647-648.

Sugita, H., Tanaami, H., Kobashi, T. & Deguchi, Y. (1981) Bacte-
rial flora of costal bivalves. Bull. Jpn. Soc. Sci. Fish., 47, 655—
661.

Sugita, H., Oshima, K., Tamura, M. & Deguchi, Y. (1983) Bacte-
rial flora in the gastrointestine of freshwater fishes in the river.
Bull. Jpn. Soc. Sci. Fish., 49, 1387-1395.

Sugita, H., Fukumoto, M., Tsunohara, M. & Deguchi, Y. (1987)
The fluctuation of the fecal flora of goldfish Carassius auratus.
Nipp. Sui. Gakk., 53, 1443-1447.

Sugita, H., Fukumoto, M. & Deguchi, Y. (1988a) Changes in the
fecal microflora of goldfish Carassius auratus, associated with
diets. Nipp. Sui. Gakk., 54, 1641-1645.

Dietary effect on gut microbiota

Sugita, H., Fukumoto, M., Koyama, H. & Deguchi, Y. (1988b)
Changes in the fecal of goldfish Carassius auratus with the oral
administration of oxytetracycline. Nipp. Sui. Gakk., 54, 2181-
2187.

Sugita, H., Miyajima, C., Fukumoto, M., Koyama, H. & Deguchi,
Y. (1989) Effect of oxolinic acid on fecal microflora of goldfish
(Carassius auratus). Aquaculture, 80, 163-174.

Sugita, H., Miyajima, C., Kobiki, Y. & Deguchi, Y. (1990) The
daily fluctuation and inter-individual variation of the faecal flora
of carp. Cyprinus carpio. J. Fish Biol., 36, 103-105.

Sugita, H., Mizuki, H. & Itoi, S. (2008) Prevalence of a fish patho-
gen, Listonella anguillarum, in the intestinal tract of fish collected
off the coast of Japan. Aquacult. Res., 39, 103-105.

Sugita, H., Mizuki, H. & Itoi, S. (2012) Diversity of siderophores-
producing bacteria isolated from the intestinal tracts of fish
along the Japanese coast. Aquacult. Res., 43, 481-488.

Sullam, K.E., Essinger, S.D., Lozupone, C.A., O’Connor, M.P.,
Rosen, G.L., Knight, R., Kilham, S.S. & Russell, J.A. (2012) En-
vironmental and ecological factors that shape the gut bacterial
communities of fish: a meta-analysis. Mol. Ecol., 21, 3363-3378.

Summers, A.O. (2002) Generally overlooked fundamentals of bac-
terial genetics and ecology. Clin. Infect. Dis., 34, S85-S92.

Sun, Y.Z., Yang, H.L., Ling, Z.C., Chang, J.B. & Ye, J.D. (2009)
Gut microbiota of fast and slow growing grouper Epinephelus
coioides. Afr. J. Microbiol. Res., 3, 713-720.

Sun, H., Jami, E., Harpaz, S. & Mizrahi, 1. (2013) Involvement of
dietary salt in shaping bacterial communities in European sea
bass (Dicentrarchus labrax). Sci. Rep., 3, 1558.

Suyehiro, Y. (1941) A study on the digestive system and feeding
habits of fish. Jpn. J. Ichthyol., 10, 1-313.

Suzer, C., Coban, D., Kamaci, H.O., Saka, S., Firat, K., Otgu-
cuoglu, O. & Firat, K. (2008) Lactobacillus spp. bacteria as pro-
biotics in gilthead sea bream (Sparus aurata, L.) larvae: effects
on growth performance and digestive enzyme activities. Aquacul-
ture, 280, 140-145.

Suzuki, M.T. & Giovannoni, S.J. (1996) Bias caused by template
annealing in the amplification of mixtures of 16S rRNA genes
by PCR. Appl. Environ. Microbiol., 62, 625-630.

Suzuki, K., Ha, S.A., Tsuji, M. & Fagarasan, S. (2007) Intestinal
IgA synthesis: a primitive form of adaptive immunity that regu-
lates microbial communities in the gut. Semin. Immunol., 19,
127-135.

Swanson, K.S., Grieshop, C.M., Flickinger, E.A., Bauer, L.L.,
Wolf, B.W., Chow, J., Garleb, K.A., Williams, J.A. & Fahey,
G.C. (2002a) Fructooligosaccharides and Lactobacillus aci-
dophilus modify bowel function and protein catabolites excreted
by healthy humans. J. Nutr., 132, 3042-3050.

Swanson, K.S., Grieshop, C.M., Flickinger, E.A., Bauer, I.L.,
Healy, H., Dawson, K.A., Merchen, N.R. & Fahey, G.C.
(2002b) Supplemental fructooligosaccharides and mannano-
ligosaccharides influence immune function, ileal and total tract
nutrient digestibilities, microbial populations and concentrations
of protein catabolites in the large bowel of dogs. J. Nutr., 132,
980-989.

Swanson, K., Grieshop, C., Flickinger, E., Healy, H.-P., Dawson,
K.A., Merchen, N.R. & Fahey, G.C. (2002c) Effects of supple-
mental fructooligosaccharides plus mannanoligosaccharides on
immune function and ileal and faecal microbial populations in
adult dogs. 4Arch. Anim. Nutr., 56, 309-318.

Sweetman, J.W., Torrecillas, S., Dimitroglou, A., Rider, S.,
Davies, S.J. & Izquierdo, M.S. (2010) Enhancing the natural
defences and barrier protection of aquaculture species. Aquacult.
Res., 41, 345-355.

Aquaculture Nutrition, 22; 219-282 © 2015 The Authors. Aquaculture Nutrition Published by John Wiley & Sons Ltd.

279



280

E. Ringo et al.

Szymanska, K., Rydzewska, A. & Domka, F. (2002) Catabolic
activity of Desulfotomaculum ruminis bacteria in media contain-
ing amino acids. Polish J. Environ. Studies, 11, 567-570.

Tacon, A.G.J. & Metian, M. (2008) Global overview on the use of
fish meal and fish oil in industrially compounded aquafeeds:
trends and future prospects. Aquaculture, 285, 146-158.

Tacon, A.G.J., Hasan, M.R. & Subasinghe, R.P. (2006) Use of
fishery resources as feed inputs for aquaculture development:
trends and policy implications. FAO Fisheries Circular, No.
1018 Rome, FAO, 99 p.

Takemura, I. & Kusuda, R. (1988) Effects of josamycin adminis-
tration on intestinal microflora of cultured yellowtail. Nipp. Sui.
Gakk., 45, 837-840.

Tamminen, M., Karkman, A., Lohmus, A., Muziasari, W.I.,
Takasu, H., Wada, S., Suzuki, S. & Virta, M. (2011) Tetracy-
cline resistance genes persist at aquaculture farms in the absence
of selection pressure. Environ. Sci. Technol., 45, 386-391.

Tanaka, R., Sugimura, I., Sawabe, T., Yoshimizu, M. & Ezura, Y.
(2003) Gut microflora of abalone Haliotis discus hannai in cul-
ture changes coincident with a change in diet. Fish. Sci., 69,
951-958.

Tanaka, R., Ootsubo, M., Sawabe, T., Ezura, Y. & Tajima, K.
(2004) Biodiversity and in situ abundance of gut microflora of
abalone (Haliotis discus hannai) determined by culture-indepen-
dent techniques. Aquaculture, 241, 453-463.

Tanaka, Y., Chen, C.-H., Kozaki, T., Komiya, Y., Itoi, S. &
Sugita, H. (2012) Bacterial diversity of the intestinal tracts of the
Japanese coastal fish as determined by the clone library method.
Aquacult. Sci., 60, 333-340 (in Japanese with English abstract).

Tang, L., Wang, G.-H., Jiang, J., Feng, L., Yang, L., Li, S.-H.,
Kuang, S.-Y. & Zhou, X.-Q. (2009) Effect of methionine on
intestinal enzymes activities, microflora and humoral immune of
juvenile Jian carp (Cyprinus carpio var. Jian). Aquacult. Nutr.,
15, 477-483.

Tannock, G.W., Munro, K., Harmsen, H.J.M., Welling, G.W.,
Smart, J. & Gopai, P.K. (2000) Analysis of the fecal microflora
of human subjects consuming a probiotic product containing
Lactobacillus rhamnosus DR20. Appl. Environ. Microbiol., 66,
2578-2588.

Tanu, Deobagkar, D.D., Khandeparker, R., Sreepada, R.A.,
Sanaye, S.V. & Pawar, H.B. (2012) A study on bacteria associ-
ated with the intestinal tract of farmed yellow seahorse, Hip-
pocampus  kuda  (Bleeker, 1852):  characterization and
extracellular enzymes. Aquacult. Res., 43, 386-394.

Tapia-Paniagua, S.T., Reyes-Becerril, M., Ascencio-Valle, F., Este-
ban, M.A., Clavijo, E., Balebona, M.C. & Mourino, M.A.
(2011) Modulation of the intestinal microbiota and immune sys-
tem of farmed Sparus aurata by the administration of the yeast
Debaryomyces hansenii L2 in conjunction with inulin. J. Aqua-
cult. Res. Dev., S1, 012.

Teitelbaum, J.E. & Walker, W.A. (2002) Nutritional impact of pre
— and probiotics as protective gastrointestinal organisms. Annu.
Rev. Nutr., 22, 107-138.

Terada, A., Hara, H., Sato, D. er al. (1995) Effect of dietary chi-
tosan on faecal microbiota and faecal metabolites of humans.
Microb. Ecol. Health Dis., 8, 15-21.

Tinh, N.T.N., Dierckens, K., Sorgeloos, P. & Bossier, P. (2008) A
review of the functionality of probiotics in the larviculture food
chain. Mar. Biotechnol., 10, 1-12.

Titus, E. & Ahearn, G.A. (1988) Short-chain fatty acid transport
in the intestine of a herbivorous teleost. J. Exp. Biol., 135, 77—
94.

Tokiwa, Y. & Calabia, B.P. (2004) Review — degradation of micro-
bial polyesters. Biotechnol. Lett., 26, 1181-1189.

Tokiwa, Y. & Ugwu, C.U. (2007) Biotechnological production
of ®-3-hydroxybutyric acid monomer. J. Biotechnol., 132, 264—
272.

Torrecillas, S., Makol, A., Caballero, M.J., Montero, D., Robaina,
L., Real, F., Sweetman, J., Tort, L. & Izquierdo, M.S. (2007)
Immune stimulation and improved infection resistance in Euro-
pean sea bass (Dicentrarchus labrax) fed mannan oligosaccha-
rides. Fish Shellfish Immunol., 23, 969-981.

Torrecillas, S., Makol, A., Benitez-Santana, T., Caballero, M.J.,
Montero, D., Sweetman, J. & Izquierdo, M. (2011) Reduced gut
bacterial translocation in European sea bass (Dicentrarchus lab-
rax) fed mannan oligosaccharides (MOS). Fish Shellfish Immu-
nol., 30, 674-681.

Torrecillas, S., Montero, D. & Izquierdo, M. (2014) Improved
health and growth of fish fed mannan oligosaccharides: potential
mode of action. Fish Shellfish Immunol., 36, 525-544.

Torsteinsen, B.E., Froyland, L. & Lie, 9. (2004) Replacing dietary
fish oil with increasing levels of rapeseed oil and olive oil —
effects on Atlantic salmon (Sa/mo salar L.) tissue and lipoprotein
lipid composition and lipogenic enzyme activities. Aquacult.
Nutr., 10, 175-192.

Towner, K.J. (1995) The genetics of resistance. In: Antimicrobial
Chemotheraphy (Greenwood, D. Ed.), pp. 159-167. Oxford
University Press, Oxford.

Vadstein, O. (1997) The use of immunostimulation in marine larvi-
culture: possibilities and challenges. Aquaculture, 155, 401-417.
Vadstein, O., Bergh, @., Gatesoupe, F.-J. ef al. (2012) Microbiol-

ogy and Immunology of fish larvae. Rev. Aquacult., 4, 1-25.

Van der Gucht, K., Vandekerckhove, T., Vloemans, N., Cousin,
S., Muylaert, K., Sabbe, K., Gillis, M., Declerk, S., De Meester,
L. & Vyverman, W. (2005) Characterization of bacterial commu-
nities in four freshwater lakes differing in nutrient load and food
web structure. FEMS Microbiol. Ecol., 53, 205-220.

Van der Marel, M., Propsting, M.J., Battermann, F., Jung-
Schroers, V., Hiibner, A., Rombout, J.H-W.M. & Steinhagen,
D. (2014) Differences between intestinal segments and soybean
meal-induced changes in intestinal mucus composition of com-
mon carp Cyprinus carpio L. Aquacult. Nutr., 20, 12-24.

Van Nuenen, M.H.M.C., de Ligt, R.A.F., Doornbos, R.P., van
der Woude, J.C.J., Kuipers, E.J. & Venema, K. (2005) The influ-
ence of microbial metabolites on human intestinal epithelial cells
and macrophages in vitro. FEMS Immunol. Med. Microbiol., 45,
183-189.

Vaughan, E.E., Schut, F., Heilig, H.G.H.J., Zoetendal, E.G., de
Vos, W.M. & Akkermans, A.D.L. (2000) A molecular view of
the intestinal ecosystem. Curr. Issues. Intest. Microbiol., 1, 1-12.

Velazquez, O.C., Lederer, H.M. & Rombeau, J.L. (1997) Butyrate
and the colonocyte: production, absorption, metabolism and
therapeutic implications. In: Dietary Fiber in Health and Disease
(Kritchevsky, D. & Bonfield, C. eds), pp. 123—134. Plenum Press,
New York, NY, USA.

Vendrell, D., Balcdzar, J.L., de Blas, 1., Ruiz-Zarzuela, 1., Gironés,
0. & Miuzquiz, J.L. (2008) Protection of rainbow trout (On-
corhynchus mykiss) from lactococcosis by probiotic bacteria.
Comp. Immunol. Microbiol. Infect. Dis., 31, 337-345.

Verner-Jeffreys, D.W., Shields, R.J., Bricknell, I.R. & Birkbeck,
T.H. (2004) Effects of different water treatment methods and
antibiotic addition on larval survival and gut microflora develop-
ment in Atlantic halibut (Hippoglossus hippoglossus L.) yolk-sac
larvae. Aquaculture, 232, 129-143.

Aquaculture Nutrition, 22; 219-282 © 2015 The Authors. Aquaculture Nutrition Published by John Wiley & Sons Ltd.



Verschuere, L., Rombaut, G., Sorgeloos, P. & Verstracte, W.
(2000) Probiotic bacteria as biological control agents in aquacul-
ture. Microbiol. Mol. Biol. Rev., 64, 655-671.

Villamil, L., Figueras, A., Planas, M. & Novoa, B. (2003) Control
of Vibrio alginolyticus in Artemia culture by treatment with bac-
terial probiotics. Aquaculture, 219, 43-56.

Villamil, L., Figueras, A., Planas, M. & Novoa, B. (2010) Pedio-
coccus acidilactici in the culture of turbot (Psetta maxima) lar-
vae: administration pathways. Aquaculture, 307, 83-88.

Vine, N.G., Leukes, W.D. & Kaiser, H. (2006) Probiotics in mar-
ine larviculture. FEMS Microbiol. Rev., 30, 404-427.

Vizcaino, A.J., Lopez, G., Sdez, M.L., Jiménez, J.A., Barros, A.,
Hidalgo, L., Camacho-Rodriguez, J., Martinez, T.F., Ceron-
Garcia, M.C. & Alarcén, F.J. (2014) Effects of the microalga
Scenedesmus alimeriensis as fishmeal alternative in diets for gilt-
head sea bream, Sparus aurata, juveniles. Aquaculture, 431, 34—
43.

Vollaard, E.J. & Clasener, H.A.L. (1994) Colonization resistance.
Antimicrob. Agents Chemother., 38, 409-414.

Waagbo, R., Torrissen, O.J. & Austreng, E. (2001) Feed and feed
ingredients — the greatest challenge for continued growth in Nor-
wegian fish farming industry (In Norwegian). Norwegian
Research Council, Oslo. ISBN 82-12-01619-6, pp. 58.

Wang, Y.B., Li, J.R. & Lin, J.D. (2008) Probiotics in aquaculture:
challenges and outlook. Aquaculture, 281, 1-4.

Watanabe, T. (2009) Nutrition and Feeding in Fish and Crus-
taceans. Koseeikaku, Tokyo, Japan, 148-168. In Japanese.

Welker, T.L. & Lim, C. (2011) Use of probiotics in diets of tila-
pia. Aquacult. Res. Dev., S1, 014.

Wen, Z.-P., Feng, L., Jiang, J., Liu, Y. & Zhou, X.-Q. (2010) Im-
mune response, disease resistance and intestinal microflora of
juvenile Jian carp (Cyprinus carpio var. Jian) fed graded levels of
pantothenic acid. Aquacult. Nutr., 16, 430-436.

Wilson, D.B. & Irwin, D.C. (1999) Genetics and properties of cel-
lulases. In: Recent Progress in Bioconversion of Lignocellulosics.
Advances in Biochemical Engineering/Biotechnology (Tsao, G.T.
& Schepes, T. eds), pp. 1-21. Springer Verlag, New York, NY,
USA.

von Wintzingerode, F., Gobel, U.B. & Stackebrandt, E. (1997)
Determination of microbial diversity in environmental samples:
pitfalls of PCR-based rRNA analysis. FEMS Microbiol. Rev.,
21, 213-229.

Wittwer, C.T., Herman, M.G., Moss, A.A. & Rasmussen, R.P.
(1997) Continuous fluorescence monitoring of rapid cycle DNA
amplification. Biotechniques, 22, 130-138.

Wong, S. & Rawls, J.F. (2012) Intestinal microbiota composition
in fishes is influenced by host ecology and environment. Mol.
Ecol., 21, 3100-3102.

Wu, S., Wang, G., Angert, E.R., Wang, W.W., Li, W.X. & Zou,
H. (2012) Composition, diversity, and origin of the bacterial
community in grass carp intestine. PLoS One, 7, €30440.

Xia, J.H., Lin, G., Fu, G.H., Wan, Z.Y., Lee, M., Wang, L., Liu,
X.J. & Yue, G.H. (2014) The intestinal microbiome of fish under
starvation. BMC Genom., 15, 266.

Xie, N.-B., Feng, L., Liu, Y., Jiang, J., Jiang, W.-D., Hu, K., Li,
S.-H. & Zhou, X.-Q. (2011) Growth, body composition, intesti-
nal enzyme activities and microflora of juvenile Jian carp (Cypri-
nus carpio var. Jian) fed graded levels of dietary phosphorus.
Aquacult. Nutr., 17, 645-656.

Yamaguchi, N., Inaoka, S., Tani, K., Kenzaka, T. & Nasu, M.
(1996) Detection of specific bacterial cells with 2-hydroxy-3-
naphtoic acid-2'-phenylanilide phosphate and fast red TR in situ
hybridization. Appl. Environ. Microbiol., 62, 275-278.

Dietary effect on gut microbiota

Yang, G., Bao, B., Peatman, E., Li, H., Huang, L. & Ren, D.
(2007) Analysis of the composition of the bacterial community
in puffer fish Takifugu obscurus. Aquaculture, 262, 183-191.

Yang, Y., Lji, P.A., Kocher, A., Thomson, E., Mikkelsen, L.L. &
Choct, M. (2008) Effects of mannanoligosaccharide in broiler
chicken diets on growth performance, energy utilisation, nutrient
digestibility and intestinal microflora. Br. Poult. Sci., 49, 186—
194.

Yannarell, A.C. & Triplett, E.W. (2004) Within- and between-lake
variability in the composition of bacterioplankton communities:
investigations using multiple spatial scales. Appl. Environ. Micro-
biol., 70, 214-223.

Yoshimizu, M. & Kimura, T. (1976) Study on the intestinal micro-
flora of salmonids. Fish Pathol., 10, 243-259.

Yousefian, M. & Amiri, M.S. (2009) A review of the use of prebi-
otics in aquaculture for fish and shrimp. Afr. J. Biotechnol., 8,
7313-7318.

Yu, Z. & Morrison, M. (2004) Comparisons of different hypervari-
able regions of rrs genes for use in fingerprinting of microbial
communities by PCR-denaturing gradient gel electrophoresis.
Appl. Environ. Microbiol., 70, 4800-4806.

Yifera, M. & Darias, M.J. (2007) Changes in the gastrointestinal
pH from larvae to adult in Senegal sole (Solea senegalensis).
Aquaculture, 267, 94-99.

Zarkasi, K.Z., Abell, G.C.J., Taylor, R.S., Neuman, C., Hatje, E.,
Tamplin, M.L., Katouli, M. & Bowman, J.P. (2014) Pyrose-
quencing-based characterization of gastrointestinal bacteria of
Atlantic salmon (Salmo salar L.) within a commercial maricul-
ture system. J. Appl. Microbiol., 117, 18-27.

Zhang, Y., Qverland, M., Serensen, M., Penn, M., Mydland, L.T.,
Shearer, K.D. & Storebakken, T. (2012) Optimal inclusion of
lupin and pea protein in extruded diets for rainbow trout (On-
corhynchus mykiss). Aquaculture, 344, 100—113.

Zhao, J., Shi, B., Jiang, Q.-r. & Ke, C.-h. (2012a) Changes in gut-
associated flora and bacterial digestive enzymes during the devel-
opment stages of abalone (Haliotis diversicolor). Aquaculture,
338-341, 147-153.

Zhao, S., Feng, L., Liu, Y., Kuang, S.-Y., Tang, L., Jiang, J., Hu,
K., Jiang, W.-D., Li, S.-H. & Zhou, X.-Q. (2012b) Effects of
dietary biotin supplement on growth, body composition, intesti-
nal enzyme activities and microbiota of juvenile Jian carp
(Cyprinus carpio var. Jian). Aquacult. Nutr., 18, 400—410.

Zhou, X.-Q. & Li, Y.-L. (2004) The effects of Bio-Mos on intesti-
nal microflora and immune function of juvenile Jain Carp
(Cyprinus carpio Var. Jian). In: Nutrition and Biotechnology
in the Feed and Food Industries: Alltech’s 20th Annual Sympo-
sium (Suppl. 1 — abstracts of posters presented) Lexington, KY,
USA.

Zhou, X. & Wang, Y. (2012) Probiotics in aquaculture — benefits
to the health, technological applications and safety. In: Health
and Environment in Aquaculture (Carvalho, E., ed.), pp. 215-
226. InTech, Rijeka, Croatia, ISBN 978-953-51-0497-1.

Zhou, Z., Ding, Z. & Huiyuan, L.V. (2007) Effects of dietary short
chain fructo-oligosaccharides on intestinal microflora, survival
and growth performance of juvenile white shrimp, Litopenaeus
vannamei. J. World Aquacult. Soc., 38, 296-301.

Zhou, Z., Liu, Y., Shi, P., He, S., Yao, B. & Ringo, E. (2009a)
Molecular characterization of the autochthonous microbiota in
the gastrointestinal tract of adult yellow grouper (Epinephelus
awoara) cultured in cages. Aquaculture, 286, 184—189.

Zhou, Q., Li, K., Jun, X. & Bo, L. (2009b) Role and functions of
beneficial microorganisms in sustainable aquaculture. Bioresour.
Technol., 100, 3780-3786.

Aquaculture Nutrition, 22; 219-282 © 2015 The Authors. Aquaculture Nutrition Published by John Wiley & Sons Ltd.

281



282

E. Ringo et al.

Zhou, Z.-G., He, S., Liu, Y., Shi, P., Huang, G. & Yao, B.
(2009c) The effects of dietary yeast culture or short-chain
fructo-oligosaccharides on the intestinal autochthonous bacterial
communities in juvenile tilapia, Oreochromis niloticus?® x O. au-
reusd'. J. World Aquacult. Soc., 40, 450-459.

Zhou, Z., Liu, Y., He, S., Shi, P., Gao, X., Bin Yao, B. & Ringg,
E. (2009d) Effects of dietary potassium diformate (KDF) on
growth performance, feed conversion and intestinal bacterial
community of hybrid tilapia (Oreochromis niloticus? x O. au-
reusd). Aquaculture, 291, 8§9-94.

Zhou, Z., Karlsen, 0., He, S., Olsen, R.E., Yao, B. & Ringo, E.
(2013a) The effect of dietary chitin on the autochthonous gut
bacteria of Atlantic cod (Gadus morhua L.). Aquacult. Res., 44,
1889-1900.

Zhou, Y., Yuan, X., Liang, X.-F., Fang, L., Li, J., Guo, X., Bai, X.
& He, S. (2013b) Enhancement of growth and intestinal flora in

grass carp: the effect of exogenous cellulase. Aquaculture, 416-417,
1-7.

Zhou, Z., Yao, B., Romero, J., Waines, P., Ringo, E., Emery, M.,
Liles, M.R. & Merrifield, D.L. (2014) Methodological
approaches used to assess fish gastrointestinal communities. In:
Aquaculture Nutrition: Gut health, Probiotics and Prebiotics
(Merrifield, D. & Ringe, E. eds), pp. 101-127. Wiley-Blackwell
Publishing, Oxford, UK.

Zou, J., Clarke, M. & Secombes, C.J. (2003) Characterisation,
expression and promoter analysis of an interleukin 10 homo-
logue in the puffer fish, Fugu rubripes. Immunogenetics, 55, 325—
335.

Zou, J., Bird, S., Truckle, J., Bols, N., Horne, M. & Secombes,
C.J. (2004) Identification and expression analysis of an IL-18
homologue and its alternatively spliced form in rainbow trout
(Oncorhynchus mykiss). Eur. J. Biochem., 271, 1913-1923.

Aquaculture Nutrition, 22; 219-282 © 2015 The Authors. Aquaculture Nutrition Published by John Wiley & Sons Ltd.



