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1 Introduction
The mucosal surface of the intestine is coated by an epithelial tissue which has
imperative functional barrier roles. On one side the intestinal epithelium acts as
selective permeable tissue which is capable of allowing water and ion transports, and
is able to mediate the uptake of nutrients from the lumen (EVELOFF et al. 1980;
GIBSON et al. 1985; SIRE and VERNIER 1992; GROSCHWITZ and HOGAN 2009).
In this aspect the intestinal epithelium acts upon two different pathways
(GROSCHWITZ and HOGAN 2009). The first is the transcellular pathway in which
substances are transported across epithelial cells through specific membrane located
transporters and cotransporters. Other substances are paracellularly transported
through the intercellular space as a second pathway that is mediated by structures of
intercellular junctions, especially by tight junctions (TJs). On the other hand, the
intestinal epithelium functions as a barrier of defence that is able to protect itself and
systems beneath from toxins, foreign antigens, and pathogenic invaders (MULDER
et al. 2007; KOMATSU et al. 2009; TURNER 2009). Intestinal protection
mechanisms include physical and mechanical defences, and innate and adaptive
immune responses (HART et al. 1988; SIMECKA 1998; GOMEZ and BALCAZAR
2008; TURNER 2009; ROMBOUT et al. 2011).
Sodium glucose cotransporter 1 (SGLT1) and claudin proteins are components of the
intestinal barrier that were suggested to be involved in both selective permeable
function and barrier defence of intestine. The membrane located protein SGLT1 is
the most responsible cotransporter for intestinal glucose uptake (FERRARIS and
DIAMOND 1986; KELLET 2001) and it also takes part in the sodium balance of the
gut (MACKENZIE et al. 1996). With each cycle the cotransporter incorporates one
glucose molecule and two sodium ions from the luminal side and transcellularly
transports them across the intestinal epithelium against a concentration gradient of
the sugar (MACKENZIE et al. 1996). The activity of SGLT1 was reported to be
altered during intestinal inflammation (SUNDARAM et al. 1997). More recently, the
protein was proposed to be involved in anti apoptotic activity of the intestine against
bacterial challenge (YU et al. 2005; YU et al. 2006; YU et al. 2008) and in the re-
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establishment of zonula occludens-1 (ZO-1) structures in TJs after heat stress (IKARI
et al. 2005). Claudins are building structural blocks of intercellular tight junctions that
mediate intestinal paracellular transport of substances (LAL-NAG and MORIN 2009).
The first extracellular part of claudin proteins was suggested to determine size- and
charge-selectivity of the paracellular pathway (COLEGIO et al. 2002; COLEGIO et al.
2003; PIONTEK et al. 2008). Pathological importance of claudin proteins was
reported in animals challenged by many different infectious agents including bacteria
and viruses (KATAHIRA et al. 1997; SONODA et al. 1999; BERKES et al. 2003;
GROSCHWITZ and HOGAN 2009; GUTTMAN and FINLAY 2009).
SGLT1 and claudin proteins are well known to be present in piscine animals.
Physiological activity of SGLT1 was reported in fish for a long time (FERRARIS and
AHEARN 1984; RESHKIN and AHEARN 1987b) and the molecular characterization
of the protein was investigated more recently (SALA-RABANAL et al. 2004;
ALTHOFF et al. 2007; NIE et al. 2011). Some years after the first detection of
claudins in a warm-blooded animal (FURUSE et al. 1998) the proteins were reported
to exist in zebrafish (KOLLMAR et al. 2001). A large number of claudin genes were
identified from the whole genome of the Japanese pufferfish and mRNA tissue
expression profiles of the genes were described (LOH et al. 2004). In addition,
claudins of teleost fishes were reported to be altered during physical and
environmental stresses (OLSEN et al. 2005; SANDBICHLER et al. 2011).
The present report describes investigations on intestinal barrier functions in fish, in
particular dealing with SGLT1 and claudin genes in common carp (Cyprinus carpio),
an important commodity in aquaculture especially in Asia and also in central Europe
(FAO 2011). Carp aquaculture is challenged by the supply with economically
sustainable feed and by disease related problems. Some aspects of SGLT1 and
claudins including a functional and molecular characterization have been investigated
in fish, however, there is no study regarding to their importance for the barrier
function during intestinal challenges such as feed changes or infection. Therefore
besides a functional investigation into SGLT1 related glucose transport and
molecular identification of the cotransporter as well as claudins as transmembrane
proteins, mRNA expression of the genes was studied under challenge with
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pathogens and in response to feed change. Two malignant infectious agents, Koi
herpesvirus (KHV) and Aeromonas hydrophila were used as viral and bacterial
pathogen models, respectively. Additionally, dietary

-glucan was applied to

modulate intestinal protection during the bacterial challenge. The aims of the present
study included:
•

To describe nutrient uptake properties of the carp intestine using Ussing
chamber method, especially for an analysis of the phlorizin sensitive glucose
induced short circuit current (Isc) response which is relevant to SGLT1 activity.

•

To isolate partial cDNA of carp SGLT1 and claudin genes and to analyze
expression profiles of these gene in carp tissues and along intestinal axis.

•

To analyze transcription levels of SGLT1 and claudin genes during an
infection of carp with an important viral disease, koi herpesvirus (KHV).

•

To evaluate the expression of carp SGLT1 and claudin mRNA during a
challenge with Aeromonas hydrophila after feeding with -glucan.

-3-

2 Literature review
Opposing to efforts in capture fisheries that was reported to be stagnant for the last
decade aquaculture manufacture growths significantly and it is suggested to be an
important part of human efforts dealing with global food security issues (AHMED and
LORICA 2002; LIAO and CHAO 2009). Corresponding to its portion in total
aquaculture production worldwide the common carp (Cyprinus carpio) is considered
as one of the most important commodities of this sector, especially in freshwater fish
culture in Asian and some European countries (FAO 2011). The development of
common carp industry is challenged by many factors including feed supply and
protection against pathogenic invaders. With respect to these two challenges, gut
physiology and mucosal immune responses have moved into the focus of research.
2.1

Intestinal barrier structures and functions

The intestinal mucosa is mainly constructed of a layer of epithelial cells. Among the
epithelium cells, there is a specific population of Goblet cells which secrete mucin
proteins to form a mucus layer which covers the luminal side of the epithelium and is
important in the defence against environmental challenges (TURNER 2009). To
support intestinal immune defence mechanisms, in epithelium and lamina propria
many lymphocytes are distributed, such as Ig-negative and Ig-positive cells,
macrophages, neutrophils and eosinophils (TURNER 2009). The apical membrane of
intestinal epithelial cells bears many transporter and cotransporters that facilitate
active transcellular transport of nutrients or ions. The sodium-dependent glucose
cotransporter 1 (SGLT1) is an example of intestinal cotransporters and it acts as the
most responsible biological machinery for intestinal glucose uptake (FERRARIS and
DIAMOND 1986; KELLETT 2001). Adjacent epithelial cells are interconnected with
three intercellular structures: tight junctions (TJs), adheren junctions, and
desmosomes; consecutively from the most apical side (GROSCHWITZ and HOGAN
2009; TURNER 2009). The last two interconnection structures are important for a
physical stabilization of barrier constructions (GROSCHWITZ and HOGAN 2009).
The structure of TJs mainly consists of transmembrane proteins, claudins which are
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responsible for closing the intercellular space and modulating the selective
paracellular transport of ion and water (GROSCHWITZ and HOGAN 2009).
2.1.1 Mucosal immunity of intestine
As the first barrier against external invaders from the lumen of the gut, the intestinal
epithelium performs a broad range of innate defence mechanisms. The most outer
layer, the mucus acts as physical barrier and chemical that protects the epithelium
from microbial adherens and colonization, and this layer also might contain
antimicrobial substances (TURNER 2009). Another physical barrier is formed by the
epithelial cells and their apical intercellular junctional structures, the TJs which
prevent microbial internalization (LAL-NAG and MORIN 2009). Intestinal innate
immune responses involve molecules of humoral immunity such as antimicrobial
peptides, cytokines, lysozyme, complement components, transferrin, pentraxins,
lectins, antiproteases and natural antibodies as well as components of cellular
immunity like phagocytes and cytotoxic cells (MULDER et al. 2007; VILLARROEL et
al. 2007; GOMEZ and BALCAZAR 2008). Most of these components of non specific
immune protection are mediated by lymphocytes, monocytes, macrophages, and
granulocytes that are widely available in the epithelium and the lamina propria
(ROMBOUT et al. 1989a). Interestingly, isolated intestinal epithelium cells from
rainbow trout could express cytokines after microbial challenge (KOMATSU et al.
2009).
The presence of many immune related cells in the gut also allows antigen specific
cellular and humoral immune responses in the intestine of fish. In structures different
to those of mammals, a gut-associated lymphoid tissue (GALT) is present especially
in the second segment of gut; for examples in the intestine of fish species such as
goldfish, tilapia, or carp. The intestinal lymphoid tissue also contains lymphoid cells,
macrophages, plasma cells, and granulocytes (eosinophils and neutrophils) (TEMKIN
and MCMILLAN 1986; HART et al. 1988; DOGGETT and HARRIS 1991; ROMBOUT
et al. 1993; ROMBOUT et al. 2011). In carp systemic and local immune protection
was reported after oral administration of a vaccine (ROMBOUT et al. 1989b) and an
antigen uptake activitiy that could initiate adaptive immunity was reported to be
performed by intestinal macrophages and by epithelium cells (ROMBOUT et al.

-5-

1989b). Although further investigations are needed, antigen uptake mechanisms that
involve specific cells which have similar characteristics as dendritic cells and M cells
of higher vertebrate animals were recently reported in Atlantic salmon (FUGLEM et
al. 2010). Finally, it was reported that fish secreted IgM instead of IgA and recently
IgZ and IgT were described as well from the group (ROMBOUT et al. 2011).
2.1.2 Sodium-dependent glucose cotransporter 1 (SGLT1)
An actively driven transcellular transport of sugars was described from the isolated
intestine of hamster for the first time in the 1960s by an American research group
(CRANE and MANDELSTAM 1960; ALVARADO and CRANE 1962; BIHLER and
CRANE 1962). In the meantime a sugar uptake activity mediated by the sodium
glucose cotransporter 1 (SGLT1) is well known as a major component of intestinal
glucose

uptake

(FERRARIS

and

DIAMOND

1986;

KELLETT

2001).

The

+

cotransporter has an essential need of Na ions to transport glucose from the luminal
side into intestinal epithelium cells (BIHLER and CRANE 1962). This activity does not
require and is not influenced by the presence of other anions or cations (BIHLER and
CRANE 1962), and it is inhibited by a specific competitive binding substance,
phlorizin (ALVARADO and CRANE 1962; FERRARIS and DIAMOND 1986). At once
the SGLT1 protein pumps one glucose molecule and two sodium ions simultaneously
across the cell membrane even against a potential concentration gradient of the
sugar (MACKENZIE et al. 1996). Along the gastrointestinal tract the levels of
respective SGLT1 activity vary in different intestinal segments (AMAT et al. 1996).
Chicken jejunum was reported to show the highest level of SGLT1 activity in
comparison to other intestinal parts like duodenum, ileum, proximal cecum, and
rectum (AMAT et al. 1996).
SGLT1 is a membrane located protein with 14 transmembrane helices. It consists of
662-665 amino acids and belongs to the sodium/glucose cotransporter family SLC5
(TURK and WRIGHT 1997; WRIGHT and TURK 2004). Most of the intestinal SGLT1
proteins are located in the apical membrane of intestinal epithelium cells where they
function as the main cotransporter for active glucose uptake (YOSHIDA et al. 1995).
A less amount of the intestinal SGLT1 proteins are bound in basolateral membranes
of epithelium cells and support the glucose transporter 2 (GLUT 2) as minor
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cotransporters for sending glucose molecules from intestinal cells to blood vessels. In
addition to SGLT2, a high amount of SGLT1 proteins is present in the kidney of
cartilagous fish such as shark and skate as well where the proteins are suggested as
one of the renal cotransporters responsible for glucose reabsorption from the
glomerular filtrate (KIPP et al. 1997; ALTHOFF et al. 2007). There is a spatial
distribution of SGLT1 expression along the gastrointestinal tract and renal tubules
(GARRIGA et al. 1999; SALA-RABANAL et al. 2004; ALTHOFF et al. 2007;
YOSHIKAWA et al. 2011). Additionally, SGLT1 proteins are also highly expressed in
many other organs such as heart, trachea, testis, and liver (ZHOU et al. 2003)
however its role in these tissues remains unclear.
In fish, the SGLT1 protein and/or its activity was studied in many species such as
African tilapia (Oreochromis mosambicus), skate (Raja erinace), gilthead sea bream
(Sparus aurata), and carp (Cyprinus carpio) (FERRARIS and AHEARN 1984;
RESHKIN and AHEARN 1987b; SALA-RABANAL et al. 2004; ALTHOFF et al. 2007;
NIE et al. 2011). These investigations were focused mainly on a functional and
molecular characterization of the cotransporter. Isolated intestinal brush border
membrane vesicles (BBMV) of African tilapia (Oreochromis mosambicus) showed
levels of sodium glucose cotransporter activity that related to differences of intestinal
segments and water salinity (RESHKIN and AHEARN 1987a). Besides SGLT-2,
SGLT1 activity was suggested to be involved in renal glucose absorption in the skate
Raja erinace and the shark Squalus acanthias (KIPP et al. 1997). The SGLT1 gene
from the skate showed a high similarity with the human SGLT1 gene and the protein
was highly expressed in anterior and posterior segments of proximal tubules of
kidney (ALTHOFF et al. 2007). An activity compatible to SGLT1 was determined in
brush border membrane vesicles (BBMV) isolated from the proximal and the distal
intestine of gilthead sea bream (SALA-RABANAL et al. 2004). The proximal intestine
of the fish expressed a higher amount of SGLT1 protein than the distal intestine
(SALA-RABANAL et al. 2004). In addition, the sequence of carp SGLT1 was reported
to show 70-90% of similarity with sequences of other fish and mammalian SGLT1
molecules (NIE et al. 2011).
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The expression of SGLT1 is regulated by many factors including the luminal
availability of glucose, endocrine factors (OHTA et al. 1990; BREVES et al. 2010),
and disease-related factors. Interestingly, the expression of SGLT1 was reported to
be related not only with glucose-related metabolic diseases like diabetes mellitus
(TABATABAI et al. 2009) but also with other non contagious diseases like cancer
(CASNEUF et al. 2008), cardiac disease (BANERJEE et al. 2009), or even with
infectious diseases such as a protozoan infection (SUNDARAM et al. 1997). In
pancreatic cancer, the expression of SGLT1 was suggested as potential prognostic
marker since a high expression of the gene was significantly correlated with the
proportion of disease free survival (DFS) (CASNEUF et al. 2008). Evidence showed
that SGLT1 gene expression was regulated during chronic inflammation which was
caused by infection with an intestinal protozoan (SUNDARAM et al. 1997). Brushborder membrane vesicles isolated from rabbit ileum after intragastric inoculation
with protozoan oocysts showed a significantly lower level of sodium-glucose uptake
than BBMV isolated from the small intestine of untreated animals (SUNDARAM et al.
1997). The decrease of glucose absorption was associated with an inflammation
process and was partly related with the down-regulation of SGLT1 expression
(SUNDARAM et al. 1997). In more detail, an alteration of the interaction between
SGLT1 and the possible transcription factors Sp1 and HNF1 indicated that the down
regulation of the gene during inflammation happened during gene transcription
(KEKUDA et al. 2008).
Fascinatingly, SGLT1 activity was observed to have a protective effect against
intestinal apoptosis and barrier damage during microbial infection (YU et al. 2005; YU
et al. 2006; YU et al. 2008; HUANG et al. 2011) and to play a role in the recovery of
barrier structures after heat stress (IKARI et al. 2005). SGLT1 transfected Caco-2
cells cultured in medium with a high glucose content were protected from apoptosis
and increased paracellular permeability induced by lipopolysaccharide (LPS) derived
from a virulent strain of Escherichia coli (YU et al. 2005; YU et al. 2006) or by a
protozoan, Giardia duodenalis (YU et al. 2008). The addition of phlorizin which binds
to and inhibits the activity of SGLT1 reduced the protection. This clearly indicated
that the cytoprotection effects were related with the activity of the glucose
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cotransporter proteins (YU et al. 2005; YU et al. 2006; YU et al. 2008). The SGLT1
mediated anti apoptotic mechanism was associated with an increased apical
expression of SGLT1, an up-regulation of anti apoptotic proteins Bcl-2 and Bcl-X(L,),
caspase-8 and -9 activation, and PI3K/Akt signalling (YU et al. 2005; YU et al. 2006;
YU et al. 2008; HUANG et al. 2011). In addition, activation of SGLT1 recovered the
transepithelial resistance (TER) of porcine renal cells after heat stress into the initial
level through a reorganization of zonula occludens-1 (ZO-1), a cytosolic TJ protein
(IKARI et al. 2005).
2.1.3 Tight junction components: claudin protein
Claudin, a name coming from the Latin word “claudere” that means to close, refers to
a group of structural proteins that are forming tight junctions TJs (FURUSE et al.
1998). Before the first discovery of claudin proteins, for several years, studies of tight
junction proteins were dominated by the occludin protein that was known as the only
protein of the TJs structure. However, a formation of TJs which was identified in cells
with a disrupted occludin gene indicated the existence of other protein(s) in this most
apical intercellular structure (SAITOU et al. 1998). A reinvestigation of integral
membrane proteins of chicken liver on SDS-PAGE found nine other protein bands
besides the occludin band after treatment with 4 M guanidine-HCl (FURUSE et al.
1998). After sonication of integral membrane proteins, one broad protein band
behaved similarly to the occludin protein in a fractionation analysis using a sucrose
density gradient centrifugation followed by SDS-PAGE analysis (FURUSE et al.
1998). Two protein molecules were isolated from this single band and the sequences
that were obtained by direct peptide sequencing were different to the occludin
sequence but similar with a human EST (first sequence) or a mouse EST (second
sequence) (FURUSE et al. 1998). Based on these ESTs full sequences of the genes
were obtained and tagged recombinant plasmids were constructed in eukaryote
expression system vectors (FURUSE et al. 1998). Finally, transfected MDCK cells
showed an incorporation of these two integral membrane proteins and the occludin
protein in the TJ structure and the two novel TJs proteins were called claudin-1 and
claudin-2, respectively (FURUSE et al. 1998).
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A year after the first finding of claudin the same research group published the
identification of another six claudin proteins and proposed claudins as a family of
multiple genes from TJs (MORITA et al. 1999). The members of this gene family
have extended and were found widely in all chordate animals including fish, as well
as in lower chordates (Halocynthia roretzi) and invertebrates (Drosophila)
(KOLLMAR et al. 2001; WU et al. 2004; LAL-NAG and MORIN 2009; NELSON et al.
2010). A total of 24 claudin genes were reported from mammals and in particular
humans and chimpanzees lack claudin-13 (LAL-NAG and MORIN 2009). Fish
claudins were first identified in zebrafish (Danio rerio) (KOLLMAR et al. 2001) and
then found in many fish species such as Japanese pufferfish, Takifugu rubripes (LOH
et al. 2004); spotted green pufferfish, Tetraodon nigroviridis (BAGHERIE-LACHIDAN
et al. 2008); Atlantic salmon, Salmo salar (TIPSMARK et al. 2008a); southern
flounder, Paralichthys lethostigma (TIPSMARK et al. 2008b); rainbow trout,
Onchorhynchus mykiss (CHASIOTIS and KELLY 2011; SANDBICHLER et al. 2011);
and goldfish, Carassius auratus (CHASIOTIS and KELLY 2011). Interestingly, the
Japanese pufferfish was reported to have the largest number of claudin genes, which
consists of 56 claudin genes (LOH et al. 2004). A significant number of the claudin
genes of Japanese pufferfish represent molecular duplications of a gene or are fishspecific claudins (LOH et al. 2004) and also could indicate the presence of unknown
claudins in their mammalian counterparts. Very recently three new mammalian
claudins were found, and as a result a total of 27 claudins genes now are designated
from the group (MINETA et al. 2011).
Claudin proteins belong to the PMP22/EMP/MP20/claudin superfamily and are
characterized mostly by a molecular size of about 22-24 kDa, around 211-228 amino
acids, with four trans-membrane domains, and both the amino- and carboxy-tails are
extending into the cytoplasm (LAL-NAG and MORIN 2009). These properties
mediate the roles of the claudin proteins in structure and function of intestinal tight
junctions (TJs) (LAL-NAG and MORIN 2009). The roles of claudins are mediated by
their two extracellular domains (COLEGIO et al. 2002; COLEGIO et al. 2003;
PIONTEK et al. 2008). The shorter domain, also known as the second extracellular
loop, facilitates an interaction of two claudin proteins forming an intercellular TJ
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structure between two opposing cells (PIONTEK et al. 2008). This interaction can be
homogenous such as claudin-1:claudin-1, claudin-2:claudin-2, or claudin-3:claudin-3
or heterogenous such as claudin-1:claudin-3, or claudin-2:claudin-3 (FURUSE et al.
1999). On the other hand the longer extracellular loop determines the transepithelial
resistance (TER), as well as a size- and charge-selectivity of the paracellular space
(COLEGIO et al. 2002; COLEGIO et al. 2003).
In mammals, claudin expression varied along the gut axis and it was suggested to be
correlated with barrier properties of intestinal specific segments (MARKOV et al.
2010). As a major component of TJs, claudin proteins are not only responsible for
allowing ion and water transport but also for building the intestinal physical barrier
against foreign antigens (MORITA et al. 1999; LAL-NAG and MORIN 2009).
According to their function, mammalian claudins can be classified into three groups:
Claudin -1, -3, -4 and -11 were recognized as builders of the barrier, while molecules
from a second group such as claudin-2 and -10 were known to facilitate permeability
function, and the other claudins from a third group, for instance claudin-7 and -12
were reported to show both functions (AMASHEH et al. 2011). In epithelial cells,
expression of claudin-5 increased barrier function (AMASHEH et al. 2005), while
overexpression of claudin-2 was reported to increase permeability to sodium
(AMASHEH et al. 2002). Additionally, probiotic bacteria and flavanoid substances
such as quercetin were reported positively to modulate intestinal barrier function
through alteration of claudin expression (AMASHEH et al. 2008; PATEL et al. 2012).
As it is a part of the intestinal barrier that acts as a protective line against foreign
antigens and pathogens, claudin proteins are regulated during diseases or
inflammation processes, and in some cases they become targets of pathogens.
Under inflammatory bowel disease, IBD, intestinal TJs were altered and expression
of some claudin was reported to be regulated by proinflammatory cytokines that are
relevant to the disease (SCHULZKE et al. 2009). During intestinal inflammation, IFNgamma or TNF-alpha down-regulated the expression of claudin-2 and -3, while IL-13
increased claudin-2 expression (PRASAD et al. 2005). A culture of IEC-18 cells that
was treated with TNF-alpha, an important inflammatory cytokine of the disease,
showed an up-regulation in the expression of the claudin-1 protein (PORITZ et al.
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2011). Human colon specimen with IBD showed an increase in the expression of the
claudin protein which was concomitant with a decrease in occludin in comparison
with non IBD specimen (PORITZ et al. 2011). Many enterobacterial pathogens such
as Escherichia coli, Salmonella, and Clostridium perfringens were reported to alter
the integrity of the intestinal barrier and regulate the expression of claudin proteins
(BERKES et al. 2003; GROSCHWITZ and HOGAN 2009; GUTTMAN and FINLAY
2009). Also the expression of claudins was reported to be altered during an infection
with rotavirus (NAVA et al. 2004), Hepatitis C virus (HCV) (EVANS et al. 2007;
MEERTENS et al. 2008), west nile virus (MEDIGESHI et al. 2009), Epstein-barr virus
(EBV) (SHINOZAKI et al. 2009), or human immunodeficiency virus-1 (HIV-1)
(ANDRAS and TOBOREK 2011). Interestingly, Clostridium perfringens uses parts of
the second extracellular loops of claudin-3 and -4 as enterotoxin binding sites
(KATAHIRA et al. 1997; SONODA et al. 1999) and HCV is known to use Claudin-1, 6, and -9 as entrance cofactors (EVANS et al. 2007; MEERTENS et al. 2008).
A disturbance of intestinal permeability associated with a regulation of claudin
expression could happen during non disease related stresses (LAMBERT 2009). For
examples; after a physical disturbance a group of deprived-fed rainbow trout showed
an increase of intestinal permeability (OLSEN et al. 2005). A significant downregulation of claudin-28 expression was detected in gill pavement cells of rainbow
trout under osmotic stress (SANDBICHLER et al. 2011). It is possible that an
alteration of claudin expression during stresses is correlated with the cortisol level, a
specific steroid hormone released in response to stress (TIPSMARK et al. 2009; BUI
et al. 2010; CHASIOTIS and KELLY 2011). An addition of cortisol to primary cell
culture was reported to alter epithelial permeability (CHASIOTIS and KELLY 2011)
and to regulate the expression of claudins as tight junction proteins (TIPSMARK et al.
2009; BUI et al. 2010; CHASIOTIS and KELLY 2011).
2.2

Common carp (Cyprinus carpio)

For global freshwater aquaculture, the common carp is an important species. The
name “Common carp” is referring to all uncoloured strains of Cyprinus carpio
Linnaeus 1758 as a counterpart of nishikigoi or koi that is pointing the fancy strain of
the fish that was for the first time obtained through artificial multiple selection
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breeding in Niigata Prefecture of Japan (BALON 1995). According to the database at
www.fishbase.org, Cyprinus carpio is scientifically classified in Eukaryota; Metazoa;
Chordata; Craniata; Vertebrata; Euteleostomi; Actinopterygii; Neopterygii; Teleostei;
Ostariophysi; Cypriniformes; Cyprinidae; Cyprinus (FROESE and PAULY 2000;
KOTTELAT and FREYHOF 2007). Historically, the common carp was a luxurious
dessert in Roman era and evidence indicated that for the first time culture of the fish
was started in this era either by Romans in Europe or by Chinese in far east Asia
(BALON 1995). Today, common carp is not classified as a high-priced food;
however, it is becoming an important protein source in human diets. In the last two
decades the annual production of common carp increased exponentially and reached
more than 3 millions tonnes in 2010 (FAO 2011, Fig. 1). Currently, it represents 14%
of the global freshwater aquaculture production and is mainly cultivated in Asian
countries especially in China which accounts for 70% of the world total production
(FAO 2011). Regarding to differential characteristics of common carp strains,
especially in growth rate, survival rate, carcass quality, and diseases resistance;
genetic improvements of mass-cultured strains in order to enhance the production
are in progress (GORDA et al. 1995; IRNAZAROW 1995; VANDEPUTTE 2003;
RAKUS et al. 2009; NIELSEN et al. 2010; RAKUS et al. 2012).
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Fig. 1. The global production of common carp (Cyprinus carpio) aquaculture (taken from FAO 2011)

Common carp has been cultured in extensive monoculture, intensive monoculture,
integrated farming, and polyculture systems (KESTEMONT 1995). Extensive
monoculture of common carp has been usually done in earthen ponds and in many
cases fertilizers have been used to increase the live food population like zooplankton
and phytoplankton (KESTEMONT 1995). In order to achieve harmonization with
other agricultural sectors the fish has been cultivated as well in agro-aquaculture
integrated systems such as in rice-carp fields (KESTEMONT 1995). These systems
are common in Southeast Asian countries like Indonesia, Thailand, and Philippines
(KESTEMONT 1995). To optimize the spatial usage of ponds and feeding efficiency
common carp has been cultured together with other fish species in polyculture
systems (KESTEMONT 1995). Finally, to elevate the production of carp commercial
feeds have been used to the fish in intensive monoculture for example in permanent
ponds, raceways, or net cages (KESTEMONT 1995). For reducing high cost of
intensive monoculture especially related to the fishmeal content in feed ingredients,
common carp as an omnivorous fish can be fed with carbohydrate rich diets
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(KNÖSCHE and SCHRECKENBACH 1995; KESHAVANATH et al. 2002) and its
ability to digest this organic compound can be increased, for example by the
application of probiotics (YANBO and ZIRONG 2006). Additionally, the prospective
use of some plant protein sources also gives a possible strategy to produce common
carp in more sustainable and more economic way (HASAN et al. 1997).
Disease-related problems have challenged the manufacture of common carp for a
long time. Toxic gill necrosis was reported as one of non infectious diseases in
common carp cultivation (SVOBODOVÁ et al. 1995). It is caused by many pollutants
released especially during eutrophication of the ponds and frequently correlated as
well with stress conditions and high dietary content of protein (SVOBODOVÁ et al.
1995). Carp is also susceptible to many parasites (protozoans, myxozoans,
monogeneans etc.), fungal (Saprolegnia spp.), bacterial (gram negative, gram
positive), and viral diseases, especially a disease caused by the Rhabdovirus carpio
(BUCHMANN et al. 1995; JENEY and JENEY 1995). In addition to this, disease
outbreaks caused by an infection with the Koi Herpesvirus (KHV) occured in Koi
cultures in the late of 1990s (BRETZINGER et al. 1999; NEUKIRCH et al. 1999;
WALSTER 1999; HEDRICK et al. 2000). During the following years, KHV disease
became one of the major diseases problems in common carp cultivation worldwide
(GRAY et al. 2002; ISHIOKA et al. 2005; SUNARTO et al. 2005; CHENG et al.
2011). Among the bacterial pathogens of carp, the opportunistic Aeromonas
hydrophila is one of the most dangerous causes for diseases and frequently acts as
a secondary invader (ANGKA et al. 1995; JENEY and JENEY 1995).
2.3

Koi herpesvirus, an emerging disease problem in carp aquaculture

Koi herpesvirus is one of the major problems in freshwater fish culture and
exclusively affects koi and common carp (Cyprinus carpio) production worldwide. In a
period of 1996-1998 disease outbreaks with very similar clinical signs significantly
reduced koi production and caused great economic losses in many countries such as
the United Kingdom, the United States, Israel, and Germany (BRETZINGER et al.
1999; NEUKIRCH et al. 1999; WALSTER 1999; HEDRICK et al. 2000). The diseased
fish showed gill and/or skin alterations as common symptoms (BRETZINGER et al.
1999; NEUKIRCH et al. 1999; WALSTER 1999; HEDRICK et al. 2000) and virus-like
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particles were identified to be present in tissues from affected fish by using electron
microscopy and cell culture assays (BRETZINGER et al. 1999; NEUKIRCH et al.
1999; HEDRICK et al. 2000). On the basis of morphological characteristics the virus
was assigned to the herpesvirales group and was called Koi herpesvirus (KHV). The
viral disease has spread rapidly worldwide. This was probably a consequence of the
intensive international trade or fish movements for contests of koi (HEDRICK 1996).
Only a few years later disease outbreaks associated with the herpesvirus has
occurred in many countries around the world and KHV has become a major problem
not only in koi cultivation but also in production of the non ornamental strain, common
carp (GRAY et al. 2002; ISHIOKA et al. 2005; SUNARTO et al. 2005; CHENG et al.
2011).
The virus has been called with at least three different names because of different
reasons: Koi herpesvirus (KHV), attributed to the first known infected fish (HEDRICK
et al. 2000); carp interstitial nephritis and gill necrosis virus (CNGV), according to the
pathological signs (PIKARSKY et al. 2004); and third Cyprinid herpesvirus (CyHV-3),
for systematic reasons (WALTZEK et al. 2005). The KHV was classified as a member
of the Hespesviridae family based on morphological characteristics (HEDRICK et al.
2000; MIWA et al. 2007). The virus has 31 virion polypeptides; some of them have a
similar molecular weight than those of the Herpesvirus cyprini (CHV) and the channel
catfish virus (CCV) (GILAD et al. 2002). Similar to mammalian hespesviruses, KHV
also shows morphological variations of the capsid. The diameter of the capsid is
around 110 nm and the diameter of mature enveloped virions is around 170-200 nm
(MIWA

et

al.

2007).

Unlike

the

morphological

characteristics,

molecular

characteristics of KHV produced doubts in the classification of this virus into the
family Herpesviridae. The genome of this virus is around 295 kbp and larger than
those of other members of the Herpesviridae (ILOUZE et al. 2006). Some genes of
KHV such as the Thymidylate monophospate kinase (TmpK), ribonucleotide
reductase, and thymidine kinase also resemble those of pox viruses (ILOUZE et al.
2006). However, four complete genes of KHV: a helicase, an intercapsomeric triplex
protein, the DNA polymerase, and the major capsid protein are very similar with
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CyHV-1 and CyHV-2 and therefore KHV was proposed as CyHV-3 (Cyprinid
herpesvirus 3) (WALTZEK et al. 2005).
Pathological manifestations of the KHV disease were reported from many studies.
Main external clinical signs of the disease shown by fish samples from outbreaks
were a pale skin discoloration, prominent lesions of skin and fins, a high mucus
production in gills, and severe gill necrosis and haemorrhagic inflammation, gill
swelling, and degeneration of primary filaments (BRETZINGER et al. 1999;
NEUKIRCH et al. 1999; HEDRICK et al. 2000). Histophatological assays of the
diseased gills showed hyperplasia, destruction and fusion of secondary lamella, and
necrosis and intranuclear inclusion in the branchial epithelium (NEUKIRCH et al.
1999; HEDRICK et al. 2000). Less prominent histopatological signs of the disease
included interstitial nephritis, spleenitis, and enteritis (HEDRICK et al. 2000). An
artificial injection of the KHV into carp resulted in lethargy, nervous signs, a loss of
equilibrium, and the same lesions of the same organs as in samples from outbreaks
(HEDRICK et al. 2000). In cell culture the virus induced the formation of cythopathic
effects (CPE) (NEUKIRCH et al. 1999; HEDRICK et al. 2000). Specifically to
intestinal changes, cells with virus-induced changes were found in the lamina propria
of the intestine of artificially infected fish (HEDRICK et al. 2000). Microscopic and
PCR-based investigations showed that the intestine was one of the targeted organs
of the virus besides the gill, kidney, liver, spleen, and brain (HEDRICK et al. 2000;
GILAD et al. 2004; PIKARSKY et al. 2004). Additionally, a KHV infection was
reported to affect osmoregulation of common carp (NEGENBORN 2009).
The virus is able to induce a disease in different age classes or sizes of carp at a
narrow range of water temperature and the infection can be transferred horizontally.
Nevertheless carp in various ages are susceptible, young fish are more vulnerable
than adults (PERELBERG et al. 2003). Even though the virus could be detected in a
broad range of temperature, the disease caused high mortality in a temperature
range between 18-25oC (GILAD et al. 2004). Besides intraperitoneal injection,
bathing and cohabitation were reported as an effective route to artificially infect fish
with KHV and mortalities of 85-100% occurred within 7-26 days post infection
(HEDRICK et al. 2000; PIKARSKY et al. 2004). These evidences supported the
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possibility that this disease spreads of in a fish population and among fish ponds
through horizontally transmission either via skin-to skin transfer or via water
contaminated by faeces contained virus-to skin transfer (SHIMIZU et al. 2006;
MINAMOTO et al. 2009). In water samples the virus could be detected at a couple
days or even 3 months after a disease outbreak (SHIMIZU et al. 2006; MINAMOTO
et al. 2009). In the aquatic ecosystem KHV could bind to planktonic organisms like
rotifera (MINAMOTO et al. 2011). Other cyprinid fish species such as goldfish or
goldfish x common carp hybrids are not susceptible to the disease, however they
could be involved in horizontal transmission of the disease since the virus was
detected in these fish (HEDRICK et al. 2006; SADLER et al. 2008; EL-MATBOULI
and SOLIMAN 2011). Gills, skin, and intestine were proposed as portal entries of the
virus since all of these external surfaces showed significant pathological symptoms
and harboured a high number of virus copies (HEDRICK et al. 2000; GILAD et al.
2004; PIKARSKY et al. 2004; DISHON et al. 2005). However, in an investigation
using a recombinant virus produced by the bacterial artificial chromosome system
(BAC) skin was suggested as the main portal entry of the virus (COSTES et al.
2009).
The development of detection methods for KHV is dominated by DNA amplificationbased assays. A PCR assay designed on the basis of a specific restriction DNA
fragment was able to detect as little as 1 pg of KHV DNA (GILAD et al. 2002).
Another sensitive endpoint PCR designed to amplify the thymidine kinase (TK)
sequence of KHV could detect 10 fentograms which corresponds to 30 virions
(BERCOVIER et al. 2005). A quantification of KHV can be performed by using a realtime TaqMan PCR assay with a serial concentration of a recombinant plasmid as a
standard (GILAD et al. 2004). This sophisticated assay allows a detection of 10
copies of the KHV genome (GILAD et al. 2004). To avoid expensive equipment and
reagents, the need of a proper laboratory, and time-consuming PCR procedures, a
loop-mediated isothermal amplification (LAMP) assay was designed to detect KHV
during a field survey (GUNIMALADEVI et al. 2004; SOLIMAN and EL-MATBOULI
2005). The sensitivity of these two LAMP assays (GUNIMALADEVI et al. 2004;
SOLIMAN and EL-MATBOULI 2005) was reported to be comparable to endpoint
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PCR detection methods from GILAD et al. (2002) and GRAY et al. (2002).
Additionally to the PCR based assays, detection methods on the basis of specific
antigen-antibody reactions such as immunohistochemistry and enzyme-linked
immunosorbant assay (ELISA) were developed (PIKARSKY et al. 2004; DISHON et
al. 2005). Similar to PCR detection, an ELISA assay was able to detect viral protein
in excrement samples from diseased carp (DISHON et al. 2005). However it could
not show positive results in intestinal secretion samples in which a PCR assay
successfully detected the virus (DISHON et al. 2005).
Several vaccination treatments have been developed to reduce losses in Koi and
common carp industries due to the KHV disease. The development of a KHV vaccine
was focused on the use of live attenuated virus to immunize the fish (RONEN et al.
2003; PERELBERG et al. 2005). Through serial passages in koi fin cells (KFC)
cultures KHV strains that have reduced virulence could be obtained (RONEN et al.
2003; PERELBERG et al. 2005). These non virulence strains induced specific
antibodies in injected or immersed carp and significantly reduced the mortality levels
to less than 10% in comparison with 100% of non-vaccinated groups after a
challenge with virulent KHV strains (RONEN et al. 2003; PERELBERG et al. 2005).
Attenuated recombinant virus produced through a BAC system could also be
proposed as potential vaccine; nevertheless further investigations are needed
(COSTES et al. 2008). Even though attenuated KHV vaccines showed a high
efficacy against KHV induced mortality, releasing the virus to aquaculture or
environmental systems could end up with serious problems. The mechanism of
losing-gaining pathogenicity of KHV and whether the non virulent KHV strains will be
transferred to other fish and reverting to its pathogenicity are remaining issues that
have to be further investigated (PERELBERG et al. 2005; PERELBERG et al. 2008).
The use of inactivated virus to immunize fish against KHV also promised a
comparable protection compared to the use of an attenuated vaccine. Groups of carp
orally administrated with liposomal membrane compartments which contained
formalin inactivated KHV showed around 70% of protection after inoculation of KHV
by gill dropping (YASUMOTO et al. 2006).
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2.4

Aeromonas hydrophila, the causative agent of a bacterial disease in fish

Aeromonas hydrophila is widely known as a disease causative agent in many fish
species, especially in freshwater environments. The disease caused significant
problems not only dealing with economical but also with environmental aspects for
many decades (SCHÄPERCLAUS 1965; VOLF and HAVELKA 1965; MERINO and
TOMAS 1988; MEYER 1991; PLUMB 1991; ANGKA et al. 1995; NIELSEN et al.
2001). Great economical losses due to the disease have been reported from fish
culture in many regions of the world (SCHÄPERCLAUS 1965; VOLF and HAVELKA
1965; MERINO and TOMAS 1988; MEYER 1991; PLUMB 1991; ANGKA et al. 1995;
NIELSEN et al. 2001). High mortality also occurred in wild populations of fishes as
mentioned in some reports (HAZEN et al. 1978b; LLOBRERA and GACUTAN 1987).
The opportunistic pathogen caused disease outbreaks normally when fish faced
stress conditions, for examples due to poor water qualities, aquatic pollutions, or
seasonal changes (MEYER 1991; PLUMB 1991). Disease-related problems in part
caused by Aeromonas hydrophila were reported as well in other cold-blooded
animals (CUNNINGHAM et al. 1996; BONDAD-REANTASO et al. 2005; ROH et al.
2011), warm-blooded animals (ESTERABADI et al. 1973; OCHOLI and KALEJAIYE
1990), including man (LEONARD and HADLEY 1982; HOLMBERG et al. 1986;
LOWEN et al. 1989).
In Bergey’s Manual of Determinative Bacteriology Aeromonas hydrophila is classified
in the group of facultative anaerob, Gram negative bacilli, motile with a single
flagellum, and belongs to the family of Vibrionaceae and to the multi species genus
of Aeromonas. Biochemical-based assays can be used to classify the members of
the genus and many commercial systems are available (JANDA and ABBOTT 2010).
The members of this genus are distributed into complex levels (Aeromonas
hydrophila complex, Aeromonas caviae complex, and Aeromonas sobria complex)
on the basis of certain biochemical assays like esculin, glucose (gas), L-arabinose
utilization, and the Voges-Proskauer reaction (ABBOTT et al. 2003). The members of
the Aeromonas hydrophila complex (Aeromonas hydrophila, Aeromonas bestiarum,
Aeromonas salmonicida) exclusively produce elastase, pectinase or staphylolysin
(ABBOTT et al. 2003) and can be separated from each other by several biochemical
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tests such as acid production from D-sorbitol, and the utilization of D-lactate and
uronic acid (JANDA et al. 1996; ABBOTT et al. 2003). Specifically, strains of
Aeromonas hydrophila are characterized as

85% utilization of citrate, 15-85%

utilization of D-Lactate and uronic acid, 15-85% oxidation of gluconate, less than
15% produce acid from cellobiose and D-sorbitol; and 15-85% produce acid from
lactose and L-rhamnose (ABBOTT et al. 2003). According to DNA relatedness the
Aeromonas hydrophila complex consists of three hybridization groups (HGs) and
HG1 is representing Aeromonas hydrophila (POPOFF et al. 1981; KUIJPER et al.
1989).
Aeromonas hydrophila is known as a member of the normal microflora in aquatic
habitats, including water and sediment (HAZEN et al. 1978a; SUGITA et al. 1995), as
well as in the gut lumen of fish (MACFARLANE et al. 1986; SUGITA et al. 1995). The
bacterium could be isolated not only from freshwater but also from saline water
environments with a range of salinities between 0-25 ppt (HAZEN et al. 1978a).
Interestingly, however the disease has been rarely reported from estuarine and
marine fish, densities of the bacterium were higher in saltwater than in freshwater
habitats (HAZEN et al. 1978a). The bacterium was reported to be distributed in
aquatic systems with a temperature of 4-45 oC and the highest density was found in
waters with a temperature around 35 oC (HAZEN et al. 1978a). Disposal of effluents
from many factories to water systems was identified as a significant factor influencing
the density of Aeromonas hydrophila (HAZEN and ESCH 1983). The abundance of
the bacterium was influenced by phytoplankton density and by concentrations of
phosphate, nitrate, and total carbon (HAZEN and ESCH 1983). Together with other
species in the genus of Aeromonas such as Aeromonas veronii, Aeromonas caviae,
Aeromonas sobria, and Aeromonas jandaei; Aeromonas hydrophila was found to be
present in the intestine of common carp and crucian carp captured from river habitats
(SUGITA et al. 1995). A predomination by Aeromonas hydrophila was also shown in
the population of intestinal bacteria from striped bass collected from estuarine and
coastal marine environments (MACFARLANE et al. 1986).
Based on pathological symptoms the disease related to Aeromonas hydrophila
infection, with a significant conflict with the disease caused by some other members
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of Aeromonas, is called Haemorrhagic septicaemia (HAZEN et al. 1978b); Motile
aeromonad septicaemia, MAS (SOLIMAN et al. 1989; THUNE et al. 1993); or
Epizootic ulcerative syndrome, EUS (LLOBRERA and GACUTAN 1987; MCGAREY
et al. 1991). In carp for a long time the bacterium was known to be a primary
pathogen of infectious dropsy with abdominal dropsy, ulcerations, and secondary
deformities as disease manifestations (SCHÄPERCLAUS 1965; VOLF and
HAVELKA 1965). The disease in African catfish (Clarias gariepinus) showed
haemorrhages at the internal abdominal wall, pale-coloration of the liver, and ascites
(PANIAGUA et al. 1990). Petechial haemorrhages and necrotic ulcers were reported
from the body surface of infected channel catfish (Ictalurus punctatus) (VENTURA
and GRIZZLE 1987). Aeromonas hydrophila-infected largemouth bass (Micropterus
salmoides) showed haemorrhagic septicaemia and lesions at body surface (HAZEN
et al. 1978b). Haemorrhages, lesions, and necrotic ulcers were also found in
mudfish/snakehead (Ophiocephalus striatus), Thai catfish (Clarias batrachus),
crucian carp (Carassius carassius) and goby (Glossogobius giurus) associated with
the bacterium (LLOBRERA and GACUTAN 1987). Enteritis and hepatic necrosis
without prominent external signs were reported to be common pathological
symptoms of the disease in mullet (Mugil cephalus) (SOLIMAN et al. 1989).
Different strains of virulent Aeromonas hydrophila showed a wide range of
pathogenicity levels (DE FIGUEIREDO and PLUMB 1977; PANIAGUA et al. 1990;
ANGKA et al. 1995). A number of Aeromonas hydrophila strains isolated from
healthy and from diseased fish had a 50%lethal dose (LD50) of 104.8-108.0 cells when
intra peritoneally injected into African catfish (ANGKA et al. 1995). Isolates that were
obtained from fish were more virulent than those that were isolated from the aquatic
environment (DE FIGUEIREDO and PLUMB 1977). Among 77 isolates of
Aeromonas hydrophila that were obtained from environmental sites of a river, 77%
(57) isolates were virulent and caused 20-100% of mortalities in rainbow trout after
intramuscular injection of 3x107 bacterial cells (PANIAGUA et al. 1990).
Many pathogenicity determinants of Aeromonas hydrophila were reported, including
endotoxins, exotoxins, and secreted enzymes. O-antigen lipo-polysaccharides (LPS)
and the S-layer are important factors of bacterial cells for adhesion and colonization
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(MITTAL et al. 1980; DOOLEY and TRUST 1988; MERINO et al. 1996). A common
O-antigen LPS seems to exist among virulent strains of the bacterium (Mittal 1990).
An LPS of the serogroup O:34 was reported as the main factor for intestinal
colonization (MERINO et al. 1996). Aeromonas hydrophila was reported to produce
various exotoxins such as haemolysins (PANIAGUA et al. 1990; RODRIGUEZ et al.
1992; SANTOS et al. 1999; GONZÁLEZ-SERRANO et al. 2002; EPPLE et al. 2004),
enterotoxins (CHAKRABORTY et al. 1984; SANTOS et al. 1988; GONZÁLEZSERRANO et al. 2002), staphylolysins (SANTOS et al. 1988), and cytotoxins
(PANIAGUA et al. 1990; GONZÁLEZ-SERRANO et al. 2002). A high number of
enzymes are produced by the bacterium which includes a protease (LEUNG and
STEVENSON 1988; SANTOS et al. 1988; RODRIGUEZ et al. 1992; CASCON et al.
2000), caseinase (PANIAGUA et al. 1990), Dnase (SANTOS et al. 1988), amylase
(SANTOS et al. 1988),

-lactamase (PEMBERTON et al. 1997), and a chitinase

(PEMBERTON et al. 1997). A mechanism of transferring products of the bacterium
into cells involves the type III secretion system (T3SS) (YU et al. 2004; CARVALHOCASTRO et al. 2010). In addition the bacterium also produced iron chelating
siderophores as a virulence factor (SANTOS et al. 1999).
In the early periods of disease outbreaks associated with Aeromonas hydrophila
people used antibiotics as an effective treatment of the disease in fish culture. An
injection of chloramphenicol or streptomycin was effectively reducing losses in
common carp cultivation due to the disease (SCHÄPERCLAUS 1965). In addition to
chloramphenicol and streptomycin, the bacterium was also reported to be susceptible
to many other antibiotics such as neomycin, terramycin, aureomycin, and kanamycin
(VOLF and HAVELKA 1965). However, few years later the use of antibiotics was not
effective any more because the bacterium showed antibiotic resistance that involved
a transferable R-plasmid (AOKI and TAKAHASHI 1987; AOKI 1988) and also
chromosomal genes encoding -lactamases (as reviewed by (JANDA and ABBOTT
2010). Treatments with antibiotics were considered to increase the capability of
transferring the R-plasmid between bacterial cells via a conjugative mechanism
(Cantas 2000). Therefore the use of antibiotics as a treatment for Aeromonas
hydrophila associated disease in fish production now is strongly restricted because of
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possible complications, in particular because the bacterium is a common component
of the microflora in waters (Hazen 1978) and causes diseases in many other animals
(CUNNINGHAM et al. 1996; BONDAD-REANTASO et al. 2005; ROH et al. 2011) and
also zoonotic diseases (LEONARD and HADLEY 1982; HOLMBERG et al. 1986;
LOWEN et al. 1989).
The use of vaccines to prevent disease outbreaks of Aeromonas hydrophila
promises good success. A combination of formalin-killed bacteria and Freund’s
adjuvant that were intraperitoneally injected into Nile tilapia increased the antibody
titre and gave 100% of protection against a bacterial challenge two weeks after
vaccination (RUANGPAN et al. 1986). However, problems due to the serologic
heterogeneity of Aeromonas hydrophila challenge the development of vaccination
procedures (NEWMAN 1993). For example, based on the O-antigen, 307 strains of
mesophilic Aeromonas (277 Aeromonas hydrophila, 80 Aeromonas caviae) were
distributed into 44 different serogroups (SAKAZAKI and SHIMADA 1984). Therefore
many strategies were developed to solve this problem. One strategy was to search
for a common antigenic molecule as vaccine candidate for many bacterial strains
(POOBALANE et al. 2010). The intraperitoneal injection of a recombinant S-layer
protein significantly reduced mortalities of vaccinated common carp challenged with
six different A. hydrophila- isolates (POOBALANE et al. 2010). Another approach is
focusing on a vaccine production from highly virulent strains (PRIDGEON and
KLESIUS 2011).
Another approach in the prevention of the haemorrhagic septicaemia disease in
aquaculture is dealing with improvements of innate immunity and the health status of
cultivated fish. A selection based on disease resistance is one strategy in this
approach (ARDÓ et al. 2010). Families of common carp (Cyprinus carpio) showed
differential susceptibility against Aeromonas hydrophila infection and this was partly
coupled with the activity of phagocytes, plasma lyzozyme activity, and the titre
natural antibodies (ARDÓ et al. 2010). Implementing best management practices for
aquaculture is an important strategy in reducing stress conditions and also increasing
the resistance of cultured fish against the opportunistic bacterial pathogen (MEYER
1991; BONDAD-REANTASO et al. 2005; LI et al. 2009). Additionally, the use of
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immune related substances such as vitamins, pre- or pro-biotic, and immunostimulants or -modulants form further efforts to avoid disease problems caused by
the bacterium (MEYER 1991; SOBHANA et al. 2002; KESARCODI-WATSON et al.
2008).
2.5

Feeding fish with -glucan

Polymers of glucose are commonly found as structural components in the cell walls
of fungi and in the endosperm of some cereals like oat and barley; and

-glucans

have been investigated to modulate the immune system of humans and animals
against infectious and non infectious diseases since along time ago (DILLER et al.
1963;

FIZPATRICK and

DICARLO 1964;

BROWN and GORDON 2003).

Administrations of -glucans have been used to increase cellular or humoral innate
immune responses in order to prevent humans or animals from parasites, bacterial,
fungal, or viral infection (FIZPATRICK and DICARLO 1964; BROWN and GORDON
2003). Beta-glucans were also used to cure non infectious abnormality. Applications
of

-glucans have been reported as well to activate the complement system in

defence of cancer and to act as an adjuvant for antitumor monoclonal antibodyies
(ROSS et al. 1999; YAN et al. 1999; HONG et al. 2004).
Depending on the sources

-glucans have differential molecular size and macro

structural features (VOLMAN et al. 2008). Bacterial
consisting of

-glucan is linear and is

-(1,3) glucose molecules (VOLMAN et al. 2008). Similar to -glucan

originating from prokaryotic organisms, cereal -glucan is linear but it is built from two
glucose molecules,

-(1,3) and

-(1,4) glucoses. Differently, fungal

-glucan is not

linear (VOLMAN et al. 2008). The glucose polymers isolated from multicellular fungi
form a short -(1,6) branched -(1,3) glucan while the one from monocellular fungi is
a long

-(1,6) branched

-(1,3) glucan (VOLMAN et al. 2008). Different

immunomodulatory functions were induced by -glucans from different sources and
they were influenced by macro structural characteristics like degree of branching,
length of polymers, and tertiary structure of the

-glucan (TZIANABOS 2000;

BROWN and GORDON 2003).
Applications of

-glucans have been widely implemented in fish aquaculture,

especially dealing with the prevention of infectious diseases. Most of the studies
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were focused on treating fish with

-glucans in order to increase innate immune

responses of the animals and their survival rates after a challenge with bacterial
pathogens. Treatments with a proper dose of

-glucan through intraperitoneal

injection or by feeding modulated several innate immune parameters in fish such as
serum mylenoperoxidase (MPO) content, natural hemagglutinin level, lysozyme level,
and superoxide production (KUMARI and SAHOO 2006) and increase diseases
resistance of fish against bacterial invaders such as Aeromonas hydrophila (SAHOO
and MUKHERJEE 2001, KUMARI and SAHOO 2006, MISRA et al. 2006a,
RODRı´GUEZ et al. 2009, SELVARAJ 2006), Edwardsiella tarda (Misra et al. 2006a),
or Streptococcus iniae (Whittington 2005). In a fewer reports, -glucans were used to
stimulate anti-viral activities and to increase the survival levels of fish challenged with
viral diseases (Kim 2009).
Taking a technical advantage to be applied in intensive fish farming, dietary

-

glucans are more frequently studied than other methods of administration such as
injection or bathing. Many reports showed that feeding fish with -glucan containing
diets modulated immune response parameters, and increased gut health and
diseases resistance. Fish fed with

-glucan performed a higher level of immune

responses such as superoxide anion production, haemolytic complement activity,
and paghocytic activity; and lower levels of mortality after injection of Aeromonas
hydrophila or Erdwardsiella tarda (MISRA et al. 2006a). Even at lower levels in
comparison to injection methods, dietary of -glucan also stimulated innate immune
responses of mammals such as mice (SUZUKI et al. 1990; VOLMAN et al. 2008).
Additionally, treatments of a long period of feeding with -glucan (8 weeks) or four
cycles of 15 days feeding with -glucan followed by 45 days feeding with normal feed
did not significantly influence the growth rate of the fish as indicated by body weight
(BW) and food conversion ratio (FCR) (BAGNI et al. 2005; MISRA et al. 2006a).
Some receptors of -glucan were describes, for example dectin-1, toll-like receptor 2
and 4, complement receptor 3, scavenger receptors, and lactosylceramide (BROWN
and GORDON 2003). The

-glucan receptors were identified to be present in

immune related cells like macrophages, monocytes, neutrophils, eosinophil and NK
cells, as well as in non immune cells such as endothelial cells, alveolar epithelial
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cells, and fibroblasts (BROWN and GORDON 2003). However the presence of

-

glucan receptors in intestinal epithelial cells remains unclear, the modulation of
intestinal immune responses by dietary -glucan might be mediated by receptors of
immune cells in the Peyer´s patches and by intraepithelial lymphocytes (SUZUKI et
al. 1990; TSUKADA et al. 2003; VOLMAN et al. 2008). Systemic effects of dietary glucan also involved intestinal macrophages (HONG et al. 2004). An investigation in
mice showed that orally administrated

-glucans were taken up by macrophages,

transported to immune related organs or tissues like lymph nodes, spleen and bone
marrow, and then probably induced a systemic immune responses (HONG et al.
2004).
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3 Materials and methods
3.1

Ussing chamber method

In principal the Ussing chamber method as recently described by Herrmann et al.
(2012) was used for first two experiments. The first experiment was done in order to
adapt the Ussing chamber experimental protocol to carp tissue and to measure the
response of carp intestine to amastatin (inhibitor of dipeptide hydrolysation),
carbachol, dipeptides, forskolin, glucose, and phlorizin. The second experiment was
mainly focused on estimating the phlorizin-sensitive glucose transport activity a long
the carp intestine.
3.1.1 Fish and maintenance
A group of common carp (Cyprinus carpio, 500-600 g) was obtained from a fish farm
in Lower Saxony which is recorded free from diseases during the last five years. The
carp were acclimatized to laboratory conditions in a rectangular tank containing 250
liters of tap water. The rearing system was supported by mechanical-biological filter
and the water temperature was kept between 22-25oC by using a heating system. In
order to optimize water conditions, 90% of the water was changed every day. The
animals were fed ad satiation once per day with a commercial trout feed (Skretting,
The Netherlands). The fish were starved one day prior the experiment to minimize
the availability of initial nutrients in the gut lumen at the time of experimentation.
3.1.2 Sampling of intestinal tissues
One-day starved carp were killed by immersing into a bath with the anesthetic
MS222 at a concentration of 0.5 g/l and subsequently the blood was removed by
needle and syringe from caudal blood vessels. Then the carp was dissected, the gut
was removed immediately and intestinal pieces were collected for the Ussing
chamber assay, for histology, and RNA isolation as shown in Fig. 2. The samples for
electrical parameters were kept in ice-cold physiological salt solution and processed
directly. The samples for RNA isolation were placed immediately in separated tubes
filled with 1 ml of TriZol and then stored at -80 oC until further use. The samples for
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histology were preserved in formalin (4% formaldehyde in phosphate buffer pH 7.27.4) at room temperature until further processing.
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Fig. 2. Schematic picture of the carp intestine indicating sample locations.
A) Sampling for experimentation for the adaptation of Ussing chamber measurments; and B) sampling
locations for the analysis of phlorizin sensitive glucose uptake activity along the gut axis. The numbers
indentify the locations of intestinal segments mounted in Ussing chambers and the lower case letters
identify the locations of gut samples taken for histology and RNA isolation. The intestine is segmented
into upper mid gut, lower mid gut, and posterior gut based on phlorizin sensitive glucose uptake
activity. This image is not to scale.

3.1.3 Set up of the assay for the measurement of electrical parameters
Intestinal samples of 3-4 cm length were placed mucosal side down on an ice-cold
plate covered by ice-cold physiological salt solution and the muscle layers were
stripped off by a fine dissection set. Samples were then placed vertically in Ussing
chambers consisting of two compartments of 10 ml with a tissue-exposed area of 0.5
or 1.13 cm2 (Fig. 3). The two compartments were filled with osmotically identical
electrolyte solutions of different composition (Table 1). The system was thermostated
at 25 oC by a water jacket and continuously gassed with carbogen (95% O2, 5%
CO2).
Two voltage/current clamps controlled by computers were connected to the
chambers through agar bridges and Ag/AgCl electrodes. The agar bridges were
made using a glucose free Krebs-Henseleit solution. Tissues were voltage clamped
to 0 mV by injecting current (Ic) in order to eliminate potential electrical driving forces
for transepithelial transport of charged ions. From negative Ic values short-circuit
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currents (Isc) as a measure of overall electrogenic net ion transport were calculated in
eq·cm-2·h-1 every 6 seconds. The tissue conductance (Gt) in mS·cm-2 was calculated
from Ohm’s law by applying an impulse of current in addition to the present Isc ( I:
100 µA for 200 ms) through the epithelium every 6 seconds which led to rapid
changes of transepithelial potential differences ( PD) and Gt values were calculated
from Gt= I/ PD. The systems were equilibrated for 20-40 minutes before any addition
of substances.

A

B

Fig. 3. Experimental set up of the Ussing chamber experiments. A segment of carp intestine on an
acrylic cylinder (A) before mounting in Ussing chamber (B).

Table 1. The composition, osmolarity, and pH of the solution used in Ussing chamber
assay
Parameter
Substance (mmol/l)
• NaCl
• KCl
• HCl
• MgCl2.6 H2O
• CaCl2. 2 H2O
• NaHCO3
• Na2HPO4.2 H2O
• Glucose (water free)
• Mannitol
• Hepes
• Na-gluconate
• 1 N NaOH
Osmolarity (osm)
Initial pH
o
pH at 37 C, carbogen gassed

Experiment 1
Mucosal
Serosal
113.6
5.4
0.2
1.2
1.2
21
1.5
2
20
6

113.6
5.4
0.2
1.2
1.2
21
1.5
10
2
20
6
-

297-298
7.33-7.38
7.42
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Experiment 2
Mucosal
Serosal
113.6
5.4
0.2
1.2
1.2
21
1.5
10
2
20
6

113.6
5.4
0.2
1.2
1.2
21
1.5
10
2
20
6
-

296-298
7.2-7.27
7.45-7.47

3.2

Experiment with carp under KHV infection

3.2.1 Fish and rearing
Two-years old (around 100 g) individuals of carp from the Polish “K” line produced
and raised in the laboratory under specific pathogen free (SPF) conditions were
obtained from the Polish Academy of Sciences, Institute of Ichthyobiology and
Aquaculture in Gołysz (Poland). The fish were kept in the National Veterinary
Institute on Puławy, Poland in a tank with 250 liters of water, supported by a
mechanic-biological filter and were a fed commercial carp feed at a rate of 1% of
body weight per day. The water temperature was 18 oC and 80% of water was
changed every day.
3.2.2 Virus challenge and tissue sampling
A KHV infected samples were obtained from an experiment which was conducted by
RAKUS et al. (2012). Cell culture derived virus from passage no. 4 was inoculated in
confluent C. carpio brain (CCB) cells monolayers (Neukirch et al., 1999) cultured in
minimum essential medium (Gibco, Germany) containing 4.5 g/ liter glucose (Dglucose monohydrate), 10% fetal calf serum (FCS), Penicillin (200 i.u./ml),
Streptomycin (0.2 mg/ml), and 1% MEM non-essential amino acid solution (SIGMA,
Germany). The cells were cultured at 22 oC in a humid atmosphere containing 5%
CO2 in the Laboratory of Fish Disease, National Veterinary Research Institute in
Puławy (Poland). Ten days after inoculation the infected CCB cultures were
examined for cytopathic effects (CPE). Medium from infected cells including the virus
was harvested and used for infecting the fish. The virus titer of the original virus
suspension used in the infection experiment was 8 x 104 tissue culture infective dose
50 (TCID50/ml.), as estimated by the method of REED and MUENCH (1938).
Carp were immersed into container with a KHV suspension in the concentration of
3.2 x 102 TCID50/ml in the final volume of water and control fish were immersed into
container with the same amount of culture medium from uninfected CCB cultures
(RAKUS et al. 2012). All procedures were conducted in small plastic containers filled
with tap water and virus suspension and the carp were kept for 30 minutes at 22 oC.
Then the fish were subsequently returned to their original tanks. The fish were
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observed three times per day and no mortality was recorded during a period of 32
days. Five individual fish were killed by MS222 as described above from the infected
and the control group on 1, 3, 5, and 14 days post infection. Then two intestinal
segments from the upper mid and lower mid gut were sampled from every fish for
virus detection and mRNA expression analysis. All experimental procedures with
carp were done in the Laboratory of Fish Disease, National Veterinary Research
Institute in Puławy (Poland). The samples were preserved in RNA later and sent to
the Laboratory of the Fish Disease Research Unit, Institute of Parasitology, at the
University of Veterinary Medicine Hannover.

3.3

Feeding carp with -glucan and Aeromonas hydrophila intubation

3.3.1 Fish and culture
Larvae of common carp (Cyprinus carpio L.) produced from a single crossing
(R8S8×R3S8, Wageningen Agricultural University, Wageningen, The Netherlands)
under specific pathogen free system were used. Carp were raised and kept in tap
water within circular tanks supported by mechanical-biological filters in a recirculation
water system. Prior to experiments six-year old fish (around 120 g) of this population
were transferred to rectangular tanks filled with 300 L of tap water and supported by
a mechanical-biological filter system and kept a week for adaptation.
Table 2. Experimental diets formulation
Component
Fish protein concentrate
Wheat starch
Cellulose
Soybean oil
Fish oil
Ethoxyquin
Vitamin-premix
Stabilized vitamin C
Mineral-premix
-glucan (MacroGard)

Diet 1 (%)
45.00
41.00
2.57
4.50
4.50
0.02
0.25
0.11
2.06
-

Diet 2 (%)
45.00
40.00
2.57
4.50
4.50
0.02
0.25
0.11
2.06
1.00*

* subtracted from the percentage of wheat starch
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3.3.2 Feeding Experiment
Three groups of seven fish each were fed 1% of body weight with three different
composition diets. The first group received a normal feed (commercial trout feed,
Skretting, The Netherlands) that might contain 0.1% of

-glucan. The other two

groups were fed with two experimental diets provided by Tetra GmbH (Germany).
One of the diets contained 1%

-glucan in the form of Macrogard produced by

Biorigin (Norway), the other diet did not contain -glucan; the other ingredients were
similar (Table 2). After two weeks of feeding all fish were killed by immersing in a
solution of the anaesthetic MS222 as described above, the body cavity was opened,
and intestinal samples were taken from the upper mid gut and the posterior gut and
preserved in RNA later solution.
3.3.3 The bacteria and infection
From a population of carp kept in the Institute of Ichthyobiology and Aquaculture,
Polish Academy of Science, two groups of common carp fed with two different diets
over a period of 2 weeks (Table 2) and then used for an experiment with Aeromonas
hydrophila BSK10 (NIELSEN et al. 2001). The fish were intubated with 109 CFU of
the bacteria in 500 µl PBS (infected groups) or 500 µl PBS only (control fish)
according to a method described previously (Van der Marel 2008, Schoers 2008) and
kept in recirculating water at 20 °C. A number of f ive fish were killed and tissue
samples for transcription analysis were taken from the upper mid and the posterior
intestine at 1, 6, 12 hour post infection (hpi), 1, 3, and 7 day post infection (dpi). The
samples were collected into RNA later solution and stored at -20°C until further use
in the Fish Disease Research Unit, Insitute of Parasitology, Univerisity of Veterinary
Medicine, Hannover, Germany.
3.3.4

Evaluation of the bacterial challenge

The carp were observed for clinical symptoms during the sampling. The number of
aeromonads and the number of total bacteria present in the carp’s intestine were
estimated on the basis of the expression of the gene encoding bacterial 16S mRNA
and evaluated by a SYBR green real time PCR assay. Also expression of IL-1 and
iNOS genes mRNA was measured by using a SYBR green real time PCR assay.
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3.4

Histological methods

Samples from the intact intestine and from the stripped intestine before and after
testing in Ussing chamber experiments were fixed in formalin (4% formaldehyde in
phosphate buffer pH 7.2-7.4). After dehydration in graded series of alcohol solutions,
the samples were embedded in resin (Technovit 7100) as described in the
manufacturer's protocol (Heraeus-Kulzer, Germany). Blocks were sectioned at 3-5
µm and the sections were floated on distilled water on a clean glass slide placed on a
hot plate (37 oC) over night. Slides were stained with toluidine blue (0.1%) or periodic
acid-Schiff counterstained with hematoxyline (PAS/H) according to standard
procedures (ROMEIS, 1968). Incubating in toluidine blue was from 2 to 10 minutes.
In PAS/H staining, the slides were incubated for 30 minutes at 56 oC in a solution
with periodic acid (1 %), and then stained with Schiff’s reagent for 15-30 minutes and
subsequently with Hematoxylin for 5-10 minutes. The slides were cleared in xylene
for 1.5 minutes and mounted in a resinous medium (Corbit balsam). Observation of
gut appearance, measurements of mucosal fold length, recording of damaged
mucosal fold tips, and counting of Goblet cells were done under observation with a
light microscope. The proportion of damaged mucosal fold tips was calculated from
at least 32 mucosal folds in every case. Measurements of mucosal fold length and
counting the number of Goblet cells per mucosal fold were done on three mucosal
folds per sample.
3.5

Samples processing for mRNA expression studies

Gut tissue samples for RNA isolation were immediately placed into 1.5 ml tubes filled
with 1 ml of RNA later and kept overnight at 4 oC. Then the samples were kept at -80
o

C until further processing.

3.5.1 RNA extraction
RNA was extracted from intestinal samples using TRIzol (Invitrogen) or peqGOLD
TriFast (Peglab) reagents (Table 3) according to protocol from the manufacturer with
minor modification. Tissue samples were taken from the RNA later solution,
transferred to 2-ml reaction tubes and ground in 1 ml of the isolation reagent in the
present of a metal ball using a Tissue lyser (Qiagen). The resulting suspension was
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transferred to a new 1.5-ml tube and incubated for 5 minutes at room temperature.
After the addition of 0.2 ml of chloroform the samples were shaken for 15 seconds
and then kept for 5 minutes at room temperature. After centrifugation for 15 minutes
at 12,000 rpm the upper aqueous phase was collected and transferred to a new 1.5ml tube.
The RNA was precipitated from the aqueous phase with 0.5 ml of isopropanol. After
incubation at room temperature for 10 minutes the samples were then centrifuged at
12.000 rpm for 20 minutes. The received RNA pellet was washed twice with 75%
ethanol by vortexing and subsequent centrifugation for 8 minutes at 9.100 rpm. After
air drying for 5-10 minutes, the RNA pellet was redissolved with Rnase-free water
and heated at 55 oC for 10 minutes. Finally, quantity and purity of the samples were
determined in a Nanodrop spectrophotometer and then the samples were kept at -80
o

C until use. Samples with a ratio of absorbance A260/280 around 2.00 and A260/230 =

2.00-2.20 were accepted as pure RNA samples.
Table 3. RNA extraction reagents and amount of processed RNA
Experiments

Reagents

Ussing chamber
KHV infection
Feeding treatments
A. hydrophila infection

TRIzol®
TRIzol®
TriFast™
TriFast™

Processed RNA (ng)
DNase
cDNA
1000
200
1608
730
2000
909
1000
454

cDNA primers
Random hexamer
Mix (oligo dT & random hexamer)
Mix (oligo dT & random hexamer)
Mix (oligo dT & random hexamer)

3.5.2 Digestion of genomic DNA and construction of cDNA
Prior to the construction of cDNA a possible contamination with genomic DNA was
removed by the use of RNase-free DNase I (Fermentas) according to manufacturer’s
protocol. Briefly, a mix of RNA, 1 µl of 10x buffer with MgCl2, 2 units of DNase, and
10 units of ribolock (RNase inhibitor) in DEPC-treated water (up to 10 µl of final
volume) was incubated for 30 minutes at 37 oC. Subsequently, the DNase was
inactivated by adding 1 µl of 25 mM EDTA and incubation at 65 oC for 10 minutes.
The cDNA was constructed using Maxima Reverse Transcriptase (Fermentas) as
described in the manufacturer’s protocol. RNA samples were mixed with 1 µl random
hexamer (100 pmol) or with a mix of 0.25 µl oligo dT (100 pmol) and 0.25 µl random
hexamer (100 pmol) (Table 3), with 1 µl dNTPs (10 mM each), 4 µl of 5x RT buffer,
0.5 µl ribolock (20 u), 1 µl Maxima Reverse Transcriptase (200 u) and nuclease-free
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water (until a total volume of 20 µl). The mixture was incubated for 10 minutes at 25
o

C followed by 30 minutes at 50 oC. In the end, the reaction was terminated by

heating at 85 oC for 5 minutes. Then the cDNA samples were preserved at -20 oC
until further analysis. Amplification of -actin on few non reverse transcribed samples
confirmed no genomic DNA contamination.
3.6

DNA isolation

DNA was isolated from TRIzol-processed samples collected during the KHV infection
experiment. The samples were kept at –20 oC until DNA extraction. After removing
the aqueous phase completely, the DNA was precipitated from the interphase and
from the phenol-chloroform layer with 0.3 ml of 100% ethanol per ml of Trifast. After a
short period of inversion the samples were kept at room temperature for 2-3 minutes
and centrifugated at 8000 x g at 2-8 oC for 10 minutes. Received pellets were
washed twice with 1 ml of 0.1 M sodium citrate in 10% ethanol. In each washing step,
the samples were incubated at room temperature for 30 minutes with periodic mixing.
After air-drying, the DNA was dissolved in 8 mM NaOH and the cell debris was
pelleted by centrifugation at 12.000 x g for 15 minutes. The DNA solution was
transferred to a new tube and the pH was neutralized with 1 M HEPES. Due to the
poor quality of the DNA received after with this procedure, the DNA was reprecipitated using 100% ethanol and washed twice with 75% ethanol. Finally, the
DNA pellet was dissolved in PCR water (Fermentas) and the concentration and the
purity were measured with a Nanodrop spectrophotometer. Pure DNA samples
showed a ratio of absorbance A260/280 of around 1.80 and A260/230 = 2.00-2.20.
3.7

The primers used and design of primers

All primers used in the present study are listed in Table 4 (endpoint PCR) and Table
5 (Real time PCR). Primers for carp SGLT1 and claudin encoding genes were
designed using the software Primer3 (ROZEN and SKALETSKY 1999), available
online at frodo.wi.mit.edu. The melting temperature of the primers was calculated
using the software of Integrated DNA technologies OligoAnalyzer 3.1 available at
eu.idtdna.com. Primers for other genes were adopted from previous investigations as
indicated in Table 5.
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Table 4. Primers used for gene amplification and for semi quantitative measurement
of mRNA expression
Gene

Name

Sequence

Claudin-1

Cyca_cl1F
Cyca_cl1R
Cyca_cl2F
Cyca_cl2R
Cyca_cl3BF
Cyca_cl3BR
Cyca_cl3CF
Cyca_cl3CR
Cyca_cl7F
Cyca_cl7R
Cyca_cl11F
Cyca_cl11R
Cyca_cl23F
Cyca_cl23R
Cyca_cl30F
Cyca_cl30R
Cyca_sglt1_SF2
Cyca_sglt1_SR1
Cyca_sglt1_SFx*
Cyca_sglt1_SF1*
Cyca_sglt1_SR2*
Cyca_sglt1_SR3*
BF
BR

tgccaggagaggttcagg
cagccacagccactttattc
gctctggagttgatgggtttc
gtaggtctcgcattggaagg
atatgggagggaatctggatg
gtgagcagaccagcatacag
tcacggcacaagtcatctgg
cggtggacagtaaccgggttg
ccccaatggaagatgtctgc
aaacgtactccttgctgctg
cttatcatcgccactgccac
tacagggagaagccaaaggac
agggaatctgggacatctgc
gctggtgaggatatgagtgtacc
atcggcagcaacatcgtcac
aacagagggttgtagaagtcc
ggctggctggtactggtg
gctggcactgttaaagatgga
cgtcgtgtcagagagggaaa
tggcagaagtatggtgtggtg
gggcgaagtagaggtagtgg
acggtgaggaggataacgg
ggtatgggacagaaggacagc
ggcatacagggacagcac

Claudin-2
Claudin-3b
Claudin-3c
Claudin-7
Claudin-11
Claudin-23
Claudin-30C
SGLT1

-actin

Product
size(bp)
147
189
288
342
547
416
290
350
328

300

Usage
Isolation,
sqPCR
Isolation,
sqPCR
Isolation,
sqPCR
Isolation,
sqPCR
Isolation,
sqPCR
Isolation,
sqPCR
Isolation,
sqPCR
Isolation,
sqPCR
Isolation,
sqPCR
Isolation
Isolation
Isolation
Isolation
sqPCR

* These primers were used only for the amplification of a partial fragment of the gene
3.7.1 Sodium glucose cotransporter 1
Three forward primers and three reverse primers (Table 4), resulting in nine possible
combinations, were designed based on following sequences: the SGLT1 genes from
fish species, skate Leucoraja erinacea (AM183563), shark Squalus acanthias
(AM184079),

salmon

Salmo

salar

(NM_001171787),

zebrafish

Danio

rerio

(NM_200681); and relevant carp ESTs (expressed sequence tags) (DC997632,
DC997219). The sequence of carp SGLT1 obtained by using these primers was used
to design primers for a real time PCR assay.
3.7.2 Claudin genes
The primers for semi quantitative PCR assays were designed based on gene specific
sequence of other fish species or on ESTs of carp available in gene bank. The detail
properties of the primers, including product length and usage can be seen in Table 4.
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Table 5. The primers for quantitative real time PCR
Gene

Name

Sequence

Claudin-1

CL1RTF
CL1RTR
CL2RTF
CL2RTR
CL3BRTF
CL3BRTR
CL3CRTF
CL3CRTR
CL7RTF
CL7RTR
CL11RTF
CL11RTR
CL23RTF
CL23RTR
CL30RTF
CL30RTR
SG1RTF
SG1RTR

Gatcacctctatcttcctgtgc
Aacccctgcgatgatgaag
Ctggagttgatgggtttcttttg
Agacctttcatgctttctaccg
Cattgtgatgggagtactggg
Agcatacagggatcaagtgc
Gcaccaactgtatcgaggatg
Ggttgtagaagtcccgaatgg
Cttctataaccccttcacaccag
Acatgcctccacccattatg
Tcggaagtgaaccagaaagc
Gaagccaaaggacatcaagc
Cagaacctccacaacgtctag
Ccgagcaatgtcacaatcaac
Ccctcagttcagaccttcag
Tgacaccgaccttggatttg
Gtgggaggctatgagaacttc
Ctgaagatgtggaaggagtct
g
Ccgtgggtgacatcgttaca
Tcaggacattgaacctcactgt
ct
Aaggaggccagtggctctgt
Cctgaagaagaggaggctgt
ca
Ctgactgggtctggctggtg
Cctcctcgcatttctcttcttg
gcgaaggcggccccctggac
aaaga
ccacgtctcaaggacacagcc
tccaaatc
Aggattagataccctggtagtc
ca
Catgctccaccgcttgtgc

Claudin-2
Claudin-3b
Claudin-3c
Claudin-7
Claudin-11
Claudin-23
Claudin-30
SGLT1

40S

q40S.FW1
q40S.RV1

IL-1

qIL-1 1-F
qIL-1 1-R

iNOS

qiNOS_qF2
qiNOS_qR2
Aerom_16S_
qF1
Aerom_16S_
qR1
unBact_16S_
qF1
unBact_16S_
qR1
Cyca_18S_q
F1
Cyca_18S_q
F1
IFN_1_2_gsp
_qF2
IFN_1_2_gsp
_qR3
Muc2c_F
Muc2c_R

Aeromonads
16S

Total bacteria
16S

Carp 18S

IFN a2

Mucin 2 (b)

3.8
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DNA amplification assays

Three PCR-based assays were used in this study. The first assay was an endpoint
PCR assay that was used to clone partial cDNA of carp claudin genes and to profile
the tissue distribution of their mRNA expression by means of semi quantitative PCR.

- 38 -

The second assay was a SYBR green real time PCR for transcription studies of
genes encoding SGLT1 and claudin proteins along the gut axis and the regulation of
these and of other immune related genes as listed in Table 5 in the gut of carp under
KHV infection, feeding with

-glucan, or in response to an Aeromonas hydrophila

intubation. In addition, a TaqMan real time PCR assay was performed in order to
estimate the number of KHV specific DNA copies in intestinal tissue of infected carp.
3.8.1 Endpoint PCR and semi quantitative analysis of mRNA expression
For endpoint PCR, the standard reaction mix consisted of 1X PCR buffer (Invitrogen),
0.2 mM of each dNTPs (Fermentas), 1.5 mM of MgCl2 (Invitrogen), 0.2 µM of each
primer, 1 unit of Platinum taq DNA polymerase (Invitrogen), 2 µL of template (cDNA),
and in total volume of 10 µl. The PCR assays were performed in a Mastercycler
gradient (Eppendorf). The cycle’s program was: initial denaturation, 95oC, 10 min.;
denaturation, 95oC, 30 s.; annealing, 55-59oC, 45 s.; extension, 72oC, 30 s.; 40
cycles; and an additional extension, 72oC, 5 min. To optimize the results of the semi
quantitative PCR assay, the cycle number for SGLT1 was reduced to 33 cycles
instead of 40 cycles for claudin genes.
Amplification products were separated on ethidium bromide or GelRed pre stained
1.5% agarose gels in an electrophoresis device (100 mV/cm2) filled with 1x of TBE
buffer. Then DNA bands were visualized with UV light and pictures were taken by a
computerized system with a digital camera (INTAS Science Imaging Instruments
GmbH, Göttingen). The rest of the amplification products were kept at -20oC until
further use (sequencing, cloning). For semi quantitative PCR analysis the
transcription levels of the genes were estimated on the basis of band intensities
determined by the computer program Cp Atlas. All the expression levels of the genes
of interest were normalized by expression of the -actin encoding gene.
3.8.2 SYBR green real time PCR
Maxima SYBR green qPCR master mix (Fermentas) was used. The qPCR was done
using 96-well PCR plates. The final volume in every well was 25 µl and consisted of
12.5 µl master mix, 0.2 µM of each primer, 10 nM of ROX, and 5 µl of cDNA. The
amplification rate was detected by using a Mx3005P real time cycler (Stratagene-
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Agilent, USA) using the following protocol: initial denaturation, 95oC/10 minutes;
denaturation, 95oC/30 s; annealing, 57oC/30; extension, 72oC/30; 40 cycles. The data
acquisition was done at the end of the extension step from every cycle with FAM and
ROX filters. All samples were analyzed in duplicate and the expression of the gene
encoding the 40S ribosomal protein S 11 was used as a gene reference. The number
of mRNA transcribed was calculated on the basis of a standard curve constructed
from serial dilutions of a recombinant plasmid (10-107 copies) of each gene. The
mRNA expression levels were normalized with the expression levels of 40S mRNA.
3.8.3 TaqMan real time PCR assay
A TaqMan real time PCR assay (GILAD et al. 2004) was used for the detection of a
KHV infection with the Maxima probe qPCR master mix (Fermentas). The qPCR was
performed in 96-well PCR plates using s Mx3005P (Strategene-Agilent, USA) and
the amplification program consisted of 10 minutes of initial denaturation followed by:
40 cycles with denaturation, 95oC/30 s and annealing/extension, 60oC/60 s. The data
acquisition was done at the end of the annealing/extension step of every cycle with
FAM and ROX filters. Every reaction mix consisted of 12.5 µl of master mix, 0.4 µM
of each primer, 0.08 µM of the probe, and 250 ng of DNA sample in a total volume of
25 µl. All samples were analyzed in duplicate. The number of the virus specific DNA
copies was calculated according to a standard curve constructed from a serial
concentration gradient of 10-107 copies of the recombinant KHV plasmid.
3.9

Cloning of the genes

Amplification products of each gene were cloned into the pGEM-T easy vector
(Promega) according to the manufacture’s protocol. Briefly, 2 µl of PCR product was
mixed with 1 µl of ligase (3 U/µl), 0.5 µl vector (25 ng), and 5 µl of 5x ligation buffer in
a total volume of 10 µl. After incubation at 4 oC over night, 2 µl of the ligation product
was mixed with 25 µl of Escherichia coli JM109 High-Efficiency Competent Cells
(Promega) and placed on ice for 20 minutes. The mix then was heat-shocked at 42
o

C for 45 seconds and placed back on ice for 2 minutes. After adding of 970 µl of

LBB and incubating at 37 oC for 2 hours, 50 µl of the concentrated bacterial
suspension was poured on LB/ampicillin/IPTG/X-gal plates. White colonies were
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collected, cultured in LBB for 16-18 hours and then the recombinant plasmid was
isolated.
The recombinant plasmid was isolated using the GeneJet plasmid miniprep kit
(Fermentas) according to the protocol from the manufacturer. Briefly, pelleted cells
were resuspended in 250 µl of resuspension solution and lysed using 250 µl of lysis
solution. After the process was terminated using 350 µl of neutralization solution, the
samples were centrifugated at more than 12000 x g for 5 minutes and the
supernatant was transferred to a separation column. After tow washing steps, the
plasmid samples were eluted and stored at -20oC until further use.
The presence of a DNA insert in the recombinant plasmid was confirmed by an
endonuclease digestion assay. Four µl of every plasmid were mixed with 0.5 µl of
EcoR1 and 1 µl of buffer in a total volume of 10 µl. After incubation at 37oC for 2
hours, the DNA plasmid and the DNA insert were separated on a 1.5% agarose gel
pre stained with GelRed (Biotium) in 100 mV for 30 minutes, visualized under UV
light, and the picture was captured by a digital camera system (INTAS Science
Imaging Instruments GmbH, Göttingen).
3.10 Sequencing and sequence analysis
Products of PCR or rekombinant plasmids were directly sequenced (LGC Genomicy
GmbH, Germany). Nucleotide sequences of carp SGLT1 and claudin encoding
genes were confirmed as part of targeted genes using a Bastn analysis (ALTSCHUL
et al. 1990) and translated in silico into an amino acid sequence with a DNA
translation tool available online at www.expasy.org (GASTEIGER et al. 2003).
Further confirmation of carp claudins was performed based on local and global
models Pfam HMMs as motif sources by MyHits motif scan analysis (PAGNI et al.
2004; PAGNI et al. 2007) available at www.myhits.isb-sib.ch. The motifs of carp
SGLT1 protein were determined based on the PROSITE database (HULO et al.
2006) by using the PPsearch software available online at www.ebi.ac.uk
(STOESSER et al. 2003). Transmembrane domains of claudins were predicted by
SOSUI (HIROKAWA et al. 1998; MITAKU and HIROKAWA 1999; MITAKU et al.
2002) available at bp.nuap.nagoya-u.ac.jp. Protein motifs of carp SGLT1 and
claudins were compared with those of relevant animals by means of multiple
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sequence alignment analysis using ClustalW (LARKIN et al. 2007) in default settings
(www.ebi.ac.uk). The default settings of clustalW were Gonnet for the protein weight
matrix, GAP open 10, Gap extension 0.1 (pairwise) and 0.2 (multiple alignment), Gap
distance 5, and no end gaps. The Phylogenetic relationship of carp SGLT1 and of
carp claudin genes with appropriate genes of other fish were analyzed by following
steps and methods: alignment, MUSCLE; curation, Gblock; phylogeny, phyML; and
tree rendering, treeDyn at www.phylogeny.fr (GUINDON and GASCUEL 2003;
EDGAR 2004; ANISIMOVA and GASCUEL 2006; CHEVENET et al. 2006;
DEREEPER et al. 2008; DEREEPER et al. 2010).
3.11 Data analysis
Depending on the experimental design data was analyzed using one-way or two-way
analysis of variance (Anova) followed by a Holm sidak test as post hoc analysis. In
cases the data were not normally distributed Anova on ranks was performed followed
by a Holm sidak test as post hoc analysis. A t test was used to determine a
difference between two means. A difference was considered as significant at P 0.05.
A correlation between two parameters was determined by correlation and regression
analysis. Statistical analysis was performed using SigmaPlot 12 software. Graphics
were constructed with Microsoft Exel 2003.
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4 Phlorizin-sensitive glucose induced Isc response of carp
intestine and the regulation of its relevant gene expression
4.1

Results

4.1.1 Adaptation of the Ussing chamber method for the use in experimentation
with carp intestine
Before tissue samples from the carp intestine were mounted in an Ussing chamber,
the muscle layers of the intestine were removed. In most of the preparations this was
achieved without producing any significant damages to the mucosal tissue. Fig. 4
shows cross sections of the carp intestine before (A) and after (B) removal of the
muscle layer. The figures document a complete removal of the longitudinal and
circular layers of the gut muscle, but the epithelial lining and sub mucosal tissue in
the gut were left intact. In few cases the removal of the muscle layer produced holes
in the remaining mucosal and submucosal tissues and in the glucose transport
experiments these samples were replaced. While visible holes could be noticed by
eye, un-visible holes were identified after the tissue samples were mounted in the
chambers and extremely high values of the tissue conductance (Gt) were recorded.
Those samples were removed from the chambers and replaced.

Submucosae
Submucosae

Muscle layer
A

B

IE
GC

GC

IE

C

D

Fig. 4. Photomicrograph of histological sections of the carp intestine
A) intestine before removing muscle layer (stripping) and B) intestine after stripping. C) intestinal
epithelium (IE) and Goblet cells (GB) of intestinal samples taken before experimentation, D) IE and
GB in intestinal samples analysed after an Ussing chamber experiment.
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Any influence of the removal (stripping) of the muscle layer or mounting of gut
samples in Ussing chambers on the integrity of the intestinal epithelium or the
viability of the epithelial cells was examined in histology by comparing mucosal fold
length, histological appearance of the epithelium, and the number of Goblet cells
present in the epithelium in samples from the intact tissue, from stripped tissue
before, and after the assay. The shapes of the epithelial cells and the Goblet cells
remained unchanged, which indicated that the assay did not induce any structural
changes to the examined tissues (Fig. 4, C and D). There was also no significant
difference in mucosal fold length before and after the assay. This might indicate that
the size of the epithelial cells continued unchanged during the assay (Fig. 5). In this
histological analysis, the samples from the intact gut were processed as round, tube
like samples, while the other samples were cut to and processed as sheet. This
might explain a significantly longer mucosal fold length of the intact tissue (Fig. 5).
The number of Goblet cells was not affected by the experiment, which indicated there
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was no alteration in the mucus secretion during experimentation (Fig. 5).

Upper mid gut Lower mid gut

Fig. 5. The length of the mucosal folds (A) and the number of Goblet cells (B) in the mucosa of the
carp intestine.
Intact: samples taken before experimentation, before: samples collected after stripping, before
mounting in an Ussing chamber after: samples collected after the experimentation period of an Ussing
chamber assay. Shown are means ± standard deviations of measurements from 3 individuals.
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Fig. 6. Diagram of the time course of a typical Ussing chamber experiment.
The diagram shows the sequence of substances application to the intestinal segments of carp
mounted in the Ussing chamber and its effects on short circuit current (Isc) and tissue conductance. A)
Posterior intestine, B) lower mid intestine, and C) upper mid intestine.

Some substances, which were added to the chambers, modulated the short circuit
current (Isc). This could be taken as a further indication that the intestinal tissues
mounted in the chamber were viable and performed functional activities. Fig. 6 shows
the time course of the treatments and its influences on the Isc. The samples from the
posterior intestine responded only slightly to the addition of carbachol, forskolin,
glucose, and phlorizin. Significant responses could be obtained from the upper or the
lower mid intestine, especially after glucose and phlorizin were added into the
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system. Lower responses were detected from these samples after the addition of
forskolin or the dipeptide gly-gln. A modulation of the Isc of carp intestinal tissue in
response to an addition of substances to mucosal epithelium confirmed the possibility
of using Ussing chamber studies for an evaluation of transport activities across the
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Fig. 7. Initial electrophysiological parameters of carp intestine.

A) Short circuit current (Isc) and B) tissue conductance (Gt). The bars represent means ± standard
deviations of measurements from 4-6 individuals. The star indicates a statistically significant difference
between posterior intestine and mid intestine.

4.1.2 Profiles of electrophysiological parameters of the carp intestine
Fig. 7 shows measurements of the initial Isc and Gt of carp intestine after mounting in
an Ussing chamber. The range of initial Isc was between -0.8 to 0.8 µeq·cm-2·h-1.
Most of the intestinal segments of carp gave negative values of an initial Isc,
especially samples from intestinal bulb and from the first half of the intestine
(positions 0-54%). Around fifty percent of the samples from the second half of

- 46 -

intestine (positions 55-100%) had a positive value of the initial Isc. The initial Gt
recorded from the intestine of carp mounted in an Ussing chamber was around 5-20
mS·cm-2. All segments isolated from 0-90% of the intestine showed a similar value of
initial Gt, which was significantly higher than in the posterior intestine. The initial Gt
measured from samples of the intestinal bulb was slightly lower than from the mid
intestine and faintly higher than from the posterior intestine (Fig. 7).
4.1.3 Phlorizin-sensitive glucose induced Isc response along the carp intestine
Measurements from a preliminary experiment showed that the response of Isc to
glucose addition in the carp intestine is sensitive to phlorizin (Fig. 6). Based on the
responses of the Isc to phlorizin addition in the presence of glucose in both sides of
the chamber, an activity that relevant to electrogenic Na/glucose cotransport 1
(SGLT1) was estimated along the axis of carp intestine and the results are presented
in Fig. 8. No Isc response could be detected from the intestinal bulb, and therefore the
samples from this segment were not presented (Fig. 8). In the posterior intestine,
only in two samples a low level of Isc response could be recorded. Consequently a
mean value for this gut section was not included in further statistical analysis. The
first four segments of the mid intestine, which covered up to 37% of the total length of
the intestine, had a similar level of response and therefore theses samples were
combined into one group, which was assigned as the upper mid intestine. The
following six samples, that covered 38-90% of the total intestine, had also a similar
level of response and were pooled therefore combined to one group classified as the
lower mid gut. The results show that the response of Isc was significantly higher in the
lower mid gut than in the upper mid gut (Fig. 8). A typical effect of phlorizin addition
on the Isc of the upper and the lower mid intestine is presented in Fig. 9.
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Fig. 8. Decrease of short circuit current (Isc) after the phlorizin addition.
The bars represent means ± standard deviation of measurements from 4-6 individuals. The star
indicates a statistically significant difference between upper and lower mid gut. Numbers in brackets
indicate the number of total samples/responsive samples.

Phlorizin
(0.5 mM)

1
0.8
0.6
0.4
0.2
0
-0.2
-0.4
-0.6
-0.8
-1

B

1

5

9 13 17 21 25 29
Time (min)

Fig. 9. Time/ short-circuit current correlation diagram of a typical experiment showing the effect of
phlorizin addition to the mucosal side of the intestine on short-circuits current recorded from intestinal
tissue from the upper mid gut (A) and from the lower mid gut of common carp (B).
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Fig. 10. Amplification products of the carp SGLT1.
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4.1.4 Isolation and sequence analysis of carp SGLT1
The above described functional data indicate that a phlorizin-sensitive Na/glucose
cotransporter (SGLT1) is present in the carp intestine. Therefore molecular work was
performed in order to identify a gene encoding SGLT1 as the relevant machinery of
this activity. Four possible combinations of the primers designed for the identification
of carp SGLT1 produced four specific fragments of the gene (Fig. 10). Using these
primers, a 1396 bp partial DNA sequence of carp SGLT1 was obtained. The deduced
protein sequence of the gene is highly similar to the zebrafish SGLT1 and also
shares identical functional domains with the zebrafish SGLT1 including the signature
of the sodium solute symporter, the phosphorylation sites of casein kinase II and
protein kinase C, and the N-glycosilation site (Fig. 11). A phylogenetic analysis
placed carp SGLT1 closer to the zebrafish SGLT1 than to SGLT1 molecules from
other fish species. SGLT1 gene sequences from the bony fishes carp, zebrafish, and
Atlantic salmon form a different branch than the sequences from cartilaginous fishes
like skate and shark (Fig. 12). However, fish SGLT1 molecules form a group
separated from SGLT1 molecules identified in avian or mammalian species (Fig. 12).
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Fig. 11. Alignment of the amino acid sequences of carp SGLT1 and Zebrafish SGLT1.
The amino acids in the box indicate functional motifs of the protein. This includes the specific
signature of a sodium-dependent cotransporter, the Na_solut_symporter = Sodium:solute symporter
family signature 1; PKC_phospho site= Protein kinase C phosphorylation site; CK2_phospho_site =
Casein kinase II phosphorylation site; N-glycosylation site.

Fig. 12. Unrooted cladogram of SGLT1 genes.
The phylogenetic analysis included sequences of SGLT1 genes from common carp (Cyprinus carpio),
zebrafish (Danio rerio), Atlantic salmon (Salmo salar), Skate (Leucoraja erinacea), chicken (Gallus
gallus), Cattle (Bos taurus), sheep (Ovis aries), horse (Equus caballus), mice (Mus musculus), rat
(Rattus norvegicus), and human. The sequence of common carp SGLT1 from this study was
deposited in GenBank with the accession number JQ767161. The accession numbers of other SGLT1
sequences were included in the names given at the leaves.
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4.1.5 Tissue expression of carp SGLT1
The expression profile of carp SGLT1 was examined along the axis of the carp
intestine by means of a quantitative reverse transcriptase PCR assay and showed
that the expression of SGLT1 decreases along the intestine in posterior direction.
When gut samples from the same animals which were used in the Ussing chamber
experiments were analysed for the expression of the SGLT1 encoding gene,
transcription of the gene was significantly higher in the segments located at positions
of 10-63% of the gut length than in the segments located at 64-90% of the length of
the intestine or in the posterior part (90-100%, Fig. 13-A). In a second group of carp it
could be confirmed that the SGLT1 expression increased along the carp intestine is
anterior direction (Fig. 13-B).
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Fig. 13. Expression of the SGLT1 gene along the intestine of carp also used in the Ussing chamber
experiments (A) and from a different group of individuals (B).
Expression of the gene mRNA relative to 1000 copies of 40 S ribosomal protein S11 and it is
presented in percent of the first bar. The bars represent means ± standard deviation of 4 (A) or 6 (B)
individuals. The stars indicate a statistically significant difference (P<0.05) between two bars or groups
as indicated by a horizontal line.

In carp tissues, a high expression of SGLT1 was not only found in the intestine but
also in kidney when analysed by semi quantitative PCR, and in the lower level
expression of the gene was found in liver, gills, brain, skin, spleen, and head kidney
(Fig. 14).
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Fig. 14. Expression of the SGLT1 gene in carp tissues.
The bars represent means ± standard deviation of the expression of the gene relative to its expression
in kidney from 3 individuals. Statistically significant differences are indicated by different letters (a, b)
above the bars.

4.1.6 Regulation of SGLT1 expression in carp intestine in response to the
change of feed composition and pathogen challenge
The expression of SGLT1 was analysed in the gut of carp under feed composition
change and pathogen challenge. When the feed of carp was switched from a
commercial carp diet to an experimental diet without cereal compounds, which was
supplemented with 1 % beta glucan (MacroGard), a significant modulation of the
transcription of SGLT1 could not be observed. Two weeks after the feed was
changed, the expression of the gene was found in the same level in the intestine of
carp from all three feeding groups: the first group which continuously received the
commercial feed, the second group received an experimental feed without -glucan,
and a third group, which received the experimental feed with

-glucan

supplementation. In response to the change in the feeding only a slight down
regulation of the expression of SGLT1 could be observed. This was indicated by a
slightly lower expression of SGLT1 in intestinal tissue samples from the two groups
of carp which received the experimental feeds in comparison to samples from the
group with the normal feed (Fig. 15). There was also no significant difference in the
expression of SGLT1 between the group fed the diet without -glucan compared to
the group fed with the -glucan containing diet (Fig. 15).

- 52 -

A

B

SGLT1

Relative expression

Relative expression

6000
5000
4000
3000
2000
1000
0

SGLT1

140
120
100
80
60
40
20
0
Posterior gut

Anterior gut
Normal

No Glucan

Normal

Glucan

No Glucan

Glucan

Fig. 15. Expression of SGLT1 mRNA in carp intestine after feeding with different feed ingredients.
The bars represent means ± standard deviations of measurements from 6-7 individuals. The
expression of the gene mRNA was calculated in relative to 1000 copies of 40 S ribosomal protein S11.
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Fig. 16. Expression of SGLT1 mRNA in carp intestine during KHV infection.
Gut 1 refers to the upper mid intestine (A) and gut 2 refers to the lower mid intestine (B). The bars
represent means ± standard deviations of the expression of the gene relative to 1000 copies of 40 S
ribosomal protein S11 (n = 5 individuals). The stars indicate a statistically significant different between
control and infected fish in an appropriate time point

In carp under KHV infection the expression of SGLT1 was significantly down
regulated. In the upper mid gut of infected carp, the transcription of SGLT1 was down
regulated already after 1 dpi and it was significantly lower compared to uninfected
controls at 1, 3 and 5 days pi. (Fig. 16-A). In the lower mid gut, a down regulation of
SGLT1 was seen in infected carp by 5 dpi. (Fig. 16-B). Fascinatingly, the KHV
infection influenced the gene expression first in the upper mid gut and then in the
lower mid gut (Fig. 16). In this experiment, the carp were starved over the entire
duration of the experiment after the carp were exposed to the virus. Probably
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because of the specific conditions of this experiment, in particular in response to the
starvation, the expression of the SGLT1 in the intestine was down regulated in the
intestine of control carp as well. This was seen in both gut segments in particular by
day 14 pi (Fig. 16).
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Fig. 17. Expression of SGLT1 after an Aeromonas hydrophila intubation into the gut of carp fed a diet
without (A,B) or with (C,D) -glucan supplementation.
Gut 1 refers to the upper mid intestine (A, C) and gut 2 refers to the posterior intestine (B, D). The bars
represent means ± standard deviation of the expression of the gene relative to 1000 copies of 40 S
ribosomal protein S11 (n = 5 individuals).

An oral intubation of Aeromonas hydrophila had no significant influence on the
expression of SGLT1 the intestine of carp, which received a diet with or without glucan supplementation. The regulation of SGLT1 expression was similar in carp
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from the intubated and from the control groups (Fig. 17). Like in the KHV infection
experiment, SGLT1 seemed to respond to the oral intubation and the starvation
process. In particular, in the upper mid gut, the SGLT1 expression was decreased 12
hours after the intubation with A. hydrophila carp challenged with the bacteria or after
intubation with saline in the control group. During the further course of the
observation, the transcription of SGLT1 recovered to the initial level by day 7 post
intubation (Fig. 17-A,C).
4.2

Discussion

The present report shows that the Ussing chamber method can be used to
investigate transport activities across the carp intestine, in particular the intestinal Isc
response to carbachol, forskolin, dipeptides and to glucose. In a more detailed study,
the Ussing chamber method was used for evaluating the phlorizin-sensitive glucose
induced Isc response that can only be explained by electrogenic Na/glucose
cotransporter SGLT1 (ALVARADO and CRANE 1962; FERRARIS and DIAMOND
1986). Taking the advantage of a physiological system with isolated epithelial tissue,
Ussing chambers were already adapted for use in functional studies on fish intestine
in various investigations. In particular in carp, it was used to investigate the transport
of sodium across the intestine under different temperatures of acclimatization
(GIBSON et al. 1985). The Ussing chamber was also used extensively in studies on
the intestine of rainbow trout and eel. Those investigations not only included the
analysis of ions and nutrient transport and as well as the effect of drugs
(TRISCHITTA et al. 1992; TRISCHITTA et al. 1996; LIONETTO et al. 1998;
TRISCHITTA et al. 1999; SUNDELL et al. 2003; TRISCHITTA et al. 2005;
TRISCHITTA and FAGGIO 2006; JUTFELT et al. 2007; TRISCHITTA et al. 2007;
TRISCHITTA and FAGGIO 2008; GEURDEN et al. 2009) but also evaluated the the
damage caused by manipulation of the tissues and even the translocation of bacterial
pathogens over the intestinal barrier (RINGØ et al. 2004; JUTFELT et al. 2006;
JUTFELT et al. 2008).
The results presented here give additional evidence of the existence of SGLT1
activity in fish, in particular in the intestine of the omnivorous freshwater teleost fish,
the common carp (Cyprinus carpio). An investigation into a functional activity related
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to the sodium glucose cotransporter 1 (SGLT1) was conducted on brush border
membrane vesicles (BBMV) isolated from the proximal and distal intestine of a
carnivorous marine fish, the gilthead sea bream (Sparus auratus) (SALA-RABANAL
et al. 2004). In fish, these co-transporters were also studied in the context of renal
glucose uptake. A SGLT1 activity was predicted as one of the sodium-dependent
glucose absorption activities investigated in BBMV isolated from the kidney of the
rainbow trout Oncorhynchus mykiss (FREIRE et al. 1995), the skate Raja erinace
and the shark Squalus acanthias (KIPP et al. 1997).
In the present report a phlorizin-sensitive glucose cotransporter activity is described
along the carp intestine. No activity was recorded from the intestinal bulb. It indicated
that in stomachless fish like carp an intestine bulb probably acts as a temporary
storage of food and performs no absorptive function. The middle intestine of carp
acts as small intestine with a function for food absorption, since this part showed the
highest levels of phlorizin-sensitive glucose uptake activity. Only very low activity was
recorded from few samples of the posterior gut (the last 10% of intestine), which
gives an indication that the posterior gut of carp has only a minor role in glucose
uptake mediated by phlorizin-inhibited electrogenic co-transporter and probably
functions like a mammalian rectum. The same activity was recorded in all
gastrointestinal segments of chicken (AMAT et al. 1996). In chicken intestine,
duodenum and jejunum are reported as the main segments for sodium-mediated
sugar absorption (AMAT et al. 1996). In the two intestinal segments the sodiummediated sugar uptake increases distally (AMAT et al. 1996). Additionally, in a lower
level the activity of sodium-mediated glucose co-transporters was also detected in
ileum, cecum, and rectum of chicken (AMAT et al. 1996). Differently, in porcine small
intestine ileum was reported to be more efficient for glucose transport mediated by
SGLT1 than mid jejunum (HERRMANN et al. 2012).
Independently, the present report provides a partial sequence of the carp SGLT1
encoding gene that is 99% identical with the full sequence of carp SGLT1 mRNA
(accession number No EU328389.1.) recently reported (NIE et al. 2011). The SGLT1
gene is highly conserved. The sequence of carp SGLT1 is more than 90% identitical
with the sequence from zebrafish SGLT1 and more than 70% with mammalian
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SGLT1 sequences (NIE et al. 2011). Similar to the results of NIE et al. (2011), the
sequence of carp SGLT1 identified in the present study was more closely related to
the genes of other teleost fishes such as zebrafish and Atlantic salmon than to the
gene of elasmobrachial fish, such as skate and shark. Additionally, in a phylogenetic
analysis based on amino acid sequences, the carp SGLT1 is distinguished fish from
avian and mammalian animals.
The present study showed that the upper mid gut expressed the highest level of carp
SGLT1 mRNA followed by the lower mid gut and the posterior gut, respectively, as
measured by real time PCR. In particular, the segments located between the
positions of 10-63% of gut length expressed higher a level of SGLT1 mRNA than the
segments located between positions 64-90% and the posterior gut (91-100%). The
expression profile of SGLT1 mRNA along the intestine of carp presented in this
report is in agreement with the results from tissues of other animals in respect to the
level of mRNA or protein. In chicken, examined by an immunoblot assay and
subsequent densitometric analysis, the rectum showed a lower level of SGLT1 than
jejunum and ileum (GARRIGA et al. 1999). In humans, the small intestine expressed
tens folds higher SGLT1 mRNA transcripts than the colon when examined by total
quantitative real time PCR (ZHOU et al. 2003). In gilthead sea bream, SGLT1
expression was higher in the proximal intestine than in the distal intestine when
measured by specific phlorizin binding and western blot assays (SALA-RABANAL et
al. 2004). In mouse, examined by real-time PCR the fragments isolated from the
small intestine showed a higher expression of SGLT1 than the fragments from the
stomach and the large intestine (YOSHIKAWA et al. 2011). Similar to the expression
characteristics of this gene in the middle intestine of carp, in the small intestine of
mice the expression of SGLT1 decreased in distal direction (YOSHIKAWA et al.
2011).
Based on the results from the present report, a correlation of the level of phlorizinsensitive glucose transport and the expression level of SGLT1 mRNA in different
segments of carp intestine could not be established. A positive correlation between
the level of SGLT1 encoding mRNA and the level of activity was only found in the
posterior intestine where the phlorizin-sensitive glucose uptake activity and the
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expression of SGLT1 mRNA were low. A negative correlation between phlorizinsensitive glucose uptake and the expression level of SGLT1 as the pertinent cotransporter, however, was found in the middle intestine. The intestinal segments
located between 10-36% of gut length showed a lower level of phlorizin-sensitive
glucose uptake than the segments sampled from 64-90%. In contrast to this, the first
segments expressed a higher level of SGLT1 than the second segments. However,
this finding is in accordance with result from a study in porcine small intestine where
mid jejunum expressed higher number of SGLT1 protein in the apical membrane of
enterocyte while ileum transported glucose more efficiently (HERRMANN et al.
2012). There are several possibilities to explain these contradictory findings. For
instance, abundance of SGLT1 mRNA might not reflect the amount of the cotransporter protein present in the apical site of the enterocytes as a consequence of
post transcriptional, translational or post translational regulation. In addition, along
the carp intestine there are variations in other factors which are involved in the
intestinal phlorizin-sensitive glucose uptake, for example: activity of the Na+K+ATPase as the responsible protein for maintaining Na+ and K+ electrochemical
gradients, tissue permeability, or the viscosity and thickness of the unstirred water
layer above the gut epithelium (THOMSON 1984; DROZDOWSKI and THOMSON
2006; TURNER 2009).
Molecular expression studies show that in animals SGLT1 is expressed in various
tissues (ZHOU et al. 2003). Using endpoint RT-PCR as semi quantitative analytical
assay, the present report shows that carp SGLT1 mRNA was highly expressed in
intestine and kidney and in a lower level the expression of this gene was found in all
other tissues examined, including head kidney, spleen, skin, gills, liver, and brain. In
the other piscine species, the SGLT1 molecule was identified in the kidney of the
skate using a specific antibody (ALTHOFF et al. 2007). In humans the co-transporter
was reported to be expressed in all examined 23 tissues with the highest level
expressed in the small intestine followed by heart, trachea, testis, kidney, and colon.
This was determined by quantitative PCR (ZHOU et al. 2003). Amplification of cDNA
showed that the SGLT1 was found to be expressed in jejunum, kidney, and liver but
not expressed in skeletal muscle of pig (ASCHENBACH et al. 2009).
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In the present work, the regulation of SGLT1 expression was examined in the carp
intestine under several modulations: a change feeding regime, under KHV infection,
and feeding the carp with a -glucan supplemented diet together with an Aeromonas
hydrophila intubation. Changing the feed from a commercial diet into an experimental
feed without cereals induced an inflammation in the posterior gut (see chapter 6) and
a slight down regulation of SGLT1. The Aeromonas hydrophila intubation induced an
up regulation of IL-1

and iNOS 12 hpi in the intestine of carp which received an

experimental feed without

-glucans (see chapter 6) but did not modulate SGLT1

expression in the intestine of both experimental group of carp fed a diet with or
without

-glucan supplementation. In the intestine of KHV infected carp the

expression of SGLT1 mRNA was down regulated, concomitantly, with an up
regulation of the pro-inflammatory cytokines IFN-a2, IL-1 , and iNOS (chapter 5). An
inhibition of sodium-glucose co-transporters due to a decrease of the number of cotransporter transcripts during chronic inflammation was previously reported from the
ileum of rabbits after intragastric inoculation with protozoan oocytes (SUNDARAM et
al. 1997). Furthermore, a decrease of SGLT1 expression was predicted because in
the rabbit intestine on the transcription level the interaction between the SGLT1
promoter and two of its potential transcription factors Sp1 and HNF1 was altered
during chronic intestinal inflammation (KEKUDA et al. 2008).
The present report gives a clear indication that besides the experimental
modulations, specific conditions of the experiment modulated SGLT1 mRNA
expression as well. As a consequence from experimental conditions in the present
work, the expression of SGLT1 was modulated in the control groups as well. In the
experiment with a KHV infection of carp, the expression of SGLT1 mRNA was down
regulated in the uninfected group by day 14 pi, probably due to the starvation
condition applied to the carp during the experiment. Influence of dietary status to the
regulation of SGLT1 was reported (GAL-GARBER et al. 2000; FERRARIS 2001). In
the experiment with Aeromonas hydrophila, the oral intubation of PBS (control group)
or PBS + bacteria (infected group) probably washed out the gut lumen to some
extent, which resulted in a down regulation of SGLT1 by 12 hpi in the intestine of
both the control and the infected groups. A possible condition explaining for these
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conditions is that starvation or washing out of the lumen reduced the availability of
glucose and other sugars in the lumen and resulted in a more advanced down
regulation of SGLT1 expression. The role of glucose for SGLT1 regulation on the
level of mRNA transcripton was reported by OHTA et al. (1990). In LLC-PK cells the
level of SGLT1 mRNA was decreased when the glucose concentration in the medium
was outside the range of 5-10 mM (OHTA et al. 1990). In consequence, to avoid
misinterpretation of experimental data, it appears necessary to include a control
group for every time point of sample collection, when the expression of SGLT1 is
evaluated during certain modulations in fish studies.
The present study reported the ability of carp intestine to absorb glucose especially
via phlorizin-sensitive glucose co-transporters. As a stomachless animal the common
carp is characterized by a very simple digestion tract which shows a high efficiency in
the use of the intestinal epithelium for phlorizin-sensitive glucose uptake. Excluding
the intestinal bulb the common carp uses 90% of the intestine for glucose uptake
mediated by the co-transporters with the segments located between 37-90% (lower
mid gut) as the main area of absorption. A down regulation of SGLT1 mRNA
expression in KHV infected carp might alter the co-transporters’ activity. This might
support a strategy for using carbohydrate enriched diets to partially replace a protein
rich content in the carp diet. The ability of carp to digest carbohydrates was reported
by HIDALGO et al. (1999) and the possibility to increase this ability by probiotic
bacteria was indicated (SUGITA et al. 1997; YANBO and ZIRONG 2006). The use of
carbohydrates rich meals will reduce the cost of carp rearing without significantly
altering the production of carp as indicated by final weight, specific growth rates, food
conversion ratio, and carcass protein composition (KESHAVANATH et al. 2002). In
consequence, with its simple digestion tract and the ability of carp for using all
segments of the middle intestine for phlorizin-sensitive glucose uptake, it is
necessary to use easy digestible carbohydrates sources as diet components as a
replacement of the protein rich content strategy in carp diet.
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5 Identification of genes encoding tight junction proteins from the
claudin family in carp and the regulation of these genes in the
intestine during a KHV infection
5.1

Results

5.1.1 Isolation and sequences analysis of carp claudin genes
From carp tissue, partial fragments of eight carp claudin encoding genes were
successfully amplified, sequenced, and confirmed as parts of claudin encoding genes
by using Blastn analysis (www.ncbi.nlm.nih.gov) and/or by motif scan analysis
(www.myhits.isb-sib.ch). Two claudin genes, claudin-1 and -2 were amplified from
cDNA of carp by using primers designed on the basis of the same genes of from
other animals. Sequences of the other six claudin genes of carp: claudin-3b, -3c, -7, 11, -23, and -30 were identified by using primers designed on the basis of claudinlike ESTs from carp, which were obtained by performing Blastn analysis of all
zebrafish and pufferfish claudins on the EST database available in the GenBank.
A phylogenetic tree, constructed on the basis of the nucleotide sequences of claudins
and shown in Fig. 18, describes the relationship of the eight carp claudin genes from
this study with other claudin genes identified in teleost species. According to the
consensus phylogenetic tree of claudin proteins (LOH et al. 2004), six carp claudin
genes were assigned to the first gene cluster and two carp claudin genes were
assigned to the second gene cluster. On the basis of the phylogenetic analysis and
according to the claudin nomenclature proposed for Japanese pufferfish claudins
(LOH et al. 2004), names for carp claudins were considered. In cases when only one
isoform was identified, the carp claudin gene was named according to the main name
of the pufferfish claudin and not to the name for an isoform. Six carp claudin genes
sequences were deposited in the GenBank. Only fragments of less than 200 bp were
obtained from claudin-1 and claudin-2 and therefore the sequences of these two
genes could not be deposited in the GenBank because of an internal policy of this
data base. Nucleotide sequences, amino acid sequences, and accession numbers of
carp claudins are shown in Table 6
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Fig. 18. Unrooted cladogram of fish claudin genes.
The phylogenetic analysis included carp claudin-1, -2, -3b (JQ767156), -3c (JQ767157), -7
(JQ767155), -11 (JQ767158), -23 (JQ767159), and -30 (JQ767160) encoding genes, and its relevant
genes from pufferfish (Takifugu rubripes), zebrafish (Danio rerio), Atlantic salmon (Salmo salar), and
Tilapia (Oreochromis mosambicus). The carp claudin gene sequences were obtained from this study
and the other sequences were retreived from GenBank. The accession numbers are mentioned in the
leaves names. The carp claudin genes are indicated by the arrows.
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Table 6. Name, Genbank accession number, nucleotide sequence, and amino acid
sequence of carp claudin genes
Gene
Claudin-1

Claudin-2

Claudin-3b
JQ767156

Claudin-3c
JQ767157

Claudin-7
JQ767155

Claudin-11
JQ767158

Claudin-23
JQ767159

Claudin-30
JQ767160

Nucleotide sequence
ggcgtcggtctgctggtcgctgccgtcggcatgaagtgtaccacctgcctgtctg
acgaaaaagaacagaagaataaagtggctgtggctggaggcgttct (101
bp)
ttttgtggcctctttggcatgcttgggacctttgtagccactcttctgccatattggga
aatgtccgcacacgttggttcaaacatcgtgacggcggtagaaagcatgaaa
ggtctatggattgagtgtgtctaccagagcaccggag (148 bp)
aactgtgtggtgcaaagcactggtcagatgcagtgcaaaatctacgactccat
gctggctctgagctcagacttgcaggtggcccgggctctgtgtgtgattgccattg
tgatgggagtactgggattccttctctccattgtggggaccaagtgcactaaatg
cttaaatgaggaacgcgtcaaagccaaagttatgatcaccgctggagtcacct
ttatctgtgctgcagtcatgcacttgatcc (247 bp)
gaaggtttatggatgaactgtgtcgtacagagcactggacagatgcagtgcaa
gatctacgactccatgctggctctgtctcaggaccttcaggcttccagagccatg
tcggtcgtctccatcatcttggccatcctgggcgtgttgatctccatcatgggcgcc
aagtgcaccaactgtatcgaggatgaagcatccaaggctaaagtgatgatcgt
ctccggtgtgatgttcattattgccggcatcctggagctcattccggtggcttgggt
ggcaaaccaaaccattctggttttcta (302 bp)
tctgcctacgttggagataatataatcacagcgatagcgatgtatcaagggcttt
ggatgtcttgcgctttccagagcaccggacaaatgcagtgcaaggtgtacgac
tccatcttacaactcgatagttctctccaggcaactcgtgccctgatgatcgttgg
gatccttctcacagtagcaggactgggtgtggccagcatgggcatgaagtgca
ctaactgtggtggtgatgacaaggtcaaaaagtcccgcattgccatgacaggc
ggtatagtcctcattgttggagctctctgtagcattgttgcctgtggctggtttacaa
atcaaatcgtccgggacttctataaccccttcacaccagtcaacacaaagtatg
agtttggtgcggccattttcatcgcctgggcaggtgcgttcctggacataatgggt
ggaggcatgttggctgcctcctgcccaaagggtaaatcatctcccaggtaccc
caagtcctccagacccccccag
(513 bp)
taatgaatgggtagtcacttgtaaatacaacatgaacacctgtaagaagatgg
atgaactggaggtcaaaggtttgtgggcagactgtgtgatctcaactgcgctgta
tcactgcatcacactcacgcagattctcgagctaccagcgtacatccagacgtc
tcgagcgctaatggtcacagcatcgattctcggattgcctgctgtcgcgctcgtg
ctcatgtctatgtcctgtattaacctcggaagtgaaccagaaagcgctaagaac
aaacgatcagtgctcggaggaaccataatgctgctgactgctttttgcggcatc
gtctccaccgtgtggtttcccatcggggctcatcacgatagggaaaattgat
(377 bp)
agaacctccacaacgtctagatcccagctgtgcaaccagcaaggcaacgac
caaatttattttaacagccagatcattccgatcgctaaaggaatgatggtcgcgt
cgttgattgtgacattgctcggcctggcgttggcaacacctggagtcagatgctg
gaaggacagacccagatggatactggcttctttgggtggcctccttatcttctgct
ccggagccctgaccatcattcccattgcgc (247 bp)
ggcgcagacttcatgggaaggaatctggatgagctgcgtcgtacagagcacc
ggacagatgcagtgtaaagtctatgactccatgctggccctcagttcggaccttc
aggccgcccgtgccctcaccatcattgccatcgtgattgggatcctgggcatcat
gctggccatggctggaggcaaatgcaccatttgcatcgaggacgagagctcc
aaatccaaggtcggtgtcacttccggtgtgattttcatcattgctggggtgctgtgt
ctgatcccggtgtgctggacggcccatgccatcgtcca (309 bp)
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Amino acid sequence
gvgllvaavgmkcttclsdekeq
knkvavaggv (33 aa)
fcglfgmlgtfvatllpywemsah
vgsnivtavesmkglwiecvyqs
tg(49 aa)
ncvvqstgqmqckiydsmlalss
dlqvaralcviaivmgvlgfllsivgt
kctkclneervkakvmitagvtfic
aavmhli (82 aa)
eglwmncvvqstgqmqckiyd
smlalsqdlqasramsvvsiilail
gvlisimgakctnciedeaskakv
mivsgvmfiiagilelipvawvan
qtilvf (100 aa)
sayvgdniitaiamyqglwmsc
afqstgqmqckvydsilqldsslq
atralmivgilltvaglgvasmgm
kctncggddkvkksriamtggivl
ivgalcsivacgwftnqivrdfynp
ftpvntkyefgaaifiawagafldi
mgggmlaascpkgkssprypk
ssrppq (171 aa)

ewvvtckynmntckkmdelevk
glwadcvistalyhcitltqilelpay
iqtsralmvtasilglpavalvlms
mscinlgsepesaknkrsvlggti
illtafcgvvstvwfpigahhekgl
msf (126 aa)

tsttsrsqlcnqqgndqiyfnsqiip
iakgmmvaslivtllglalatpgvr
cwkdrprwilaslggllifcsgaltii
pia (81 aa)
qtswegiwmscvvqstgqmqc
kvydsmlalssdlqaaraltiiaivi
gilgimlamaggkcticiedessk
skvgvtsgvifiiagvlclipvcwta
haiv (101 aa)

(

)
*+,

TM-1
EL-1
MAHAGLQMLGYCLGFLGLLGLIASTAMAEWKMSSYAGDNIITAQAQYEGLWQSCVSQSTG 60
MANAGIQLLGFILAFLGLIGTIASTIMVEWKASSYAGDNIITAQAMYEGLWKSCVSQSTG 60
------------------------------------------------------------

ZebrafishCldn1
PufferfishCldn1
CarpCldn1

IL
TM-2
QLQCKKYDSLLKLPGEIQGARGLMLTGIFLCGLSTLVSFVGMKCTTCLSEAPQVKSKVAL
QIQCKVYDSLLQLPGIVQGTRGLMLASVLLSVICLLVEMVGMRCTTFMAEEPEQKDKVAL
-------------------------------GVGLLVAAVGMKCTTCLSDEKEQKNKVAV
: ** ***:*** ::: : *.***:
TM-3
EL-2
TM-4
AGGVLFITGGLFALIATSWYGEKIRQKFFDPFTPTNARYEFGKALYVGWGSSALSIIGGS
AGGVIFIIAGLLALVGTSWYGHRIAREFYDPFTPTNSRYEFGSALYVGWGAACLTLIGGG
AGGV-------------------------------------------------------****

ZebrafishCldn1
PufferfishCldn1
CarpCldn1
ZebrafishCldn1
PufferfishCldn1
CarpCldn1
ZebrafishCldn1
PufferfishCldn1
CarpCldn1

B

-##
-##
/

LLCCICGSEASEK-PSYPPARAAGRPGTDRV 210
FLCCSCPKKGSQKSPRYPPTRSSGPQGKDYV 211
-------------------------------

.
.
-"

/
.

-"
-"
-"

.
.
.

120
120
29
180
180
33

A

0#1
0 1
0!1

Fig. 19. Multiple alignment of deduced protein sequences of fish claudin-1 genes (A) and their
pairwise scores (B).
The analysis included claudin-1 genes of carp (Cyprinus carpio; present work), zebrafish (Danio rerio;
accession number: NM_131770), and pufferfish (Takifugu rubripes; accession number: AY554352).
Domains of Four transmembranes (TM, bold letters), two extracellular loops (EL), and an intracellular
loop (IL) are indicated. Arrows show two highly conserved cysteine residues.

In addition, a protein motif analysis of claudin genes of carp and other piscine
animals was performed. All known full protein sequences of fish claudin genes
showed molecular characteristics that matched with typical properties of the multiple
genes family of tight junction protein claudins including two cytoplasmic tails, four
transmembrane (TM) domains, one intracellular loop (IL), two extracellular loops
(ELs), and two highly conserved cysteine residues in the first extracellular part (Fig.
19-Fig. 26). A claudin protein has a cytoplasmic amino-tail that is absolutely shorter
than its cytoplasmic carboxy-tail. The amino-tails of fish claudins are around 4-12
residues and their carboxy-tails are about 25-86 residues. Transmembrane domains
of fish claudin are approximately 23 residues. The first extracellular loops of fish
claudins are in the region of 48-57 residues and their second extracellular loops are
formed of just about 11-24 residues. Additionally, fish claudins have short
intracellular loops of roughly 12-19 residues.
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CarpCldn2
ZebrafishCldn2
PufferfishCldn2

TM-1
EL-1
-----------FCGLFGMLGTFVATLLPYWEMSAHVGSNIVTAVESMKGLWIECVYQSTG
MAILALELMGFFFGLIGMLGTLVATLLPYWATSAHVGPNIVTAVVSMKGLWMECVYQSTG
MASAALELMGFFLGLFGLLGTMVSTVLPYWQISAHIGSNIVTAVGNMRGLWMECVYQSTG
* **:*:***:*:*:**** ***:*.****** .*:***:********
IL
TM-2
-----------------------------------------------------------AFQCETYNTLLGLTVDLQAARAMMVMSSIFSVMACAVSTVGMQCTVCMDGS-SVKTKVAG
AFQCETYNSMLALPSDMQASRALMVISLVLSILAIALAVLGMQCTVCLEGLGAVKGRVAG
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ZebrafishCldn2
PufferfishCldn2

TM-3
EL-2
TM-4
-----------------------------------------------------------VGGSMFLLAGLLSLIPVAWKTHEVVQTFYMPNMPASLKFEIGDCLYVGLASSLLSMLGGG 179
VGGGLFLTAGFLSLIPVAWTTHEVVQTFYRPDLPSSLKFELGECLYVGLASALMSMLGGG 180
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MLCVSCSEENDGRRRNGRGYPYPLGANVR--TTSQTYRNPTLQVGGIGAANRGRAVVRTI 238
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Fig. 20. Multiple alignment of deduced protein sequences of fish claudin-2 genes (A) and their
pairwise scores (B).
The analysis included claudin-2 genes of carp (Cyprinus carpio; present work), zebrafish (Danio rerio;
accession number: NM_001004559), and pufferfish (Takifugu rubripes; accession number:
AY554353). Domains of Four transmembranes (TM, bold letters), two extracellular loops (EL), and an
intracellular loop (IL) are indicated. Arrows show two highly conserved cysteine residues.

Partial protein sequences of carp claudin genes were in silico transcribed and their
level of identity among other fish claudins was analysed. A fragment of carp claudin-1
consists of an incomplete domain of TM-2, IL, and few amino acid residues of TM-3
(Fig. 19). Parts of TM-1 and the extracellular loop 1 (EL-1) of carp claudin-2 were
identified (Fig. 20). The identified fragment of carp claudin-3b showed parts of EL-1,
TM-2, IL, and TM-3 (Fig. 21). Features of EL-1, TM-2, IL, TM-3, and EL-2 were
determined from a partial protein sequence of claudin-3c (Fig. 22). All properties of
claudin-7 except of the amino-tail, TM-1, and few residues of EL-1 were identified in
carp (Fig. 23). A fragment that is starting from EL-1 until carboxy-tail of carp claudin11 was reported (Fig. 24). Fragments consisting of EL-1, TM-2, IL, and TM-3 were
identified as parts of carp claudin-23 (Fig. 25), and claudin-30 (Fig. 26). In
comparison to the same genes of other fish species, claudin genes of carp showed
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different level of identity. For examples; Carp claudin-30 was 93% identical to
claudin-b of goldfish (Fig. 26) and carp claudin-11 was 92% similar with claudin-11a
of zebrafish (Fig. 24). In contrast, carp claudin-1 was only 63% and 60% identical
with the genes of zebrafish and Japanese pufferfish, respectively (Fig. 19) and the
sequence of carp claudin-3b had a low identity to claudin-3b of the Japanese
pufferfish or claudin-3 of Atlantic salmon with 62% and 67%, respectively (Fig. 21)
TM-1
EL-1
MASVGLEILGVSLGVLGWILAIVSCIVPMWRVSAFIGMNIVTAQITWEGIWMNCVVQSTG
MAVLGLEILGMILAVLGWILSIVSCALPMWRVSAFIGVNIITAQTIWEGIWMTCVVQSTG
----------------------------------------------------NCVVQSTG
MAALGLEILGVTLAVFGWIVGIVSCALPMWKVTAFIGVNIVTAQTIWEGIWMNCVVQSTG
.*******
TM-2
IL
QMQCKVHDSMLALSADLQAARALTIISIVLGVMGIVVAMMGSKCTNCVGEDSAKARVMIA
QMQCKVYDSMLALSSDLQAARALTVISIVVGIMGVLVAVVGAKCTNCVKDETAKARVMIA
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QMQCKVYDSMLALSSDLQAARSLCVIAIVMGVLGLLLSIVGAKCTNCLEEERAKARVMIT
*****::*******:***.**:* :*:**:*::*.:::::*:***:*: :: .**:***:
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Fig. 21. Multiple alignment of deduced protein sequences of fish claudin-3b genes (A) and their
pairwise scores (B).
The analysis included carp EST (CF662816; a mix library of skeletal white muscle, cardiac muscle,
brain, gill, kidney and intestinal mucosa tissues) and claudin-3b genes of carp (Cyprinus carpio;
present work; accession number: JQ767156), Atlantic salmon (Salmo salar; accession number:
BT048428) and pufferfish (Takifugu rubripes; accession number: AY554378). Domains of Four
transmembrane (TM, bold letters), two extracellular loops (EL), and an intracellular loop (IL) are
indicated. Arrows show two highly conserved cysteine residues.

Six carp ESTs that were obtained through Blastn analysis of Japanese pufferfish and
zebrafish claudin genes completely showed representative attributes of claudin
genes (Fig. 21-Fig. 26). Therefore they should be considered as claudin genes in
carp. Among the carp claudin genes that were identified in the present study on the
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basis of ESTs, only claudin-23 has 100% identity with the related carp EST (Fig. 25).
The other carp claudins showed different levels of similarities in comparison with their
appropriate carp ESTs including claudin-3b (89%, Fig. 21), claudin-3c (98%, Fig. 22),
claudin-7 (99%, Fig. 23), claudin-11 (96%, Fig. 24), and claudin-30 (96%, Fig. 26).
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****:***:*** :******* :::***.:***:**::*********:*.:******::
EL-2
TM-4
TM-3
GVMFIIAGILELIPVAWVANQTILVF---------------------------------GVMFIIAGILELIPVAWVANQTIRDFYNPLLSTAQQRELGASIYIGFAAAALLLIGGAML
GIMFIIAGILDLIPSAWVANQIIRDFYNPLLPGAQQRELGASIYIGFAAAALLIIGGAML
GIFFILGGVLVLIPVSWTAHVVIRDFYNPILNNSQRRELGAALYIGWAAAALLLIGGAML
*::**:.*:* *** :*.*: * *
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Fig. 22. Multiple alignment of deduced protein sequences of fish claudin-3c genes (A) and their
pairwise scores (B).
The analysis included carp EST (EC393103, skin library) and claudin-3c genes of carp (Cyprinus
carpio; present work; accession number: JQ767157), zebrafish (Danio rerio; accession number:
NM_131767), and pufferfish (Takifugu rubripes; accession number: AY554367). Domains of Four
transmembrane (TM, bold letters), two extracellular loops (EL), and an intracellular loop (IL) are
indicated. Arrows show two highly conserved cysteine residues.

- 67 -

(

)
*+,

TM-1
EL-1
--------------------------------SAYVGDNIITAIAMYQGLWMSCAFQSTG
MANKGLQLLGFTLSLLGLIGLIVGTILPQWKMSAYVGDNIITAIAMYQGLWMSCAFQSTG
MAHKGLQLLGFTLSLLGLIGLIIGTIMPQWKMSAYVGDNIITAIAMYQGLWMSCAYQSTG
MANSGMQLLGFFMSLIGIVALIIGTILPQWKMSAYIGDNIITAVAMYQGLWMSCAFQSTG
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TM-2
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Fig. 23. Multiple alignment of deduced protein sequences of fish claudin-7 genes (A) and their
pairwise scores (B).
The analysis included carp EST (EC393792, skin library) and claudin-7 genes of carp (Cyprinus
carpio; present work; accession number: JQ767155), zebrafish (Danio rerio; accession number:
NM_131637), and pufferfish (Takifugu rubripes; accession number: AY554347). Domains of Four
transmembrane (TM, bold letters), two extracellular loops (EL), and an intracellular loop (IL) are
indicated. Arrows show two highly conserved cysteine residues.
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TM-1
EL-1
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Fig. 24. Multiple alignment of deduced protein sequences of fish claudin-11 genes (A) and their
pairwise scores (B).
The analysis included carp EST (DW722473, testis library) and claudin-11 genes of carp (Cyprinus
carpio; present work; accession number JQ767158), zebrafish (Danio rerio; accession number:
NM_001002624), and pufferfish (Takifugu rubripes; accession number: AY554358). Domains of Four
transmembrane (TM, bold letters), two extracellular loops (EL), and an intracellular loop (IL) are
indicated. Arrows show two highly conserved cysteine residues.
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----------------------------------------------------------TS
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Fig. 25. Multiple alignment of deduced protein sequences of fish claudin-23 genes (A) and their
pairwise scores (B).
The analysis included carp EST (CA964745, a mix library of skeletal white muscle, cardiac muscle,
brain, gill, kidney and intestinal mucosa tissues) and claudin-23 genes of carp (Cyprinus carpio;
present work; accession number: JQ767159), and pufferfish (Takifugu rubripes; accession number:
AY554348). Domains of Four transmembrane (TM, bold letters), two extracellular loops (EL), and an
intracellular loop (IL) are indicated. Arrows show two highly conserved cysteine residues.
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-------------------------------------------QTSWEGIWMSCVVQSTG
MVSAGLQLLGTALAIIGWIGVIVVCAIPMWKVTAFIGSNIVTALTSWEGIWMSCVVQSTG
----------------GWIGVVVSCALPMWKVTAFIGNNIVTAQTSWEGIWMTCVVQSTG
MASTGLQMLGIALAIFGWIGVIVLCALPMWKVTAFIGANIVTSQTSWEGIWMSCVVQSTG
MVSTGFQMLGAALGIVGWIGAIIACALPMWKVTAFIGSSIITAQTTWEGIWMNCVVQSTG
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Fig. 26. Multiple alignment of deduced protein sequences of fish claudin-30 genes (A) and their
pairwise scores (B).
The analysis included carp EST (EC394291, skin library) and claudin-30 genes of carp (Cyprinus
carpio; present work; accession number: JQ767160), zebrafish (Danio rerio; accession number:
AF359426), Gold fish (Carassius auratus; accession number: HQ656008) and pufferfish (Takifugu
rubripes; accession number: AY554369). Domains of Four transmembrane (TM, bold letters), two
extracellular loops (EL), and an intracellular loop (IL) are indicated. Arrows show two highly conserved
cysteine residues.
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Fig. 27. Relative expression of claudin-2, -3b, -3c, -7, -11, -23, and -30 mRNA in carp tissues.
The bars represent means ± standard deviation of mRNA expression of the genes from 3 carp
individuals. Firstly, the expression of claudin was normalized in relative to -actin, and then it is
presented in percentage relative to the expression of the genes in kidney. Statistically significant
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5.1.2 Tissue specific expression of carp claudin genes
The tissue specific expression of carp claudins was analysed by using an endpoint
PCR. This semi quantitative assay indicated that the expression of claudin-3b, -3c, 7, -11, and -30 is widely distributed in carp tissues while the expression of claudin-2
and -23 is more tissues-specific. Fig. 27 shows the expression profiles of claudin
genes in various carp tissues; in kidney, head kidney, spleen, skin, intestine, gills,
liver, and brain. Carp claudin-2 was found to be highly expressed merely in the liver,
in significantly lower level in kidney, brain, intestine, gills, spleen and skin, and not
expressed in head kidney (Fig. 27). The carp claudin-23 seems to be more specific
for skin and gills, even though this claudin also was expressed in lower levels in the
intestine, brain, and spleen (Fig. 27). Claudin-3b was expressed in kidney, spleen,
intestine, and liver of carp to a higher level than in other tissues like skin, gills, and
brain (Fig. 27). Claudin-3c of carp was highly expressed in kidney, skin, intestine, gill,
and brain, and in lower levels in liver, spleen, and head kidney (Fig. 27). Carp
claudin-7 was expressed in spleen and head kidney in a slightly lower level than in
the other tissues examined (Fig. 27). Carp claudin-11 seemed to be expressed in the
similar level in all examined tissues (Fig. 27). The expression of claudin-30 in head
kidney and spleen was significantly lower than it was in other tissues (Fig. 27). The
tissue specific expression of claudin-1 could not be analysed with the sequences
available, because of problems in the amplification process.
The expression of carp claudin genes was analysed along the gut axis as well. In all
gut samples, low expression (< 10 to 15 normalised copy numbers) was observed for
claudin-2 and -7, claudin -3c and -11 were expressed in some locations up to 25
normalised copy numbers, and for claudin-23 and -30 a high expression up to 1 000
normalised copy numbers could be detected in some locations. In general, the
claudin genes under study were expressed in the upper mid intestine of carp in a
poorer level than in the lower mid intestine or in the posterior intestine as indicated by
results from expression profiling studies performed by means of a quantitative PCR
assay and presented in Fig. 28. The expression of claudin-2 was significantly higher
in the lower mid gut than in the upper mid gut and slightly higher than in the posterior
gut. Claudin-3c was expressed in the posterior intestine about 20 times higher than in
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the upper mid gut and about 4 times higher than in the lower mid gut (Fig. 28). In the
posterior intestine the expression of claudin-7 was detected in a significantly higher
level than in the two other segments of the intestine. Claudin-11 was expressed in a
similar level in both the lower mid gut and the posterior gut segment, and this
expression was about 20 times higher than the level of expression seen in the upper
mid intestine. Interestingly, the expression of claudin-23 and -30 was exceedingly
higher in the posterior gut than in the upper and the lower mid gut. In the posterior
intestine an up to 1000 times higher expression of claudin-23 and -30 was seen than
in the upper mid intestine and an up to 100 times higher expression than in the lower
mid gut.
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Fig. 28. Expression of claudin-2, -3c, -7, -11, -23, and -30 mRNA in different segments of the carp
intestine (n = 5-7).
The bars represent means ± standard deviation in the expression of the genes. Firstly it was
normalized in relative to 100 000 (for claudin-2, -23, and -3) or 1000 (for claudin-3c, -7, and -11)
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bars indicated by the horizontal line.
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5.1.3 Intestinal immune responses of carp under KHV infection
In carp, infected with KHV by bath, virus specific DNA sequences and tissue
responses could be observed in the intestine by real time PCR assays after 3 days
post infection (dpi). Then about ten copies of KHV specific DNA were found to be
present in 250 ng of total DNA isolated from both the upper and the lower mid gut
samples, and the virus load became more prominent at 5 dpi and 14 dpi when more
than 400 and 1000 copies of virus specific DNA were detected, respectively (Fig. 29).
As an indicator of virus multiplication, the transcription of the gene encoding KHV
thymidine kinase was analysed. In samples obtained from infected carp at 5 and 14
dpi a low level of KHV thymidine kinase mRNA expression could be detected, which
could not be quantified. In samples collected at day 1 pi, KHV thymidine kinase
mRNA could not be found (Fig. 29). The transcription of the cytokine IL-1

as an

indicator for inflammatory responses was up regulated in samples from the upper
and the lower mid gut at 3 and 5 dpi but later, at 14 dpi, it was decreased to the level
observed in control carp (Fig. 30). Particularly in the lower mid intestine, the infection
also caused an up regulation of another inflammatory marker, the inducible nitric
oxide synthase (iNOS), which started by 3 dpi and increased in the later time points
(Fig. 31). An up regulation in the expression of IFN-a2 also can be detected in
samples taken at 3, 5, and 14 dpi from the upper mid gut (Fig. 32). Likewise, in the
lower mid gut the expression of IFN-a2 was up regulated by 1 to 5 dpi but then at 14
dpi it was down regulated into a similar level as it was seen in the control group (Fig.
32). Interestingly, among the inflammatory marker investigated in the present study,
only the expression of iNOS was found in positive correlation with the number of
virus specific DNA copies, both in the upper mid gut and in the lower mid gut (Fig.
33). In addition the KHV infection did not influence the expression of Muc-2 in both
the upper and the lower mid gut (Fig. 34).
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5.1.4 Regulation of claudin genes in carp intestine under KHV infection
The expression of genes encoding claudin-2, -3c, -11, and -23 in carp intestine was
influenced by KHV infection. In the infected carp the expression of claudin-2 was
significantly higher than in the control fish at 14 dpi in samples from the upper mid
intestine and at 3 and 14 dpi in samples from the lower intestine (Fig. 35). At 3 dpi
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infected fish also expressed claudin-3c in a higher level than the control fish in both
the upper and the lower mid gut (Fig. 36). Furthermore, there was a significant
difference in the expression of claudin-11 between infected and control carp at 3 dpi
in samples from the upper mid gut and at 14 dpi in samples from the lower mid gut
(Fig. 38). The expression of claudin-23 was also up-regulated in infected carp, in
particular in the lower mid gut at 3 and 5 dpi (Fig. 39). Additionally, the infection did
not influence the expression of claudin-30 in both the upper mid and the lower mid
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Fig. 36. Expression of claudin-3c mRNA in carp intestine during a KHV infection (n=5).
Gut 1 refers to the upper mid intestine (A) and gut 2 refers to the lower mid intestine (B). The bars
represent means ± standard deviation of the expression of the gene relative to 1000 copies of 40 S
ribosomal protein S11. Stars indicate a statistically significant difference between control and infected
fish in an appropriate time point.

In KHV infected carp, the expression of claudin-7 was gradually up-regulated during
the course of the infection (Fig. 37). In particular at 14 dpi some of the infected carp
expressed a relatively high copy number of claudin-7 specific mRNA as indicated by
an excessive value of the standard deviation in Fig. 37. This up-regulation of claudin7 was statistically not significant; however its pattern was similar to the increase of
the virus number and the up regulation of iNOS expression patterns. Further
statistical analysis confirmed that there was a positive correlation between the
claudin-7 expression and the copy number of virus specific DNA (Fig. 33) as well as
the expression of iNOS (Fig. 41). Also increase of of iNOS, claudin-2, -7, and -11
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seem to be related with the increase of the virus number (Fig. 33) and up regulation
of claudin-2, -7, and -11 seem to be correlated with iNOS (Fig. 41).
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Fig. 37. Expression of claudin-7 mRNA in carp intestine during a KHV infection (n=5).
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represent means ± standard deviation in the expression of the gene relative to 1000 copies of 40 S
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Fig. 39. Expression of claudin-23 mRNA in carp intestine during a KHV infection (n=5).
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Fig. 40. Expression of claudin-30 mRNA in carp intestine during a KHV infection (n=5).
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5.2

Discussion

Years after the first two claudin proteins, claudin-1 and -2, were identified from
chicken liver (FURUSE et al. 1998), claudins now are known as a family of multiple
genes with a large number of members that were identified in many animal species
and which play a central role in the barrier functions of epithelia (MORITA et al. 1999;
HEISKALA et al. 2001; LOH et al. 2004; LAL-NAG and MORIN 2009). In mammals,
24 claudin genes were known to be present (LAL-NAG and MORIN 2009) for long
time; until very recently three new mammalian claudins were found, and as a result a
total of 27 claudins genes for mammals are now assigned to this gene family
(MINETA et al. 2011). In piscine studies, the first identification of claudin genes was
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made in Zebrafish, Danio rerio (KOLLMAR et al. 2001). Thereafter, molecules from
the claudin gene family were found in the Japanese pufferfish, Takifugu rubripes
(LOH et al. 2004), the spotted green pufferfish, Tetraodon nigroviridis (BAGHERIELACHIDAN et al. 2008), Atlantic salmon, Salmo salar (TIPSMARK et al. 2008a),
southern flounder, Paralichthys lethostigma (TIPSMARK et al. 2008b), rainbow trout,
Onchorhynchus mykiss (CHASIOTIS and KELLY 2011; SANDBICHLER et al. 2011),
and gold fish, Carassius auratus (CHASIOTIS and KELLY 2011). Interestingly, in the
Japanese pufferfish the claudin gene family comprises a higher number of members
(56) than in mammals and some of them represent fish specific claudin genes (LOH
et al. 2004). In the present study, eight claudin genes, claudin-1, -2, -3b, -3c, -7, -11,
-23, and -30, were identified from common carp, Cyprinus carpio. The finding of
claudin-30 in carp supports the existence of fish specific claudin genes as it was
reported previously from the Japanese puffer fish (LOH et al. 2004), and Atlantic
salmon (TIPSMARK et al. 2010).
In comparison to claudin genes of mammals the genes of piscine animals were
suggested to have more duplication. In mammalian animals only a few duplication of
claudin was reported (KRAUSE et al. 2008). On the other hand a huge number of the
genes that represent duplicates of claudin were described in fish like Japanese
pufferfish (LOH et al. 2004). A number of 23 claudins genes in Japanese pufferfish
were identified as part of gene duplications including five isoforms of claudin-10, four
isoforms of claudin-3, -8, -27, and -30, three isoforms of claudin-5, -28, and -33, and
two isoforms of claudin-7, -11, -14, -15, -20, -23, -29, -32 (LOH et al. 2004). A high
number of claudin gene duplications seemed to be present in Atlantic salmon
(TIPSMARK et al. 2009), goldfish (CHASIOTIS and KELLY 2011), rainbow trout
(CHASIOTIS and KELLY 2011) and green spotted pufferfish (CLELLAND et al.
2010). In addition to the gene duplication of fish claudin the present report shows two
isoforms of carp claudin-3.
A phylogenetic tree of fish claudin in the present report shows consistently two
separated groups of the genes as mentioned in some other reports (LOH et al. 2004;
KRAUSE et al. 2008). Nine classes of claudin genes that could be classified into two
groups were suggested as results of a phylogenetic analysis of claudin genes of
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Japanese pufferfish, zebrafish, human, and mouse (LOH et al. 2004). Classic and
non-classic groups were also suggested to systematically categorize 24 genes of
mammalian claudin (KRAUSE et al. 2008). However on the basis of molecular
sequence similarity claudin genes were consistently classified into two different
groups, slight differential members of the groups were occurred. Krause et al. (2008)
suggested members of classic claudins are claudin-1-10, -14, -15, -17, and -19 and
non-classic claudins include claudin-11-13, -16, -18, and -20-24. Alternatively, LOH
et al. (2004) recommended members of the first group (class 1-3) are claudin 1, 7,
10, 11, 12, 15, 16, 18, 19, and 23; while other claudin genes are classified to the
second group (class 4-9).
Correspond to the current state of typical profiles of members in claudin multiple
genes family (LAL-NAG and MORIN 2009) fish claudins genes and claudin-like carp
ESTs are characterized by four transmembrane helices and two extracellular loops
(ELs). The two extracellular structures of claudins allow them to build intercellular
junctional structures which mainly involve the second EL and mediate selectively
barrier permeability functions of TJs that are mainly facilitated by the first EL (VAN
ITALLIE and ANDERSON 2004, 2006). Roles of the first extracellular domain in size
and charge paracellular selectivity have been at least described in claudin-2, -4
(COLEGIO et al. 2003), -5 (WEN et al. 2004), and -7 (ALEXANDRE et al. 2007).
Furthermore two conserved cysteine residues that were predicted to form
intramolecular disulfide bond for protein stabilization (WEN et al. 2004; ANGELOW et
al. 2008; LAL-NAG and MORIN 2009) are consistently present in EL-1 domains of
fish claudins.
In agreement with the expression profile of claudins in the Japanese pufferfish, which
documents a tissue-specific expression pattern for these molecules (LOH et al.
2004), the present report shows that the expression of claudin-3b, -3c, -7, -11, and 30 are less tissue specific than claudin-2 and -23. Similar to the expression of
claudin-2 and -23a in the Japanese pufferfish (LOH et al. 2004), carp claudin-2 is
highly expressed in liver and carp claudin-23 is highly expressed in skin and gills.
The tissue specific distribution of the expression of claudin genes might depend on
species as well. The expression of claudin-11 may serve as an example for this trait.
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In Japanese pufferfish claudin-11a and -11b of are specifically expressed in brain,
heart (11a) and in liver (11b) (LOH et al. 2004). On the other hand, claudin-11 of carp
is expressed in various tissues like kidney, head kidney, spleen, skin, intestine, liver,
and brain.
The expression of claudin genes along the digestive track of mouse can follow
different pattern. From frontal to distal direction it can increase, decrease or be
expressed in more complicated a wave like pattern (HOLMES et al. 2006). When the
expression of claudin-8 was analysed in samples collected from the duodenum,
jejunum, ileum, proximal, and distal colon of mice, it was increasing in distal direction.
Claudin-15 was then expressed in a distally decreasing pattern, and claudin-7 in a
wave-like pattern with a peak of expression in the ileum (HOLMES et al. 2006). A
spatial differential expression of claudin genes was also found in gastrointestinal
sections of Atlantic salmon (TIPSMARK et al. 2010). In Atlantic salmon, the
expression of claudin-15 followed a wave-like pattern and claudin-25b was
expressed in a distally increasing pattern when samples from phyloric caeca, mid
intestine, and posterior intestine were evaluated (TIPSMARK et al. 2010). In
agreement with these previous findings, claudin-3c, -7, -11, -23, and -30 were
expressed in the carp intestine in a distally increasing pattern and claudin-2 was
expressed in a single wave pattern (Fig. 28). It is strongly possible that the differential
expression pattern of claudin genes along the axis of the carp intestine is related to
specific functions of the intestinal segments. In teleosts, the anterior intestine is the
main nutrient-absorbing region. The lumen in this region contains high nutrient
concentrations, typically relative low numbers of bacteria, and high paracellular
permeability. In the posterior intestine however, bacterial numbers are higher and
free nutrient concentrations drop. As the nutrient content drops along the intestinal
tract and bacteria and bacterial toxins rise in concentration, the need for a tighter
barrier increases (JUTFELT 2011). This might be reflected by a differential
expression of claudins along the gut axis, as it was observed in the current study.
The gut of carp was reported to be one of the targeted tissues of KHV infection
(HEDRICK et al. 2000; GRAY et al. 2002; GILAD et al. 2004). Less prominent than
hyperplasia and necrosis of the epithelium in the gill, or an interstitial nephritis, and
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splenitis; an enteritis was found in KHV-infected carp (HEDRICK et al. 2000). Virusinduced changes were found in cells in the lamina propria, the virus was re-isolated
from intestinal tissues (HEDRICK et al. 2000), and virus specific DNA was also
detected in a high copy number in the intestine of infected carp using PCR assays
(GRAY et al. 2002; GILAD et al. 2004). Corresponding to the previous studies, the
present report shows that in day 3 after an artificial infection of carp with KHV by the
bathing method, the KHV infection induced intestinal inflammation responses and the
virus was detected in the intestine of infected carp. In addition, the detection of a
transcription product of the KHV gene thymidine kinase, even at a very low level,
might indicate that in the present experiment the virus was multiplying to some extent
in cells of the carp intestine.
During KHV infection, the up-regulation of IFN-a2 and IL-1 expression peaked in the
intestinal tissue at 3 and 5 dpi; at 14 dpi the expression of the two cytokines was
decreased to the initial level. Together with a similar regulation pattern of IL-1 in the
spleen of the same infected fish (RAKUS et al. 2012) the present results indicate a
role for IFN-a2 and IL-1 in the early immune response of carp to a KHV infection. In
contrast to the regulation of IFN-a2 and IL-1 mRNA transcription, which that peaked
at 3 and 5 dpi and was decreased at 14 dpi, the expression of inducible nitric oxide
synthase (iNOS) was slightly up-regulated at 3 dpi and was gradually elevated until
the end of the experiment at 14 dpi. This kinetic suggests that the expression of this
gene might be further increased during later periods of the infection. The inducible
form of NO synthase can be induced by bacterial lipopolysaccharide (LPS) and by
inflammatory-related cytokines such as TNF-alpha, IFN-gamma, and IL-1
(ROBBINS and GRISHAM 1997). A delayed response of the iNOS during KHV
infection in comparison to the response of the IFN-a2 and IL-1 might indicate that
the elevation of iNOS was in part related to an up-regulation of the two inflammatoryrelated cytokines. A positive correlation between the elevation of iNOS expression
and the copy number of virus specific DNA might indicate a role of iNOS during the
late immune response of carp to the KHV-infection and might be related to intestinal
tissue damage in the context of the infection.
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The present report shows that a KHV infection caused alterations of the mRNA
expression of the genes encoding for the tight junctions proteins claudin-2, -3c, -11,
and -23. Tight junctions proteins were reported to be involved in the infection of
rotavirus (NAVA et al. 2004), Hepatitis C virus (HCV) (EVANS et al. 2007;
MEERTENS et al. 2008), west nile virus (MEDIGESHI et al. 2009), Epstein-barr virus
(EBV) (SHINOZAKI et al. 2009), and human immunodeficiency virus-1 (HIV-1)
(ANDRAS and TOBOREK 2011). A fragment of the VP8 protein from rotaviruses
causing viral gastroenteritis altered the sub-cellular localization of ZO-1, claudin-3,
and occludin in epithelial monolayers cells (NAVA et al. 2004). In HCV infection, the
proteins Claudin-1, -6, and -9 were reported as cofactors for the entry of the virus into
endothelial cells and claudin-1 was identified as the solely efficient cofactor for the
entrance for the virus into hepatoma cells (EVANS et al. 2007; MEERTENS et al.
2008). During infections with the West Nile Virus, a loss of claudin-1 and -4
expression was reported to occurr in infected organs or cells and the capsid of the
west nile virus was identified as the responsible factor for the disruption of the claudin
proteins in infected cells (MEDIGESHI et al. 2009). Gastric tissue samples with a
carcinoma associated with an EBV infection showed a different pattern of claudin-3
and claudin-18 expression in comparison to samples of EBV-negative carcinomas
(SHINOZAKI et al. 2009). Recently, the expression of claudin-5 in brain endothelial
cells and brain microvessels was reported to be altered by both HIV-1 and the HIV-1
specific Tat protein (ANDRAS and TOBOREK 2011).
The present report shows a coincidence between the up-regulation of proinflammatory cytokines and an elevated expression of claudin-2, -3c, and -23 which
might indicate a correlation between alterations in the expression of claudin genes
and inflammatory responses as previously reported (PRASAD et al. 2005;
SCHULZKE et al. 2009; PORITZ et al. 2011). In colonic epithelial cells, the addition
of IFN-gamma/TNF-alpha down-regulated the expression of claudins-2 and -3, while
the application of IL-13 increased a claudin-2 expression (PRASAD et al. 2005). The
treatment of IEC-18 cells with TNF-alpha, an important inflammatory cytokine in the
context of inflammatory bowel disease (IBD) up-regulated the expression of claudin-1
(PORITZ et al. 2011).
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A correlation between the elevation of inducible nitric oxide synthase (iNOS) and an
up–regulation of the expression of several claudin genes is shown in the present
report in the intestine of carp under KHV infection. The role of nitric oxidation in the
disruption of the intestinal barrier was reported in previous studies on intestinal
disorders in mammals (BANAN et al. 2000; BANAN et al. 2001; TAKIZAWA et al.
2011). During intestinal alcoholic cirrhosis the expression of iNOS was activated, led
to an overproduction of reactive nitrogen metabolites (NO, peroxynitrite), caused an
oxidative injury of the microtubule (MT) cytoskeleton, and finally disrupted the barrier
integrity (BANAN et al. 2000). High oxidant levels as a consequence of a rapid upregulation of iNOS caused a breakdown of the F-actin cytoskeleton and disrupted the
barrier of intestinal monolayers (BANAN et al. 2001). More specific to tight junction
proteins, NO decreased protein levels of claudin-1, -2, -4, and -7 in the ileum of rats
during ischemia/reperfusion (TAKIZAWA et al. 2011). During KHV infection the
transcription level of several claudins was increased, which could compensate a
disruption of the proteins by NO during an inflammatory immune response of the host
to virus induced tissue damage. .
The alterations in the expression of claudin mRNA as shown in the present report
indicates that a disruption of carp intestinal barrier occurred to some extent during
KHV infection. Also regulation of claudin expression might relect responses of
infected fish to osmoregulation alteration during infection (NEGENBORN 2009),
however, it needs to be further investigated. A disruption of tight junction proteins
caused by Vibrio cholerae in the small intestine of rabbits was associated with
increasing epithelial permeability (FASANO et al. 1991; FASANO et al. 1995) and
decreasing transepithelial resistance (TER) of T84 intestinal cells (MEL et al. 2000).
A redistribution of tight junction proteins in EPEC-infected intestinal T84 cells was
reported to be associated with lower epithelial permeability and alterations in
transport functions (PHILPOTT et al. 1996). The disruption of the intestinal barrier
during KHV infection might not only have functional consequences but also
increasing susceptibility of the fish to secondary pathogens or stresses.
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6 Regulation of the transcription of tight junction protein claudin
genes in carp intestine during feeding change and an intubation
of Aeromonas hydrophila
6.1

Results

6.1.1 Feed change induced inflammatory responses and a different regulation
of claudin encoding genes in carp intestine
The intestinal tissue of carp, which received different feeding regimes was analysed
for a regulation of inflammatory cytokines and claudin encoding genes by quatitative
real time PCR. The carp initially were fed with a commercial feed, and then divided
into three groups: a first group further received normal feed, a second group received
an experimental feed without cereals and -glucan, and a third group received the
experimental feed enriched with

-glucan (Macrogard). Results of the expression

analysis performed on intestinal tissue collected from the three carp groups two
weeks after the shift of the feeding showed an indication of inflammatory process and
an up regulation of some claudin encoding genes in the posterior intestine. In
comparison to the carp which continuously were fed the commercial diet, carp from
two groups which received the experimental feeds without cereals showed the up
regulation of the pro-inflammatory cytokine IL-1 in the posterior intestine (Fig. 42-B)
and coincidently also showed an up regulation of claudin-3c (Fig. 44-B), claudin-7
(Fig. 45-B), claudin-23 (Fig. 47-B), and claudin-30 (Fig. 48-B). However, the
expression of claudin-2 (Fig. 43-B) and claudin-11 (Fig. 46-B) in the posterior gut of
carp fed the experimental feed was not regulated. In the anterior intestine, the
experimental feeds did not induce an inflammation as indicated by the expression of
IL-1 (Fig. 42-A) and did not regulate the expression of claudin 3c, 7, 11, 23, and 30
(Fig. 44-Fig. 48;-A) differently. Nevertheless, a down regulation in the expression of
claudin-2 (Fig. 43-A) could be noticed.
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Fig. 42. Expression of IL-1 mRNA in carp intetine after feeding with different feed ingredients.
The bars represent mean ± standard deviation of the expression of the gene relative to 100 000
copies of 40 S ribosomal protein S11 in tissue samples from n= 6-7 carp.
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Fig. 43. Expression of claudin-2 encoding gene mRNA in the carp intestine after feeding with different
feed ingredients.
The bars represent mean ± standard deviation of the expression of the gene relative to 100 000
copies of 40 S ribosomal protein S11 in tissue samples from n= 6-7 carp. The star indicates a
statistically significant difference between the two bars indicated by the line.
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Fig. 45. Expression of the claudin-7 encoding gene mRNA in the intestine of carp after feeding with
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The bars represent mean ± standard deviation of the expression of the gene relative to 1000 copies of
40 S ribosomal protein S11 in tissue samples from n= 6-7 carp. The stars indicate a statistically
significant difference between the two bars indicated by the line
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Fig. 46. Expression of the claudin-11 encoding gene mRNA in the intestine of carp after feeding with
different feed ingredients.
The bars represent mean ± standard deviation of the expression of the gene relative to 1000 copies of
40 S ribosomal protein S11 in tissue samples from n= 6-7 carp
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6.1.2 Immune responses and the regulation of claudin encoding mRNA
expression in the intestine of carp fed a diet with and without -glucan to
an Aeromonas hydrophila intubation
Aeromonad bacteria could be confirmed as a frequent components of the common
microflora in the intestine of carp by expression analysis of bacterial 16S mRNA.
Sequences specific for bacteria from the group of aeromonads were detected both in
intestinal samples from the control and the intubated groups (Fig. 49). The oral
intubation of Aeromonas hydrophila increased significantly only the number of
aeromonads present in the posterior intestine of carp fed with the -glucan containing
diet at 24 hours post infection (hpi) (Fig. 49). It also changed significantly the
proportion of aeromonads after 1 hpi in carp from both groups, fed with -glucan and
without -glucan, in particular in the anterior gut (Fig. 50). In the non -glucan group
the intubation of the bacteria shortly induced an upregulation of IL-1 and iNOS at 12
hpi in the anterior and posterior intestine, whereas in the

-glucan fed group, the

regulation of the two inflammatory markers was not altered (Fig. 51 and Fig. 52).
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Fig. 49. Estimation values of the number of Aeromonads in intestinal samples from carp after
intubation of an A. hydrophila suspension as indicated by the expression of DNA sequences specific
for the gene encoding the 16S rRNA of aeromonad bacteria.
Intestinal samples were taken at different time intervals after a Aeromonas hydrophila intubation from
carp fed with a diet without (A,B) or with (C,D) -glucan supplementation. Gut 1 refers to the upper
mid intestine (A, C) and gut 2 refers to the posterior intestine (B, D). The bars represent mean ±
standard deviation of the expression of the gene relative to 1000 copies of 40 S ribosomal protein S11
of carp in tissue samples from n= 5 individuals. The star indicates a statistically significant difference
between control and infected fish at the appropriate time point.

The feeding of -glucan was not only modulating the inflammatory process but also
influenced the response of the tight junction proteins claudins to the artificial
administration of Aeromonas hydrophila. In particular in the anterior intestine of carp
from the non -glucan fed group, the bacteria modulated the expression of claudin-11
and -30 by 12 hpi. In carp from the -glucan fed group the intubation of the bacteria
modulated the expression of claudin-3c and -23. The expression of claudin-11 in the
anterior intestine of non

-glucan fed carp was significantly up regulated at 12 hpi
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(Fig. 56). In non

-glucan fed carp, the anterior intestine of infected group also

expressed a higher level of claudin-30 than when compared to the same intestinal
segment of the control group (Fig. 58). The up regulation of the expression of claudin
11 and 30 was correlated with an up regulation of IL-1

and iNOS (Fig. 59). In

comparison to the control group, A. hydrophila intubated carp from the -glucan fed
group showed an up regulation of claudin-3c and -23 mRNA expression (Fig. 54, Fig.
57) by 12 h post injection. The intubation of the bacteria did not modulate the mRNA
transcription of claudin-2 (Fig. 53) and -7 (Fig. 55) in both of the two feeding groups.
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Analysed were tissue samples from carp fed with a diet without (A,B) or with (C,D) -glucan
supplementation. Gut 1 refers to the upper mid intestine (A, C) and gut 2 refers to the posterior
intestine (B, D). The bars represent means ± standard deviations from 5 individuals. The star
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Fig. 51. Expression of IL-1 mRNA in the intestine of carp at different time points after an intubation of
Aeromonas hydrophila.
Samples were analysed from carp fed with a diet without (A, B) or with (C, D) -glucan
supplementation. Gut 1 refers to the upper mid intestine (A, C) and gut 2 refers to the posterior
intestine (B, D). The bars represent means ± standard deviations of the expression of the gene
relative to 100 000 copies of 40 S ribosomal protein S11 in tissue samples from n= 5 carp. The star
indicates a statistically significant difference between control and infected fish at the appropriate time
point.
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Fig. 52. Expression of iNOS mRNA mRNA in the intestine of carp at different time points after an
intubation of Aeromonas hydrophila.
Samples were analysed from carp fed with a diet without (A, B) or with (C, D) -glucan
supplementation. Gut 1 refers to the upper mid intestine (A, C) and gut 2 refers to the posterior
intestine (B, D). The bars represent means ± standard deviations of the expression of the gene
relative to 100 000 copies of 40 S ribosomal protein S11 in tissue samples from n= 5 carp. The star
indicates a statistically significant difference between control and infected fish at the appropriate time
point.
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Fig. 53. Expression of claudin-2 mRNA in the intestine of carp at different time points after an
intubation of Aeromonas hydrophila.
Samples were analysed from carp fed with a diet without (A, B) or with (C, D) -glucan
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intestine (B, D). The bars represent means ± standard deviations of the expression of the gene
relative to 100 000 copies of 40 S ribosomal protein S11 in tissue samples from n= 5 carp.
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Fig. 54. Expression of claudin-3c mRNA in the intestine of carp at different time points after an
intubation of Aeromonas hydrophila.
Samples were analysed from carp fed with a diet without (A, B) or with (C, D) -glucan
supplementation. Gut 1 refers to the upper mid intestine (A, C) and gut 2 refers to the posterior
intestine (B, D). The bars represent means ± standard deviations of the expression of the gene
relative to 1000 copies of 40 S ribosomal protein S11 in tissue samples from n= 5 carp. The star
indicates a statistically significant difference between control and infected fish at the appropriate time
point.
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Fig. 55. Expression of claudin-7 mRNA in the intestine of carp at different time points after an
intubation of Aeromonas hydrophila.
Samples were analysed from carp fed with a diet without (A, B) or with (C, D) -glucan
supplementation. Gut 1 refers to the upper mid intestine (A, C) and gut 2 refers to the posterior
intestine (B, D). The bars represent means ± standard deviations of the expression of the gene
relative to 1000 copies of 40 S ribosomal protein S11 in tissue samples from n= 5 carp.
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Fig. 56. Expression of claudin-11 mRNA in the intestine of carp at different time points after an
intubation of Aeromonas hydrophila.
Samples were analysed from carp fed with a diet without (A, B) or with (C, D) -glucan
supplementation. Gut 1 refers to the upper mid intestine (A, C) and gut 2 refers to the posterior
intestine (B, D). The bars represent means ± standard deviations of the expression of the gene
relative to 1000 copies of 40 S ribosomal protein S11 in tissue samples from n= 5 carp. The star
indicates a statistically significant difference between control and infected fish at the appropriate time
point.
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Fig. 57. Expression of claudin-23 mRNA in the intestine of carp at different time points after an
intubation of Aeromonas hydrophila.
Samples were analysed from carp fed with a diet without (A, B) or with (C, D) -glucan
supplementation. Gut 1 refers to the upper mid intestine (A, C) and gut 2 refers to the posterior
intestine (B, D). The bars represent means ± standard deviations of the expression of the gene
relative to 100 000 copies of 40 S ribosomal protein S11 in tissue samples from n= 5 carp. The star
indicates a statistically significant difference between control and infected fish at the appropriate time
point.
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intubation of Aeromonas hydrophila.
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Fig. 59. Correlation of the expression of genes encoding claudin proteins and inflammatory marker in
intestinal samples from carp taken 12 hours after an Aeromonas hydrophila intubation.
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6.2

Discussion

Feeding of a -glucan supplemented diet for period of two weeks did not significantly
influence the expression of mRNA from claudin and the pro-inflammatory cytokine IL1

encoding genes when compared to carp which received the non

-glucan

supplemented experimental diet. However, in comparison to the normal feed the
switch to both experimental feeds, which were prepared without the addition of
cereals, induced an inflammatory response in the gut as it was indicated by an upregulation of IL-1 mRNA expression. It also was associated with an elevation in the
expression of mRNA from certain claudin genes, in particular in the posterior gut. An
intestinal inflammation in the posterior and not in the anterior gut of carp was also
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reported after feeding of carp with a soybean meal enriched diet (URÁN et al. 2008),
which is widely known as a diet containing antinutrients and causing enteritis in many
fishes (VAN DEN INGH et al. 1996). Soybean meal related inflammation processes
occurred after one week and became more prominent after 3 weeks of feeding as
characterized by an elevation of an expression of the inflammatory markers IL-1 ,
TNF-alpha1, IL-10, and TGF- and by morphological changes of the intestine (URÁN
et al. 2008).
In the present work, Aeromonas hydrophila strain BSK-10, which was found highly
pathogenic to carp after intra peritoneal injection (NIELSEN et al. 2001), did not
induce pathological signs or mortality when it was orally administered into the
intestine of carp fed with a diet both with and without -glucan supplementation. An
analysis of the total number of aeromonads in the gut and its proportion from the
intestinal microbiota indicated that Aeromonas hydrophila did not populate after
intubation into the gut and did not dominate the intestinal bacterial community. The
bacterial population dynamics in the intestine and the absence of the Aeromonas
hydrophila from liver and kidney (unpublished data) might indicate that the bacterium
could not establish itself in the intestinal community but most likely was washed out
from the gut lumen. Nevertheless, the bacterium could not be translocated over the
intestinal barrier into the blood circulation and therefore did not induce a systemic
disease. A possible mechanism of a washing out of Aeromonas hydrophila from the
gut lumen could be related with an alteration of epithelial mucus secretion upon A.
hydrophila intubation, as it was reported previously from carp intestine (SCHROERS
et al. 2009) and skin (VAN DER MAREL et al. 2008). In the present study
pathological symptoms were not detected in the intestine, intubation of the bacterium,
however induced shortly a significant elevation of mRNA expression of the proinflammatory marker IL-1 and iNOS. This was coincident with an up-regulation of
claudin-11 and -30 mRNA expression in the intestine of carp fed with non -glucan
enriched feed and with altered claudin-3c and -23 expression in the

-glucan fed

group.
In both the -glucan and non -glucan fed groups the bacterium altered the mRNA
expression of certain claudin protein encoding genes. This indicates that Aeromonas
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hydrophila as the responsible pathogen for the motile aeromonads septicaemia
(MAS), which is also known as a causative agent of gastroenteritis in cold- and
warm-blooded animals (DASKALOV 2006) probably has the ability to alter the
expression of tight junctions proteins and is able to disrupt the intestinal barrier like
enteric pathogens such as pathogenic Escherichia coli or Vibrio cholerae (BERKES
et al. 2003; GROSCHWITZ and HOGAN 2009; GUTTMAN and FINLAY 2009).
Enteropathogenic Escherichia coli (EPEC) caused a destabilization and dissociation
of the tight junction structure complex which is composed of Zo-1, occludin, and
claudin-1 in infected T84 intestinal cells. A possible mechanism for this involves the
injection of toxins by use of a syringe-like type III secretion system (T3SS) (SPITZ et
al. 1995; PHILPOTT et al. 1996). An enterotoxin of Vibrio cholerae, zonula occludens
toxin (Zot) affected the structure of intercellular tight junctions of rabbit small intestine
(FASANO et al. 1991; FASANO et al. 1995). Vibrio cholerae also produces a
cytotoxin hemaglutinin protease (HA/P) which alone is capable of disrupting tight
junctions proteins in T84 intestinal cells (MEL et al. 2000). In difference to the
enterotoxins of EPEC and Vibrio cholerae, which not directly influence tight junction
proteins (FASANO et al. 1991; FASANO et al. 1995; SPITZ et al. 1995; PHILPOTT et
al. 1996; MEL et al. 2000), Clostridium perfringens enterotoxin was reported to bind
directly to claudin-3 and -4 proteins in the epithelial lining of the gut (KATAHIRA et al.
1997; SONODA et al. 1999).
The present report shows an indication for a possible correlation between
inflammatory responses in the intestine of carp and alterations in the expression of
tight junction proteins (SCHULZKE et al. 2009). In intestinal tissue of carp fed with a
diet without -glucan supplementation, the up-regulation of claudin-11 and -30 mRNA
expressions was coincident with an elevation in the expression of mRNA encoding
the pro-inflammatory markers IL-1 and iNOS. Investigation showed that modulation
of epithelial barrier permeablity during inflammation process involved alteration of
claudin expression (PRASAD et al. 2005; PORITZ et al. 2011). In colonic epithelial
cells, the addition of IFN-gamma/TNF-alpha down-regulated claudin-2 and -3
expressions, while IL-13 increased claudin-2 expression (PRASAD et al. 2005). The
treatment with an important inflammatory cytokine in inflammatory bowel disease,

- 107 -

8

(

TNF-alpha also up-regulated the expression of claudin-1 in IEC-18 cells (PORITZ et
al. 2011).
In the present study in the control group the expression of certain claudin genes,
such as claudin-3 and 11 was modulated as well during the course of the study. This
indicates that the expression of these genes was regulated by non treatment factors
but by experimental conditions among which stress conditions during the
experimentation could be one of the possibilities. Stress conditions are well known to
have a role in the modulation of intestinal permeability (LAMBERT 2009). It is
possible that the oral intubation of the bacterial suspension or of PBS and the
starvation during the period of experimentation in the present experiment induced
stress which altered the regulation of gene expression. For comparison, a physical
disturbance of food deprived rainbow trout with a pole in a shallow level of water (1015 cm) for 15 minutes was strong enough to induce stress and increase intestinal
permeability (OLSEN et al. 2005). In addition, under osmotic stress a significant
down-regulation of claudin-28 expression was detected in gill pavement cells of
rainbow trout (SANDBICHLER et al. 2011). Interestingly cortisol, a specific steroid
hormone released in response to stress is capable of altering epithelial permeability
(CHASIOTIS and KELLY 2011) and regulating tight junction protein claudins in fish
tissues (TIPSMARK et al. 2009; BUI et al. 2010; CHASIOTIS and KELLY 2011).
The present report shows that -glucan which was added to the diet prevented an
elevation in mRNA expression of the pro-inflammatory markers IL-1 and iNOS in the
intestine carp intubated with Aeromonas hydrophila. This corresponds to similar
results of an investigation in carp using the same experimental feed and Aeromonas
salmonicida as a challenge (FALCO et al. 2012). After intraperitoneally injection of
Aeromonas salmonicida, the -glucan fed carp showed a lower mRNA expression of
the inflammatory-related cytokines TNF-alpha1, TNF-alpha2, IL-1 and IL6 in the gut,
in comparison with carp fed a non -glucan supplemented feed (FALCO et al. 2012).
Similar to the results of the present work, Aeromonas salmonicida induced an
elevation of the cytokine expression for a short period of time, at 6 hpi (FALCO et al.
2012). In other studies, -glucan has been used to modulate the immune response
and enhance diseases resistance in many animals including fish (DALMO and
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BØGWALD 2008; VOLMAN et al. 2008). In Asian catfish, Clarias batrachus, the
feeding of a 0.1% -glucan containing diet significantly reduced the mortality caused
by Aeromonas hydrophila and increased innate immune parameters such as the
serum myeloperoxidase (MPO) activity, natural hemagglutinin level, lysozyme level,
and superoxide production (KUMARI and SAHOO 2006). A protection against
Aeromonas hydrophila was also reported in Labeo rohita after feeding (SAHOO and
MUKHERJEE 2001; MISRA et al. 2006a) and intraperitoneal injection with -glucan
(MISRA et al. 2006b). An intraperitoneal injection of

-glucan also enhanced the

resistance of Zebrafish against Aeromonas hydrophila infection (RODRı´GUEZ et al.
2009). In carp, the feeding of

-glucan increased the mRNA expression of the

mucosal immune related proteins mucin-5B, -defensin 1 and 2 in the skin, and defensin 2 in the gills (VAN DER MAREL et al. 2012). The findings of the present
study support results of previous investigations (SAHOO and MUKHERJEE 2001;
KUMARI and SAHOO 2006; MISRA et al. 2006a; MISRA et al. 2006b; RODRı´GUEZ
et al. 2009; FALCO et al. 2012; VAN DER MAREL et al. 2012) that raise potential
benefits of using

-glucan in carp cultivation especially dealing with the protection

against Aeromonas hydrophila.
In the present report, a non lethal infection of carp with Aeromonas hydrophila
induced an alteration in the expression of claudin encoding mRNA, however
functional consequences of the alteration of the expression of claudin genes in carp
intestine has to be addressed in further investigations. In Vibrio cholerae infection in
the small intestine of rabbit, a disruption of tight junctions proteins was associated
with increased epithelial permeability (FASANO et al. 1991; FASANO et al. 1995)
and caused a decrease of the transepithelial resistance (TER) in T84 intestinal cells
(MEL et al. 2000). Intestinal T84 cells infected with EPEC showed a lower epithelial
permeability and an alteration of transport functions which was associated with a redistribution of tight junction proteins (PHILPOTT et al. 1996). In addition, the present
report shows that a

-glucan supplementation in the feed has the potential to

modulate the regulation of claudin gene expression in the intestine of bacterial
infected carp, the mechanism, however is unclear and needs further investigation.
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7 General discussion and conclusions
Farming of common carp, one of the most important fish in freshwater aquaculture, is
challenged by many factors including feed supplies especially when dealing with
protein ingredients (KNÖSCHE et al. 1995; HASAN et al. 1997) and protection
against infectious diseases, in particular from the viral pathogen KHV (GRAY et al.
2002; ISHIOKA et al. 2005; SUNARTO et al. 2005; CHENG et al. 2011). In addition
aquaculture is challenged by opportunistic bacteria such as Aeromonas hydrophila
(ANGKA et al. 1995; JENEY and JENEY 1995).
The intestinal epithelium of animals as well as of fish acts as a selective permeable
fence that allows transportation of ions, water and nutrients, and acts as a barrier
defence against external invaders (GROSCHWITZ and HOGAN 2009). A better
understanding of the characteristics of the intestinal barrier of common carp, in
particular the regulation of components of the barrier during pathogen challenge or
feeding modulation will be beneficial for aquaculture production of fish. For these
purposes the Ussing chamber method and PCR-based assays were applied to
describe properties of two important components of the intestinal barrier, SGLT1 and
claudin proteins.
7.1

Assays in details

The Ussing chamber technique was invented more than 60 years ago and allows the
measurement of active transport of substances across isolated epithelial tissue
(USSING and ZERAHN 1950). This assay could be adapted to study electrogenic ion
transport activities of carp intestine in the present work. In particular, the activity of
SGLT1 was evaluated in the intestine carp on the basis of changes of Isc which were
recorded in an Ussing chamber system. The level of actively driven transepithelial
netto glucose transport was described as maximum increase of Isc after addition of 10
mM glucose to the mucosal compartment and vice versa by decrease of Isc after an
addition of 0.5 mM phlorizin. This compound binds competitively with glucose to the
cotransporter, acts as a specific inhibitor and therefore made possible to estimate the
number of the proteins present in the luminal surface of the intact intestinal
epithelium (FERRARIS and DIAMOND 1986). The sets of Ussing chambers used in
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present work had a tissue exposed area of 0.5 and of 1.13 cm2 (serosal side).
Therefore carp of about 500 g body weight were used in order to obtain large enough
intestinal tissue sheets to cover the exposed area. In more improved equipments the
tissue exposed area of the chamber could become smaller (CLARKE 2009) that
probably gives chance to evaluate smaller fish. A major difficulty in adoption of the
assay for carp was dealing with the leakier intestine of fish in comparison to the
intestine of small mammalian animals like mice.
The use of an endpoint PCR assay in a proper number of cycles could describe
tissue expression profiles of the genes on the basis of transcriptional products. The
advantages of this assay include the usage of a less expensive thermocycler, the
ability to overcome problems with primer dimers, and the availability of free
densitometry analysis software for digital images (CHEN et al. 1999). In comparison
with qPCR, major weaknesses of an endpoint PCR assay are dealing with sensitivity,
the need of post amplification procedures which are time consume and might
influence reliability, and limitations in the number of samples which can be handled in
one process (BUSTIN 2002). Therefore for quantifying mRNA expression of carp
SGLT1 and claudins under pathogenic and feeding modulation qPCR assay was
applied. For normalization the expression of

-actin mRNA was used in

semiquantitative PCR and the transcriptional level of the 40S ribosomal protein S11
was used in real-time PCR. There was no significant difference in the expression of
the reference genes among different tissues or experimental groups. The expression
of 18S mRNA was not used for normalization of real time PCR in the present work
because this gene was extremely high expressed and required high dilution of the
samples in which then low expressed genes of interest could not be detected.
7.2

Looking forward to functional and molecular characteristics of the carp
intestine

Fish gut could be divided into four parts which include the headgut with mouth and
pharynx; the foregut with oesophagus and stomach; midgut or intestine; and hindgut
or rectum (WILSON and CASTRO 2011). Morphological characteristics of and
biological processes in different parts of the fish gut are well known (BAKKE et al.
2011; WILSON and CASTRO 2011). The present report provides functional and
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molecular characteristics of the intestine from a stomachless fish, the common carp.
On the basis of the activity of the SGLT1, carp intestine could be divided into upper
mid, lower mid and posterior intestine (rectum). Parts of the lower mid intestine
showed the highest levels of SGLT1 activity, followed by segments of the upper mid
intestine. There was no valuable level of glucose uptake in the posterior gut. These
three intestinal segments also showed different transcription levels of the
cotransporters and the of claudin tight junction proteins. The upper mid intestine
expressed the highest SGLT1 mRNA, followed by the lower mid and posterior gut,
successively. In contrast to this, the posterior intestine of carp showed peaks of
claudin-3c, -7, -23, and -30 transcripton, this was followed by lower and upper mid
gut, respectively. The upper mid intestine also revealed the lowest levels of claudin-2
and 11 mRNA expression compared to the other intestinal segments. Neither short
circuit current (Isc) nor tissue conductance (Gt) values could be used to segregate the
middle parts of carp intestinal segments. Most of the gut segments of carp showed
negative

values

of

Isc

and

there

was

no

significant

difference

in

this

electrophysiological parameter among the segments. Interestingly, the posterior carp
intestine had a significantly lower tissue conductance (Gt) than the middle intestine.
7.3

Alteration of SGLT1 and claudin proteins in diseases

SGLT1 and claudins protein are components of the intestinal barrier that are
responsible for the transport substances (FERRARIS and DIAMOND 1986;
HEISKALA et al. 2001; KELLET 2001) and also have a role in defence mechanisms
against pathogenic invasion (SONODA et al. 1999; YU et al. 2005; YU et al. 2006;
YU et al. 2008; GUPTA and RYAN 2010; HUANG et al. 2011). Alteration of SGLT1
and claudin protein expression during infectious diseases was mentioned in some
previous reports. The level of intestinal glucose uptake activity mediated by SGLT1
was decreased in protozoan-infected rabbits and it was suggested to be partly
related with a decrease in transcriptional level of the cotransporter (SUNDARAM et
al. 1997; KEKUDA et al. 2008). Evidence showed that the expression of claudin
genes was affected by bacterial and viral infection (KATAHIRA et al. 1997; SONODA
et al. 1999; BERKES et al. 2003; NAVA et al. 2004; GROSCHWITZ and HOGAN
2009; GUTTMAN and FINLAY 2009). During a systemic KHV infection of carp the
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expression of SGLT1 was decreased at the transcriptional level and the expressions
of certain claudin genes were increased (present study). It was also indicated that in
the intestine of carp challenged with Aeromonas hydrophila or which experienced a
feeding change process the transcriptional regulation of claudin genes was
modulated. Transcriptional alteration of SGLT1 and claudins genes was concomitant
with an upregulation of the pro inflammatory markers IL-1 and iNOS. The differential
regulation of SGLT1 and claudin encoding genes during inflammatory responses was
described as well in many previous reports (SUNDARAM et al. 1997; KEKUDA et al.
2008; BANAN et al. 2000; BANAN et al. 2001; TAKIZAWA et al. 2011).
7.4

Possible consequences of an alteration of the intestinal barrier

It is common that an alteration in the barrier function of the intestine in humans and
mammals may be associated with diarrhoea (BESKES et al. 2003). In piscine
animals this manifestation was not recorded yet. The present report shows that the
expression of SGLT1 and claudins mRNA was affected during pathogenic challenges
and a feeding change. However whether this modulation affects physiological
properties of the carp intestine is a question which needs to be further investigated.
In rabbits that were orally infected with a protozoan a decrease of SGLT1 protein and
mRNA in BBMV was associated with a reduction of the sodium-mediated glucose
uptake activity (SUNDARAM et al. 1997). An alteration in the expression of intestinal
claudin proteins might influence barrier permeability and transepithelial resistance
(FASANO et al. 1991; FASANO et al. 1995; PHILPOTT et al. 1996; MEL et al. 2000).
In the present work an Ussing chamber assay was used to measure the short-circuit
current (Isc) that can be used to indicate active transport over the epithelium,
especially intestinal glucose absorption. In addition, tissue conductance (Gt) was
measured, which designates epithelial tightness (CLARKE 2009). A further
development of the technique would give the possibility to use the assay not only for
measurements at very small epithelial tissue but also at a monolayer of cells
(CLARKE 2009). Take these possibilities into consideration, Ussing chamber assay
therefore give the chance to investigate possible functional consequences of
transcriptional alterations of SGLT1 and claudins expression under pathogen
challenge or after feeding modulation in carp.
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7.5

Conclusions

In the present study, the Ussing chamber technique was adapted to describe
electrogenic activities of isolated carp intestine, especially a phlorizin sensitive
electrogenic cotransporter activity that can be only explained by SGLT1. This activity
mainly took part in the mid intestine of carp, in particular in lower mid intestine. Partial
sequences of carp SGLT1, claudin-1, -2, -3b, -3c, -7, -11, -23, and -30 were isolated,
their tissue expression profiles were described, and their expression levels along the
gut axis were observed on the transcription level. SGLT1 is a highly conserved gene
and carp SGLT1 is highly similar to the gene of zebrafish. Compared to its
expression in other tissues, the mRNA expression of carp SGLT1 was high in
intestine and kidney. In gut it was higher especially in the upper mid intestine. Carp
claudins showed a tissue-specific expression pattern and in the intestine most of the
genes were highly expressed in posterior part of gut.
Intestinal levels of expression of carp SGLT1 and claudin genes were affected by
challenges with pathogens and during a feeding experiment. In a systemic infection
with KHV intestinal expression of carp SGLT1 mRNA was decreased and
transcriptional levels of claudin-2, -3c, -11, and -23 were increased. Alterations in the
expression of claudin genes were also observed after a feed modulation and a
challenge of carp with Aeromonas hydrophila. A change from normal feed to
experimental feeds increased mRNA levels of claudin-3c, -7, -23, and 30 in the
posterior intestine and reduced the transcriptional level of claudin-2 in middle
intestine. Supplementation of

-glucan to the experimental diet did not influence

mRNA expression of SGLT1 or claudin genes. However a fortification of the diet with
this polysaccharide which is composed of D-glucose monomers and which was
derived from Saccharomyces cerevicae cell walls was associated with differential
responses of claudins to an administration of Aeromonas hydrophila into the gut. In
fish fed without

-glucan supplementation, an intubation of the bacterium elevated

the levels of claudin-11 and -30 mRNA while in carp which received the

-glucan

enriched diet, the challenge with the bacterium raised mRNA levels of claudin-3c and
-23. Additionally, feeding with

-glucan seemed to protect carp from inflammation

processes associated with the bacterial intubation.
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Summary
Hamdan Syakuri
Studies of Intestinal Barrier Functions of Common Carp, Cyprinus carpio,
under Feeding Modulation and Pathogen Challenge
The epithelium which covers the mucosal surface of the intestine of animals has
important barrier functions which include the selective uptake of nutrients, the traffic
of ions and water, and the protection of intestinal tissues as well as tissue beneath
the mucosa from luminal antigens, toxins, or pathogenic invaders. For an
improvement of fish production and fish health in aquaculture, more comprehensive
knowledge on the diverse functions of the intestine in fish is needed. In aquaculture,
supplies with highly digestable, supportive feed on a commercial basis and the
prevention/ treatment of outbreaks of infectious diseases are issues which mainly
challenge the production of fish including common carp for along period. The present
work therefore was aimed to investigate the transporter protein SGLT1 and inter
membrane proteins from the claudin family as two important elements of the
intestinal barrier which are involved in selective permeability and the protective
function of the intestine.
The Ussing chamber technique was implemented to describe electrogenic activities
across the isolated carp intestine, in particular SGLT1 activity. PCR-based molecular
assays were used to identify carp SGLT1 and claudin genes, describe their
transcriptional profiles, and evaluate the modulation of their expression during the
challenge with pathogens or the change of feeding. The potential dietary
immunomodulant

-glucan and two important disease causaing agents in carp

aquaculture, koi herpesvirus (KHV) and Aeromonas hydrophila were used as
experimental models.
In carp intestinal glucose uptake that is mediated by SGLT1 exclusively takes place
in the middle intestine, especially in the lower mid gut. Because it is known as a
highly conserved gene, carp SGLT1 is very similar to the gene from other piscine
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species, in particular from zebrafish. The mRNA of this gene was highly expressed in
the intestine, in particular in the upper mid intestine, in kidney, and at lower levels it
was expressed in other tissues such as brain, liver, and gills. Intestinal transcription
of the carp SGLT1 gene was reduced under KHV infection and it was not altered
during a challenge of carp gut with Aeromonas hydrophila and after the modulation of
feeding. Partial DNA fragments of eight carp claudin genes were isolated. Some of
the claudin genes of carp such as claudin-7 and -11 seemed to be expressed in
various tissues while some others like claudin-2 and -23 showed more tissue-specific
expression profiles. In carp intestine, an infection with koi herpesvirus (KHV)
increased mRNA expression of some claudin encoding genes such as claudin-2, -3, 11, and -23. A change of the experimental feeding increased transcriptional levels of
claudin-3c, -7, -23, and 30 in the posterior intestine and reduced the expression of
claudin-2 mRNA in the middle intestine. However feeding of carp with -glucan did
not influence mRNA expression of the genes encoding tight junction proteins, it
appeared to prevent an intestinal inflammation and to differentiate the transcriptional
response of claudin genes due to a bacterial challenge. Shortly after intubation of the
bacterium carp that received a diet without

-glucan showed an upregulation of

claudin-11 and -30 transcriptions while carp which were fed with a
containing diet indicated an upregulation of claudin-3c and -23.
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Zusammenfassung
Hamdan Syakuri
Studien zur intestinalen Barriere von Karpfen (Cyprinus carpio) nach
Futterumstellung und unter Infektion mit Pathogenen
Das Epithel, das die mukosale Oberfläche im Darm von Tieren auskleidet, erfüllt
wichtige Barrierefunktionen, die die selektive Aufnahme von Nährstoffen und den
Transport von Ionen und Wasser ebenso einschließt wie den Schutz der Mukosa und
der Gewebe unter der Mukosa vor luminalen Antigenen, Toxinen oder vor
pathogenen

Eindringlingen.

Zur

Verbesserung

von

Fischproduktion

und

Fischgesundheit in der Aquakultur ist eine umfangreichere Kenntnis über diese
unterschiedlichen Funktionen im Darm von Fischen notwendig. In der Aquakultur
sind insbesondere die Versorgung der Fische mit hoch verdaulichem, gehaltvollem
und preiswertem Futter, der Schutz der Fische vor Infektionserkrankungen bzw. die
Behandlung von Infektionserkrankungen Herausforderungen, die die Produktion von
Fischen einschließlich des Speisekarpfens seit langem erheblich belasten. Die
vorliegende

Arbeit

untersuchte

deshalb

den

Kotransporter

SGLT1

und

Intermembran-Proteine aus der Claudin-Familie als zwei wichtige Elemente der
intestinalen Barriere, die an der selektiven Permeabilität sowie der Schutzfunktion
des Darms beteiligt sind.
Untersuchungen in Ussingkammern wurden zur Beschreibung der elektrogenen
Vorgänge an isoliertem Darmgewebe von Karpfen, insbesondere der Aktivität von
SGLT1 etabliert. Außerdem wurden molekulargenetische, auf PCR basierende
Untersuchungen ausgeführt, um das SGLT1 codierende Gen und Claudin
codierende Gene zu identifizieren, das Transkriptionsmuster dieser Gene in
Karpfengeweben zu beschreiben, sowie um die Modulation der Expression dieser
Gene unter Infektion von Karpfen mit Pathogenen oder nach einer Futterumstellung
zu

untersuchen.

Als

Versuchsmodelle

wurden

die

Verfütterung

des

Immunmodulators Beta-Glukan als Futterzusatz, sowie die beiden in der Aquakultur

- 117 -

/

von Karpfen bedeutsamen Pathogene Koi Herpesvirus (KHV) und Aeromonas
hydrophila verwendet.
Der durch SGLT1 vermittelte Glukosetransport erfolgt bei Karpfen im Mitteldarm,
insbesondere im posterioren Abschnitt des Mitteldarms. Weil das SGLT1 codierende
Gen als hoch konserviert bekannt ist, weist die Nucleotidsequenz des SGLT1
codierend Gens von Karpfen weist eine hohe Übereinstimmung mit der
Nukleotidsequenz des Gens von anderen Fischarten und insbesondere vom
Zebrafisch auf. Die mRNA dieses Gens war im Darm, und hier vor allem im vorderen
Mitteldarm hoch exprimiert, ebenso wie in der Niere; in geringerem Maße war es in
anderen Organen, wie Gehirn, Leber und Kiemen exprimiert. Die Expression dieses
Gens war bei Karpfen unter Infektion mit KHV verringert, sie war aber nach einer
oralen Verabreichung von Aeromonas hydrophila oder nach einer Futterumstellung
nicht verändert. Von acht Claudin codierenden Genen wurden Genfragmente isoliert.
Einige dieser Claudin-Genen, wie Claudin-7 und -11 waren in unterschiedlichen
Geweben von Karpfen exprimiert, während andere Gene, wie Claudin-2 oder -23
mehr gewebespezifische Expressionsprofile aufwiesen. Bei Karpfen Darm, hatte eine
Infektion mit Herpesvirus koi (KHV) eine Erhöhung der mRNA Expression einiger
Claudin kodierenden Gene wie Claudin-2, -3, -11, und -23. Eine Umstellung des im
Experiment verabreichten Futters hatte eine Erhöhung der Transkriptonsraten von
Claudin 3c, -7, -23 und -30 im Enddarm zur Folge und eine Verringerung der
Expression von Claudin-2 mRNA im Mitteldarm. Das Verfüttern von Beta-Glukanen
beeinflusste die mRNA –Expression der Gene, die für die untersuchten
Transmembranproteine kodieren, jedoch nicht. Allerdings schien die Verfütterung
von Beta-Glukanen bei Karpfen nach oraler Verabreichung von Aeromonas
hydrophila das Auftreten von Entzündungsreaktionen zu verhindern und eine
Expression von Claudin-Genen zu beeinflussen. Kurze Zeit nach der Verabreichung
der Bakterien war im Darm von Karpfen, die mit einer Diät ohne Beta Glukanzusatz
gefüttert wurden, eine erhöhte Transkription von Claudin-11 und -30 zu erkennen,
während im Darm von Karpfen, die eine Diät mit Beta-Glukan Zusatz erhielten,
Claudin 3c und -23 hochreguliert waren.
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