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Soyabean meal (SBM)-induced enteritis in the distal intestine of the teleost Atlantic salmon (Salmo salar L.) and other salmonids may be considered a model for diet-related mucosal disorders in other animals and man. The role of the intestinal microbiota in its pathogenesis was explored.
Compared to diets containing fishmeal (FM) as the sole protein source, responses to extracted SBM or the prebiotic inulin, with or without oxytetracycline (OTC) inclusion, were studied following a 3-week feeding trial. Intestinal microbiota, organosomatic indices and histology, as well as
immunohistochemical detection of proliferating cell nuclear antigen (PCNA), heat shock protein 70 (HSP70) and caspase-3-positive cells in the
distal intestine, were studied. Distal intestine somatic indices (DISI) were higher in inulin and lower in SBM compared to FM-fed fish. The low
DISI caused by SBM corresponded with histological changes, neither of which was affected by OTC, despite a significant decrease in adherent
bacteria count. Image analysis of PCNA-stained sections showed a significant increase in the proliferative compartment length in SBM-fed fish,
accompanied by apparent increases in reactivity to HSP70 and caspase-3 along the mucosal folds, indicating induction of cellular repair and apoptosis, respectively. Fish fed the SBM diet had higher total number as well as a more diverse population composition of adherent bacteria in the
distal intestine. Thus SBM-induced enteritis is accompanied by induction of distal intestinal epithelial cell protective responses and changes in
microbiota. Putative involvement of bacteria in the inflammatory response merits further investigation.
Inflammation: Enteritis: Mucosal disorder: Diet: Intestine

The large surface area of the gastrointestinal tract is constantly
bombarded by environmental antigens from the diet and microorganisms. The mucosal defence system must protect the body from
pathogens and at the same time develop oral tolerance to antigens
from the diet and commensal microbiota (see review by Chehade
& Mayer, 2005). In man, gut mucosal disorders such as coeliac
disease exemplifies loss of oral tolerance to a specific dietary antigen (gluten) whereas inflammatory bowel disease and Crohn’s
disease may represent loss of tolerance to the gut’s microbiota.
Histologically, severe cases include villous atrophy in coeliac disease and transmural ulceration in inflammatory bowel disease and
Crohn’s disease, as well as infiltrations of immune cells in the
lamina propria in all three disorders (Fenoglio-Preiser et al.
1999). The aetiology and pathogenesis of these disorders are
often complicated, involving genetic susceptibility, immune
status, antigen dose and form, gut microbiota, and/or age of host
at the time of exposure (Chehade & Mayer, 2005).

An added dimension in the study of diet– gut interactions are
the effects of prebiotics, non-digestible food ingredients, mostly
from plants, that promote gut and host health by selectively stimulating the growth and/or activity of one or a limited number of
beneficial bacterial species already resident in the intestine
(Gibson & Roberfroid, 1995; Grittenden & Playne, 1996;
Bauer et al. 2006). These may produce an environment
unfavourable to the growth of pathogens. Inulin (IN), as an
example, is a set of fructans, with monomers linked by b (2-1)
bonds (Roberfroid et al. 1998; Pool-Zobel et al. 2002), extracted
from the chicory root (Cichorium intybus). The b (2-1) linkage
cannot be hydrolysed by pancreatic or brush border digestive
enzymes in the proximal intestinal tract of man and domestic
animals (Pool-Zobel et al. 2002). It is fermented in the large
intestine or colon (Roberfroid, 2002; Flickinger et al. 2003) by
beneficial bifidobacteria and other lactic acid-producing bacteria, enhancing their relative populations (Pool-Zobel et al.
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2002). Furthermore, its use as dietary fibre in man offers other
potential health benefits, such as reduction in risk of colonic diseases, insulin-independent diabetes, obesity, osteoporosis and
cancer (Grittenden & Playne, 1996; Flickinger et al. 2003),
blood cholesterol reduction, immune stimulation and enhanced
vitamin synthesis (Jenkins et al. 1999).
In a teleost model of an intestinal mucosal disorder, full-fat
and extracted soyabean meal (SBM), considered promising
alternative protein sources to the traditionally used
fishmeal (FM) in formulated salmonid diets, cause an inflammatory response in the distal intestine of Atlantic salmon
(Salmo salar L.) and rainbow trout (Oncorhynchus mykiss
Walbaum), putatively a hypersensitivity reaction pathohistologically similar to that of coeliac disease (van den Ingh &
Krogdahl, 1990; van den Ingh et al. 1991, 1996; Rumsey
et al. 1994; Baeverfjord & Krogdahl, 1996; Nordrum et al.
2000; Buttle et al. 2001; Krogdahl et al. 2003). The condition
is accompanied by decreased growth as well as nutrient digestibility and absorption (Olli et al. 1994; Olli & Krogdahl, 1995;
Nordrum et al. 2000; Krogdahl et al. 2003) and a possible
negative effect on disease resistance (Krogdahl et al. 2000).
Bakke-McKellep et al. (2000) suggested that the differentiation of distal intestinal epithelial cells is affected and may
be the cause of many of the pathophysiological responses
observed. Olli & Krogdahl (1995) and van den Ingh et al.
(1996) concluded that alcohol-soluble components in the soyabean appear to be responsible for the negative effects of SBM,
confirmed by the favourable results observed with soyabean
concentrate (Olli et al. 1994; Krogdahl et al. 2000).
Recently, two investigations have evaluated the effect of
SBM-based diets on gut microbiota of Atlantic cod, Gadus
morhua L. (Ringø et al. 2006c), and rainbow trout in fresh
water (Heikkinen et al. 2006). However, the possible involvement of microbiota in the pathogenesis of the SBM-induced
enteritis in salmonids has not been investigated. On the other
hand, some information is available on intestinal pathology of
Arctic charr (Salvelinus alpinus L.) fed IN (Olsen et al. 2001).
These pathological changes may be related to alterations in
gut microbiota (Ringø et al. 2006b). Based on the evidence
from mammals, possible sequelae of altered microbiota composition can include loss of normal signalling necessary for intestinal barrier function, resulting in loss of immune tolerance to
commensal bacteria, or loss of inhibition of pathogenic bacteria
by non-pathogenic commensals (Hooper & Gordon, 2001). In
animal models of ulcerative colitis, animals raised in germfree environments do not develop disease (Hanauer, 2004).
Direct evidence for these relationships in fish is lacking.
The goal of the current study was to supplement the information that already exists on the intestinal pathology of Atlantic salmon, comparing the effects brought about by dietary
SBM with those putatively caused by IN in the diet and to
evaluate the contribution of the intestinal microbiota to the
inflammatory response to each of these components. Therefore, oxytetracycline (OTC), a broad-spectrum antibiotic,
was included in the experimental diets to reduce and/or eliminate pathogenic as well as opportunistically pathogenic
microbiota. When examining the effects of these dietary factors, three critical features of tissue response following
injury were addressed: (1) mobilization of heat shock protein
(HSP), reflecting cell repair as well as protective measures and
inhibiting apoptosis up to a ‘point of no return’ (HSP70

proteins); (2) apoptosis (caspase-3); and (3) cell regeneration
(proliferating cell nuclear antigen; PCNA), as manifested in
the size of the proliferative compartment.
Experimental methods adopted
Diets, animals and experimental design
Six experimental diets (Table 1) were formulated to contain:
(1) a reference diet based on FM; (2) a diet in which 250 g
de-hulled, extracted and toasted SBM/kg diet partially
replaced FM and extruded wheat; or (3) a diet in which indigestible 75 g IN/kg diet partially replaced extruded wheat.
Each diet was formulated with and without 3 g OTC/kg diet.
Diets were formulated to be iso-nitrogenous and iso-energetic
on a crude protein and gross energy basis, and to contain 20–
21 % lipid and 54 % crude protein (on a DM basis). They were
supplemented with standard vitamin and mineral premixes.
The SBM diets were supplemented with crystalline DL -methionine and fish oil to equal the content of methionine and n3 fatty acids, respectively, in the other diets. Diets were
cold-pelleted with a pellet size of 3 mm.
The experiment was conducted in accordance with laws and
regulations that control experiments and procedures in live
animals in Norway, as overseen by the Norwegian Animal
Research Authority. At AKVAFORSK Research Station,
Sunndalsøra, Norway, groups of thirty-seven Atlantic salmon
(individual mean fish weight 172 (SEM 1) g) were randomly
distributed to each of twelve fibreglass tanks supplied with
seawater (surface area 1 m2; depth 50 cm; 8 –108C). The fish
were allowed a 14 d adaptation period following distribution,
during which they were fed the reference FM diet (Table 1).
During the subsequent 3-week feeding trial, randomly
selected, duplicate tanks of fish were fed one of six experimental diets. The final model gave a 3 £ 2 £ 2 design, with
diet and OTC as independent variables. Fish were continuously fed by automatic disc feeders. The growth rate was
expected to be 1 % of body weight/d, and the fish were fed
15 % more than the expected need, assuming a feed conversion of 1·0 (Austreng et al. 1987). The feed intake appeared
good when judged by visual observation. The water temperature during the experiment ranged from 8 to 108C, and the O2
saturation of the outlet water was above 80 %.
Sampling
All fish were euthanized in water with a lethal concentration
of tricaine methanesulphonate (MS 222; Argent Chemical
Laboratories, Redmond, WA, USA) and individually weighed
and measured. Randomly selected fish from each tank were
sampled for different analyses.
For calculation of organosomatic indices, the gastrointestinal tracts of five fish per tank were removed and divided
into four sections: stomach, pyloric region, mid intestine (section between the distal-most caecum and the increase in diameter indicating the start of the distal intestine) and distal
intestine (from the distal end of the mid intestine to the
anus). Intestinal contents and adherent adipose and connective
tissue were carefully removed. Samples were placed in tared
tubes, frozen in liquid nitrogen and stored at 2 808C until
weighing.
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Table 1. Diet formulations and chemical composition of the dietary treatments
Experimental diets
FM
Ingredients (g/kg)
Fishmeal*
Soyabean meal†
Inulin‡
Oxytetracycline§
DL -Methioninek
Extruded wheat{
Fish oil**
Vitamin/mineral premix††
Chemical composition
DM (%)
Lipid (%)
Crude protein (%)
Starch (%)
Ash (%)
Nitrogen-free extract (%)‡‡
Gross energy (MJ/kg)

696
–
–
–
–
164
120
20
92·57
19·40
50·18
8·32
11·63
3·04
20·92

FM þ OTC
696
–
–
3
–
161
120
20
92·77
20·20
50·08
7·89
11·19
3·41
21·27

SBM
535
250
–
–
2
61
132
20
92·30
19·20
50·29
2·96
10·41
9·44
21·23

SBM þ OTC
535
250
–
3
2
58
132
20
92·26
19·10
50·06
2·70
10·30
10·1
21·32

IN
710
–
75
–
–
76
119
20
91·83
17·80
50·11
3·32
11·67
8·93
20·61

IN þ OTC
710
–
75
3
–
73
119
20
92·49
18·20
49·41
3·63
11·72
9·53
20·87

FM, fish meal; IN, inulin; OTC, oxytetracycline; SBM, soyabean meal.
* Norse LT-94 (Vedde Sildoljefabrikk, Langevåg, Norway).
† Dehulled, extracted and toasted soyabean meal (Hamlet, Horsens, Denmark).
‡ Frutanimal ND (Suiker Unie, Dinteloord, The Netherlands).
§ Oxytetracycline hydrochloride (Norsk medisinaldepot, Oslo, Norway).
k Degussa (Hanau, Germany).
{ Nutreco ARC (Stavanger, Norway).
** Nutreco ARC (Stavanger, Norway).
†† FeedTech (Ås, Norway).
‡‡ As calculated from 100 2 ([100 2 % DM] þ % lipid þ % crude protein þ % starch þ % ash).

For histological evaluation and immunohistochemical analyses of markers for cellular proliferation (PCNA),
programmed cell death or apoptosis (caspase-3) and stressrelated protein degenerative and/or regenerative processes
(HSP70), three fish per tank were sampled. Gastrointestinal
tracts were removed, prepared as described earlier, and
samples of mid and distal intestines (5 £ 5 mm each) fixed
in neutral buffered formalin (4 %, pH 7·2) for 24 h and subsequently stored in 70 % ethanol. Additional samples of
distal intestine were frozen in liquid propane chilled with
liquid nitrogen and stored at 2 808C until immunohistochemical analyses could be performed.
Adherent and non-adherent bacteria from the mid and distal
intestine were isolated from three additional fish per tank as
previously described (Ringø, 1993). Briefly, the gastrointestinal tract was dissected as described earlier and the contents
(digesta) from the mid and distal intestine were transferred
to sterile plastic bags. The corresponding intestines were
thoroughly rinsed three times in 2 ml sterile 0·9 % saline to
remove non-adherent bacteria and likewise transferred to separate sterile plastic bags.
Histological screening of intestinal tissue
Samples for histological analysis were processed according to
standard histological methods (Histological Laboratory, Norwegian School of Veterinary Science). Sections approximately
5 mm thick were cut parallel to the longitudinal direction of
the intestine, in the distal intestine perpendicular to the macroscopically visible circular folds (complex folds), and stained
with haematoxylin and eosin. Intestinal samples were scored
based on morphological changes described by Baeverfjord

& Krogdahl (1996). Mid intestine scores were based on evaluation of widening and cellular infiltration of the lamina propria,
and degree of enterocyte vacuolization. Lamina propria scores
(0–3) were assigned as: 0, normal; 1, mild; 2 moderate; 3,
marked widening and infiltration. Enterocyte vacuolization
scores (0 –1) were: 0, slight vacuolization; 1, no vacuolization.
Half (0·5) points were included. Total mid intestine scores
were classified as: 0–1, normal; . 1–3, moderate pathological
changes; . 3–4, severe change. Distal intestine scores were
based on evaluation of the lamina propria, enterocyte vacuolization and mucosal fold height. Lamina propria scores were
assigned similarly as mid intestine scores. Enterocyte vacuolization scores (0–3) were: 0, highly vacuolated; 1, mildly reduced;
2, moderately reduced; 3, markedly reduced (absence). Mucosal
fold height scores were: 0, normal (long); 1, medium; 2, short.
Half (0·5) points were included. Total scores of distal intestine
were classified as: 0–1, normal; . 1–5, moderate pathological
change; . 5–8, severe change.
Immunohistochemistry
The immunohistochemical protocol given later represents the
result following a series of laboratory tests, including comparison between cryostat and formalin-fixed paraffin sections and
various de-masking procedures of paraffin sections. Thus, we
arrived at three different procedures corresponding to the particular antigen that was to be detected: PCNA, caspase-3 and
HSP70. With respect to caspase-3 and HSP70, formalin-fixed
paraffin sections were used. For PCNA, cryostat sections were
used. The cryostat sections of 7 mm in thickness were cut as
described earlier, placed on glass slides, thawed and air-dried
for 1 h before fixation in 4 % buffered formalin for 2 min and
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70 % alcohol for 10 min. With respect to the paraffin-embedded
sections for caspase-3 and HSP70, sections were subjected to
deparaffinization using xylene at 588C and subsequent rehydration. For HSP70, de-masking of the sections was done by
hydrated autoclaving at 1218C for 15 min in 0·01 M -citrate
buffer pH 6·0. For caspase, de-masking of sections was done
by treatment with 1 mg/ml trypsin (No. 215230; Difco, BD
Biosciences, Sparks, MD, USA) in a 0·1 M -Tris-HCl buffer,
pH 8·0 at 378C for 40 min. To inhibit endogenous peroxidase,
the sections were treated with phenyl hydrazine (Fluka, Buchs,
Switzerland), 0·05 % PBS for 40 min at 378C. To avoid nonspecific binding, sections were incubated for 20 min with 5 %
bovine serum albumin in Tris-buffered saline containing
normal goat serum diluted 1:50.
Primary antibodies included a rabbit polyclonal antibody
against caspase-3 (Anti-ACTIVEw Caspase-3 pAb, No.
G7481; Promega, Southampton, UK), a mouse monoclonal
anti-HSP70 (clone BRM-22, No. H5147; Sigma-Aldrich,
Oslo, Norway) and a mouse monoclonal anti-PCNA
(a-PCNA, clone PC10, No. M0879; Dako, Glostrup, Denmark). An indirect immunoperoxidase method (EnVisionw
System, Peroxidase; Dako) was used for immunohistochemistry. The labelling was performed according to the manufacturer’s instructions with some modifications. The blocking
solution was removed and the sections were incubated with
the primary monoclonal antibodies for 30 min. Between each
step in the procedure, apart from the blocking step, the sections were washed three times with PBS for 5 min. The incubation time for the secondary antibody, peroxidase-labelled
polymer conjugated with goat anti-mouse or, as appropriate,
anti-rabbit Ig, was 30 min. All incubations took place in a
humid chamber at room temperature. The peroxidase activity
was detected with a 3-amino-9-ethylcarbazole kit from Dako
(No. K4008), for 20 min. The sections were counterstained
either with haematoxylin for 1 min or with methyl green
(No. S1962; Dako) and mounted with polyvinyl alcohol
under a coverslip before examination. Control sections were
incubated with 1 % bovine serum albumin in Tris-buffered
saline instead of the primary antibody.
Data-assisted image analysis
Cryostat sections stained for PCNA and counterstained with
methyl green, as described earlier, were examined by light
microscopy (Leica DM RXA microscope; Leica Microsystems
AG, Wetzlar, Germany). Digital images of each section were
taken with a Spot RT Slider digital camera (Diagnostic Instruments Inc., Sterling Heights, MI, USA), utilizing the Spot
Image Capture Software, version 3.0.4 (Diagnostic Instruments
Inc.). Digital images taken at 200 £ magnification were used for
morphometric measurement using morphometric software ImagePro Plus, version 4.5 (Media Cybernetics, Silver Spring, MD,
USA). Groups of adjacent epithelial cells located in the basal
(proliferative compartment) areas of the simple mucosal folds
(as opposed to the complex folds) that stained positively for
PCNA were measured (mm). Proliferative compartments that
appeared closed off to the lumen or circular were excluded
since this was an indication that the tissue or parts of the tissue
had been sectioned obliquely.
From each section, sixteen to thirty-seven proliferative
compartments were measured (means 26, 23 and 28 from

FM, IN and SBM, respectively). The mean PCNA-positive
proliferative compartment length (PCL) was calculated
using all measurements of PCNA-positive compartments in
each section. In order to reduce variation due to differences
in fish size, PCL was corrected for body weight and body
length.
Bacteriology
Mid and distal intestinal segments and their respective digesta
were homogenized in a Stomacher (Seward Laboratory,
London, UK). Homogenates of the intestinal segments and
the digesta were diluted in sterile 0·9 % saline and appropriate
dilutions spread on the surface of tryptic soya agar (Difco)
plates (with 5 % glucose and 1 % NaCl added). The plates
were incubated at 128C and inspected regularly for up to 4
weeks. After enumeration (Ringø, 1993), a representative
selection of colonies, 1320 autochthonous (adherent) and
allochthonous isolates were subcultured until purity was
achieved. Whenever necessary, the isolates were tested for
up to fifty-two biochemical and physiological properties as
shown by Ringø & Olsen (1999). One hundred strains isolated
from each rearing group were further characterized by sequencing the 16S rRNA gene.
DNA was extracted from selected isolates by the method
described by Pitcher et al. (1989). The pellet was resuspended
in 100 ml deionized water, and the concentration of DNA was
determined spectrophotometrically at wavelength 260 nm. The
DNA was stored at 2 208C until analysis.
PCR amplifications of the 16S rRNA genes were performed
using the forward primer 27F (AGAGTTTGATCMTGGCTCAG) and the reverse primer 1491R (GGTTACCTTGTTACGAC TT). A detailed description is given by Ringø et al.
(2006b). The amplicons were digested with the 4 bp restriction
enzyme HaeIII (New England Biolabs, Ipswich, MA, USA).
Direct sequencing of PCR products was performed with 27F
as the sequencing primer. The cycle-sequencing reaction was
performed in a GeneAmp PCR System 2400, and labelled
fragments were separated on a 310 Automated Genetic Analyzer (Applied Biosystems, Oslo, Norway), both procedures
according to the manufacturer’s protocols (Applied Biosystems). The partial sequences of the 16S rRNA gene were analysed and edited using BioEdit. An initial BLAST-search in
GenBank retrieved the taxonomic groups for which they
showed the highest identities. For each sequence, an alignment
was constructed with all members of the group. Phylogenetic
inference by the neighbour-joining method was performed
using the PHYLIP package bootstrap. The species with the
closest phylogenetic relationship with the isolate was identified and selected for more comprehensive analyses. The
twenty-nine sequences corresponding to the bacterial isolates
and twenty-one sequences from GenBank were aligned with
ClustalW in the BioEdit package.
Calculations
Organosomatic indices were calculated as follows:
Organosomatic indexð%Þ
¼½tissue weightðgÞ=body weightðgÞ£100:
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Body parameters

ðDISIBL ; g=100cmÞ ¼ ½distal intestine weight ðgÞ=
fork length ðcmÞ £ 100:
PCNA values were calculated as follows:
PCNA 2 positive PCL corrected for body length
ðPCLBL ; mm=mÞ ¼ ½PCL ðmmÞ=body length ðcmÞ £ 100:

Statistical analysis
Statistical analyses were conducted using SAS statistical
software, version 8.02 (SAS Institute Inc., Cary, NC,
USA). Two-way ANOVA (general linear model) was performed with diet and OTC supplementation as class variables. Intestinal region was included as a third class
variable (three-way ANOVA) for analysis of total bacterial
population levels. When interactions were not significant
marginal means were compared using Duncan’s multiple
range tests. When interactions were significant, post-hoc
pair-wise comparisons (LSMEANS/PDIFF procedure) were
used to compare differences within each combination of class
variables. The level of significance was established at
a ¼ 0·05 for all tests. All analyses were performed on tank
means (means of all sampled fish per tank) except microbial
analysis, which was performed on means of six fish per treatment. Data for microbial analysis were log transformed prior
to statistical analysis.

Diet did not significantly affect body weight or body length.
Irrespective of OTC inclusion, final mean weights were 243
(SEM 7), 238 (SEM 2) and 237 (SEM 2) g, and final mean
lengths (fork length) were 26·7 (SEM 0·2), 26·5 (SEM 0·8)
and 26·5 (SEM 0·0) cm for FM, SBM and IN diets, respectively
(four tanks per diet).
OTC inclusion did not affect body weight or body length
significantly. Irrespective of diet, final mean weights were
241 (SEM 4) and 237 (SEM 2) g, and final mean lengths
were 26·6 (SEM 0·1) and 26·5 (SEM 0·1) cm for diets without
and with OTC, respectively (six tanks per OTC inclusion
level). No interaction between diet and OTC inclusion was
observed.
Organosomatic indices
Diet did not affect stomach, pyloric caeca or mid intestinal
somatic indices significantly (Table 2). During sampling the
distal intestine of the SBM-fed fish appeared macroscopically
more translucent, indicating a thinner intestinal wall. Fish fed
SBM diets had a lower DISI compared to FM-fed fish, while
IN-fed fish had a higher DISI (Table 2). The estimation of the
DISI corrected to equal body length showed the same statistical pattern as the DISI corrected to body weight. OTC supplementation did not affect any of the organosomatic indices
significantly. Interaction between OTC and diet was not
observed either.
Histological screening of intestinal tissue

Results
No mortalities occurred during the feeding trial. Growth
effects were not a goal of the present study, and the duration
of the feeding period was too short for accurate evaluation of
an effect on growth. Diet effects are presented first, with OTC
inclusion and interactions between diet and OTC following for
the various parameters.

Few fish (one, two and two fish fed FM, SBM and IN diets,
respectively) showed changes in the enterocyte columnar
epithelium and lamina propria of mid intestinal sections.
Statistical analysis did not reveal significant effects of the
diet on histological scores (Table 3). However, the mid
intestine of six of twelve SBM-fed fish and six of twelve
IN-fed fish showed moderate leucocytic cell infiltration of
the muscular layers.

Table 2. Mean organosomatic indices of sections of the gastrointestinal tract of Atlantic salmon fed the different experimental diets (two tanks per diet group; five fish per tank)*
Diet
FM
FM þ OTC
SBM
SBM þ OTC
IN
IN þ OTC
Pooled SE
Statistics (P values)
Significance of model
Significance of diet
Significance of OTC
Significance of diet £ OTC

STSI (% BW)

PISI (% BW)

MISI (% BW)

0·57
0·56
0·56
0·59
0·57
0·61
0·010

1·66
1·48
1·76
1·76
1·94
1·83
0·068

0·19
0·17
0·19
0·19
0·20
0·20
0·005

0·1844
0·2349
0·1319
0·2056

0·1329
0·0441
0·2720
0·6720

0·1318
0·0612
0·3728
0·2771

DISIBW (% BW)
0·44b
0·41bc
0·33d
0·36cd
0·52a
0·52a
0·010
0·0003
, 0·0001
0·9933
0·1364

DISIBL (g/m)
4·00b
3·82b
3·02c
3·10c
5·26a
4·97a
0·131
0·0006
, 0·0001
0·4277
0·6023

BW, body weight; DISIBL, distal intestine somatic index relative to body length; DISIBW, distal intestine somatic index relative to body weight;
FM, fish meal; IN, inulin; MISI, mid intestine somatic index; OTC, oxytetracycline; PISI, pyloric intestine (caeca) somatic index; SBM,
soyabean meal; STSI, stomach somatic index.
a,b,c,d
Mean values within a column with unlike superscript letters were significantly different (P, 0·05).
* For details of procedures, see p. 699.
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Table 3. Statistical analysis of mean histology scores for mid and distal intestine and immunohistochemical measurements of proliferating cell nuclear antigen (PCNA)-positive proliferative compartments in the
distal intestine of fish fed the different experimental diets (two tanks per diet group; three fish per tank)*
Histology scores

PCNA measurements

Diet
Mid intestine†
FM
FM þ OTC
SBM
SBM þ OTC
IN
IN þ OTC
Pooled SE
Statistic (P values)
Significance of model
Significance of diet
Significance of OTC
Significance of diet £ OTC

0·33
0·92
0·67
1·33
1·50
0·50
0·17
0·0695
0·2775
0·6851
0·0222

Distal intestine‡
b

0·00
0·08b
5·17a
4·83a
0·33b
0·50b
0·23
, 0·0001
, 0·0001
0·9222
0·7228

PCL (mm)
bc

PCLBL (mm/m)

239
217c
386a
380a
281b
211c
14·9

780bc
716bc
1262a
1192a
884b
666c
50·8

0·0004
, 0·0001
0·0361
0·1722

0·0006
, 0·0001
0·0297
0·3027

PCL, proliferative compartment length; PCLBL, proliferative compartment length corrected for body length; FM, fish meal;
IN, inulin; OTC, oxytetracycline; SBM, soyabean meal.
a,b,c
Mean values within a column with unlike superscript letters were significantly different (P,0·05).
* For details of procedures, see pp. 699-700.
† Maximum score ¼ 4.
‡ Maximum score ¼ 8.

Of the five fish that showed changes in the enterocyte
columnar epithelium and/or lamina propria of the mid
intestine, two were fed OTC-free diets and three were fed
OTC-supplemented diets. OTC inclusion did not affect
histological scores; however, the overall model P value
was nearly significant (P¼0·0695) due to the interaction
term (diet £ OTC supplementation). The leucocyte infiltration of the muscular layers occurred in eight of eighteen fish
fed OTC-free diets and four of eighteen fish fed OTC-supplemented diets.
All fish fed the FM diets and eleven of twelve fish fed the
IN diets showed normal morphology of the distal intestine,
characterized by the presence of well-differentiated enterocytes with many absorptive vacuoles, though there appeared
to be increased vacuolization in fish fed IN diets. In contrast,
moderate and marked morphological changes were observed
in all fish fed the SBM diet. Morphological changes included
variable degrees of mixed leucocyte cell infiltration, including
eosinophilic granular cells, of the lamina propria and reduced
vacuolization of the enterocytes, and shortening of mucosal
folds (Fig. 1). Feeding SBM resulted in a significantly
higher histological score than feeding FM or IN (Table 3).
No significant difference was observed between the FM and
IN diets. Neither OTC supplementation nor interaction
affected histology scores.
Immunohistochemistry of the distal intestine
As antibodies against PCNA, HSP70 and caspase-3 in salmon
are unavailable, the antibodies developed against mammalian
antigens were evaluated initially based on their assumed pattern of reactivity within tissue sections of controls. Thus, the
antibody against PCNA reacted against a population of dividing epithelial cells at the base of the mucosal folds as expected
(Fig. 2). Likewise, antibodies against caspase-3 reacted
against epithelial cells close to the tips of the complex and

simple folds (Figs 3 and 4). Sometimes reactivity was seen
in cells extruded from the epithelium, corresponding to the
expected extrusion following senescent apoptosis. As the
applied antibodies against HSP70 are claimed to detect constitutive as well as inducible members of the HSP family in a
wide spectrum of mammalians (compare product description
earlier), a predictable pattern of reactivity of this antibody
was less obvious. As it turned out, the reactivity was confined
to the upper 10– 20 % of the folds, and in some folds apparently was absent (Fig. 3). A population of epithelial cells at
the tips of the complex folds appeared to react more consistently. At the cellular level, reactivity was seen in the nucleus
as well as in the cytoplasm, although not always in both sites.
When the different diets were compared, OTC inclusion
had no apparent effect on the findings mentioned earlier.
Therefore only groups fed the diets not containing OTC
were analysed more thoroughly for HSP70 and caspase-3 reactivity. A change of reaction pattern was observed as a response
to SBM, in which the SBM diets caused an increase in the
PCNA-positive proliferative compartment at the base of the
folds (Fig. 2), accompanying a marked enhancement of
HSP70 and caspase-3 reactivity in epithelial cells at the tips
of the simple folds (Figs 3 and 4). In contrast, and as emphasized earlier, epithelial cells at the tips of the complex folds
sometimes showed reaction even in the controls, albeit less
extensively than in SBM-fed fish.
Digital image analysis confirmed that SBM caused a significant increase in PCL at the base of the folds compared
to fish fed FM and IN diets (Table 3). No difference was
found between FM and IN diets. PCLBL was also affected
by diet. Fish fed the SBM diet had a significantly higher
PCLBL than fish fed FM and IN diets, but the FM and IN
treatments were not significantly different. Fish fed diets
containing OTC had lower PCLBL than fish fed diets without OTC, but no interaction between diet and OTC inclusion
was observed.
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Fig. 1. Distal intestinal histology (haematoxylin and eosin) of fish fed (A) fishmeal (FM), (B) soyabean meal (SBM) and (C) inulin (IN) diets ( £ 400). e, epithelial layer; gc, goblet cell; lp, lamina propria; v, absorptive vacuoles.

Bacteriology

levels in digesta of the mid compared to distal intestine. In
SBM-fed fish, higher digesta compared to adherent population
levels were found in both intestinal regions. Overall, fish fed
SBM diets had the highest bacterial population level (mean
log 4·76), followed by FM (4·40) and IN (3·78). The orders
of total bacterial population levels ranked by diet in each of
the intestinal regions are shown in Table 4.
OTC inclusion significantly reduced total bacterial population
levels across diets and intestinal regions from an overall mean
log TVC of 4·31 to 2·36. OTC inclusion caused a greater
reduction in bacteria from digesta than mucosa (approximately
500- and 10-fold log reductions, respectively). The greatest
effect occurred in the distal intestine digesta (log TVC 1·55;
reduction by log 3·20), followed by mid intestine digesta
(2·39; reduction by 2·28). Adherent bacterial populations were
also reduced but to a lesser extent: mid intestine, 2·05 (reduced
by 1·68); distal intestine, 3·47 (reduced by 0·62). An exception
was the large reduction in adherent bacteria in the mid intestine
of the FM-fed group (0·24; reduced by 3·39). When OTC was
included in the diet, the mean log TVC of SBM- and FM-fed
fish did not differ significantly (2·65 and 2·77, respectively)

Diet, OTC and intestinal region affected intestinal bacterial
population levels (Table 4) and all interactions were statistically significant. In order to present results in a concise and
meaningful manner only those that are biologically relevant
are presented. Results are presented as the log of total viable
count (TVC) of bacteria isolated from 1 g (wet weight) of
tissue or digesta. The influences of diet and intestinal region
and the interaction between them are presented for data of
non-OTC-supplemented diets due to the confounding effect
of OTC in the three-way interaction.
In fish fed diets without OTC, there was an overall trend of
higher total bacterial levels in digesta (mean log 4·67 and 4·75
for mid and distal intestine, respectively) compared to adherent population levels (mean log 3·73 and 4·09, respectively).
Population levels in mid and distal intestinal digesta did not
differ significantly, but adherent population levels did (distal
intestine . mid intestine). However, within specific diets,
IN-fed fish had similar adherent and digesta levels in the
mid as well as distal intestine, and FM-fed fish had higher
pc

pc

pc

f

f

f
lu

lu

A

B

lu

C

Fig. 2. Cryosections of salmon distal intestine, immunohistochemical detection of proliferating cell nuclear antigen (PCNA) in fish fed (A) fishmeal (FM), (B) soyabean meal (SBM) and (C) inulin (IN) diets. Antibody against PCNA reacted against a population of dividing epithelial cells at the base of the simple intestinal folds.
SBM (B) caused a significant increase in the length of the proliferative cell compartment compared to fish fed FM (A) and IN (C) diets. f, mucosal folds; lu, lumen;
pc, proliferative compartment.
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(A)

(B)

(C)

(D)

(A)

Fig. 3. Formalin-fixed sections of salmon distal intestine, immunohistochemical detection of heat shock protein 70 (HSP70) and caspase-3. (A) Fish
meal diet (FM), HSP70. Very scarce reactivity is seen in the absorptive epithelial cells (compare with (B)). (B) Soyabean meal diet (SBM), HSP70. The
majority of the epithelial cells at the tips of the simple mucosal folds are reactive. (C) Fish meal diet (FM), anti-active caspase-3. Scarce reactivity is seen
in the absorptive epithelial cells. (D) SBM, anti-active caspase-3. The epithelial cells at the tips of the folds are reactive. The folds are shortened and
atrophied, often lacking a subdivision in simple and complex folds. Note the
, Stratum comleucocyte infiltration of the lamina propria and submucosa.
pactum. All sections counterstained with haematoxylin.

but were greater than in IN-fed fish (1·66). OTC had a greater
effect on the reduction of total bacterial population levels in
SBM- and IN-fed fish (reduction by 2·12 each) than in FM-fed
fish (reduction by 1·63).
In total, 1320 adherent and allochthonous bacterial colonies
were isolated from the digestive tract of Atlantic salmon. Traditional culture-based microbiology showed that the microbiota

(B)

(C)
Fig. 4. Formalin-fixed sections of salmon distal intestine, immunohistochemical detection of anti-active caspase-3. (A) Fish meal diet (FM) (control). In
control salmon caspase reactivity (red) typically affects individual cells and
probably represents senescent cells close to the tips of the simple folds.
Note the reactive epithelial cells ( ). The staining is seen primarily in the
nuclei. Due to the vacuolization that is typical for the absorptive epithelial
cells in this segment of the intestine, the staining of cytoplasm is not always
evident. (B) Soyabean meal diet (SBM). Most of the epithelial cells at the tip
of this simple fold are reactive. Both cytoplasmic and nuclear staining is
seen. (C) SBM. Most of the epithelial cells at the tip of this complex fold are
reactive. Note the stretches with reactive (red) epithelial cells and the large
number of leucocytes in the lamina propria, many of which are reactive. All
sections counterstained with haematoxylin.

species profiles were different between the treatment groups, as
clearly demonstrated in Fig. 5. Of the identified isolates,
twenty-four genera and species were identified from fish fed
FM (Table 5A) and twenty-six genera and species from fish fed

Table 4. Means of log total viable counts/g mucosa (adherent) or digesta for bacteria isolated from the mid and distal intestinal tract of fish
fed the different experimental diets
(two tanks per diet group; three fish per tank)*
Diet
FM
FM þ OTC
SBM
SBM þ OTC
IN
IN þ OTC
Pooled SE
Statistic (P values)
Significance of model
Significance of diet
Significance of OTC
Significance of diet £ OTC

Mid intestine adherent
b

Mid intestine digesta

Distal intestine adherent

a

Distal intestine digesta

3·63
0·24d
3·99a
2·99c
3·56b
2·90c
0·12

5·21
3·38b
5·21a
3·43b
3·61b
0·35c
0·12

3·92
3·80b
4·41a
3·59c
3·95b
3·02d
0·05

4·83b
3·68c
5·42a
0·59d
3·99c
0·38d
0·15

, 0·0001
, 0·0001
, 0·0001
, 0·0001

, 0·0001
, 0·0001
, 0·0001
, 0·0001

, 0·0001
, 0·0001
, 0·0001
, 0·0001

, 0·0001
, 0·0001
, 0·0001
, 0·0001

M, fish meal; IN, inulin; OTC, oxytetracycline; SBM, soyabean meal.
a,b,c,d
Mean values within a column with unlike superscript letters were significantly different (P,0·05).
* For details of procedures, see p. 702.

b
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FM

SBM

Fig. 5. Tryptic soya agar plates showing adherent bacteria isolated from the
distal intestine of Atlantic salmon (Salmo salar L.) fed fish meal (FM) and
soyabean meal (SBM) diets.

SBM (Table 5B), but only sixteen genera and species from fish fed
IN (Table 5C). The bacteria Nocardia corynebacteroides and
Rathayibacter tritici were exclusively found in the FM-fed fish;
Vibrio spp., Arthrobacter agillis, Brachybacterium spp., Kocuria
carniphila and Rhodococcus spp. were isolated only from the
SBM-fed fish; whereas Brevibacterium and Enterococcus spp.
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were isolated only from the SBM- and IN-fed fish. Interestingly,
Arthrobacter agillis, Kocuria carniphila and Rhodococcus spp.
were adherent bacteria found only in the distal intestine of the
SBM þ OTC group. The IN-fed fish lacked the presence of Pseudoalteromonas and Micrococcus spp., as well as several species
of other genera identified in the other dietary groups. The numbers
of isolated lactic acid species Marinilactibacillus psychrotolerans
and Carnobacterium piscicola were higher in the digesta than
adherent to the mucosa, and were higher in the FM-fed than in
SBM- or IN-fed fish. Enterococcus spp., mostly Enterococcus
faecalis, were not detected in the FM-fed fish, and their numbers
were higher in the SBM- than IN-fed fish. In some cases, the total
counts of viable bacteria were lower than the detection level when
OTC was added to the diets (Table 4). Therefore, no adherent bacteria were identified from the mid intestine of fish fed the
FM þ OTC diet, the mid intestinal digesta of fish fed the
IN þ OTC diet, or from the distal intestinal digesta of fish fed
the SBM þ OTC and IN þ OTC diets.

Table 5A. Log total viable counts (TVC) of identified bacterial species per gram mucosa (adherent) or digesta isolated from the mid and distal intestines of fish fed the fishmeal diets*
FM þ OTC

FM
Mid intestine

Log TVC
Number of isolates
Bacterial genera/species
Gram-negatives
Acinetobacter spp.
A. johnsonii†
Halomonas sp.†
Pseudoalteromonas spp.
P. agarivorans†
Pseudomonas spp.
Psychrobacter spp.
Psy. glacincola†
Psy. submarinus†
Unknown Gram-negative rods‡
Gram-positives
Bacillus spp.
B. badius†
B. cereus†
B. sphaericus †
Carnobacterium piscicola
Jeotgalicoccus psychrophilus †
Marinilactibacillus psychrotolerans †
Micrococcinae§
Micrococcus spp.
Nocardia corynebacteroides †
Rathayibacter tritici †
Staphylococcus spp.
Staph. equorum ssp. linens †
Staph. pasteuri †
Streptococcus spp.
Unknown Gram-positive coccik
Unknown
Yeast
Mould

Distal intestine

Mid intestine

Distal intestine

Adherent

Digesta

Adherent

Digesta

Adherent

Digesta

Adherent

Digesta

3·63
55

5·21
53

3·92
57

4·83
58

, 2·0
0

3·38
50

3·80
55

3·68
52

2·26
2·26
2·56
2·66
1·96
2·56
2·56
2·26
2·26
2·44

3·83
3·53
4·00
4·13
3·83
3·83
3·83
ND
3·53
3·83

2·62
2·32
2·80
ND
ND
2·80
2·32
ND
ND
2·62

3·53
3·05
3·05
ND
ND
3·53
3·35
3·05
ND
3·53

ND
ND
ND
ND
ND
ND
ND
ND
ND
ND

1·94
ND
1·94
ND
ND
1·94
2·49
ND
ND
2·12

2·51
ND
2·34
ND
ND
2·64
2·64
ND
ND
2·34

2·31
ND
2·53
ND
ND
1·83
2·31
ND
ND
2·31

2·44
ND
1·96
1·96
2·44
ND
2·86
ND
ND
1·96
1·96
ND
ND
ND
2·26
2·26
2·44
1·96
þ

4·53
3·53
4·13
3·83
4·83
ND
4·23
ND
ND
3·83
ND
ND
ND
ND
3·83
ND
4·13
3·83

2·80
ND
2·32
2·32
2·62
2·32
2·62
2·93
2·62
2·80
3·10
2·93
2·32
2·93
2·80
2·32
3·02
2·62
þ

4·13
3·05
3·53
3·35
3·05
3·35
4·00
ND
3·05
ND
ND
3·35
3·05
ND
3·35
3·05
3·65
3·53

ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND

2·34
ND
ND
ND
ND
2·25
ND
2·25
ND
ND
ND
2·34
2·25
ND
2·12
1·94
2·34
1·94

2·64
ND
ND
ND
ND
2·74
ND
2·64
2·64
ND
ND
2·82
2·74
ND
2·34
2·51
2·74
2·34

2·31
ND
ND
ND
ND
2·43
ND
2·53
2·13
ND
ND
2·43
2·31
ND
2·43
2·13
2·67
2·31

FM, fishmeal; ND, not detected; OTC, oxytetracycline.
* For details of procedures, see p. 702.
† Partial sequence of 16S rRNA were analysed and edited in BioEdit; an initial BLAST-search in GenBank retrieved the taxonomic groups for which isolates showed highest
identities.
‡ Transparent pigmented colonies, died prior to positive identification.
§ Unknown, died prior to positive identification.
k Orange-pigmented colonies, died prior to positive identification.
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Table 5B. Log total viable counts (TVC) of identified bacterial species per gram mucosa (adherent) or digesta isolated from the mid and distal intestines of fish fed the different experimental diets*
SBM þ OTC

SBM
Mid intestine

Log TVC
Number of isolates
Bacterial genera/species
Gram-negatives
Acinetobacter spp.
A. johnsoni†
Halomonas spp.†
Pseudoalteromonas spp.
Pseudomonas spp.
Psychrobacter sp.
Psy. glacincola†
Psy. submarinus†
Vibrio spp.
Unknown Gram-negative rods‡
Gram-positives
Arthrobacter agilis†
Bacillus spp.
Brachybacterium spp.†
Brevibacterium spp.†
Carnobacterium piscicola
Enterococcus spp.
E. faecalis†
Jeotgalicoccus psychrophilus†
Kocuria carniphila†
Marinilactibacillus psychrotolerans†
Micrococcinae§
Micrococcus spp.
Rhodococcus spp.
Staphylococcus sp.
Staph. equorum ssp. linens†
Staph. pasteuri†
Streptococcus spp.
Unknown Gram-positive coccik
Unknown
Yeast
Mould

Distal intestine

Mid intestine

Distal intestine

Adherent

Digesta

Adherent

Digesta

Adherent

Digesta

Adherent

Digesta

3·99
59

5·21
57

4·41
60

5·42
59

2·99
56

3·43
58

3·59
58

, 2·0
0

2·76
ND
2·76
ND
2·58
3·06
2·76
2·28
2·58
2·58

4·02
3·42
3·72
3·42
4·02
3·72
3·72
ND
3·42
3·72

2·62
ND
ND
ND
3·47
3·62
3·22
ND
3·10
3·10

4·33
3·93
ND
ND
ND
4·62
4·41
ND
4·10
3·93

1·16
ND
1·63
ND
ND
2·06
1·93
ND
ND
1·46

1·97
ND
2·27
ND
ND
ND
ND
ND
ND
2·15

ND
ND
2·79
ND
ND
2·74
2·44
ND
ND
1·84

ND
ND
ND
ND
ND
ND
ND
ND
ND
ND

ND
2·28
2·28
2·28
2·58
2·76
2·58
2·58
ND
2·58
2·58
ND
ND
3·19
2·98
ND
ND
2·58
2·76
2·76
þ

ND
3·90
3·90
3·42
3·72
4·02
3·72
ND
ND
3·72
3·90
3·90
ND
4·20
3·72
ND
3·72
3·42
3·72
3·72

ND
ND
ND
ND
2·62
3·10
2·62
2·62
ND
ND
2·92
3·10
ND
3·62
3·22
2·92
ND
2·92
2·62
2·92

ND
4·23
ND
ND
3·93
4·10
4·10
3·93
ND
ND
3·62
4·33
ND
4·10
ND
3·93
ND
4·10
3·93
3·62

ND
ND
1·46
1·46
ND
1·46
1·16
1·63
ND
1·16
1·46
ND
ND
2·06
1·85
1·85
ND
1·63
1·46
ND

ND
2·15
2·27
1·97
ND
2·45
2·27
ND
ND
ND
ND
2·27
ND
2·67
2·27
2·27
2·15
1·97
1·67
1·97

2·14
2·62
ND
ND
ND
1·84
ND
ND
2·14
ND
2·44
2·14
2·32
2·62
2·54
1·84
2·44
2·32
2·14
ND

ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND

ND, not detected; OTC, oxytetracycline; SBM, soyabean meal.
* For details of procedures, see p. 701.
† Partial sequence of 16S rRNA were analysed and edited in BioEdit; an initial BLAST-search in GenBank retrieved the taxonomic groups for which isolates showed highest
identities.
‡ Transparent pigmented colonies, died prior to positive identification.
§ Unknown, died prior to positive identification.
k Orange-pigmented colonies, died prior to positive identification.

Discussion

Pathophysiological responses

The contribution of the intestinal microbiota to the pathological changes associated with SBM-induced enteritis in Atlantic
salmon was investigated by calculating intestinal somatic indices, evaluating intestinal histology, the occurrence of HSP70
and caspase-3-positive cells, as well as PCNA-positive proliferative compartments at the base of the mucosal folds in the
distal intestine, and characterizing the intestinal microbiota.
The morphological characteristics of the inflamed distal intestine of the SBM-fed fish were in accordance with previous
studies (van den Ingh et al. 1991, 1996; Baeverfjord &
Krogdahl, 1996; Nordrum et al. 2000; Hemre et al. 2005)
and the inclusion of 3 g OTC/kg to the SBM diet did not influence the development of the inflammation, as reflected by the
histological scores and the pathophysiological responses
measured.

The longer PCNA-positive PCL in the distal intestine of SBMfed fish indicates a higher rate of cell renewal, likely a result
of the inflammatory response (Wolf & Dittrich, 1992). Sanden
et al. (2005) reported a similar response to SBM in Atlantic
salmon parr. A reduction in the number of mature, developed
enterocytes would explain the dysfunction previously
observed in this intestinal region (Bakke-McKellep et al.
2000; Nordrum et al. 2000; Krogdahl et al. 2003). Various
plant lectins consumed with the diet have also been shown
to increase crypt cell proliferation as well as cause morphological changes in the intestine of rats (Banwell et al. 1993;
Pusztai et al. 1995), although soyabean lectin has been ruled
out, at least as a sole cause of SBM-induced enteritis in
salmon (van den Ingh et al. 1996). The increased number of
apoptotic cells and reduced DISI in SBM-fed salmon both
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Table 5C. Log total viable counts (TVC) of identified bacterial species per gram mucosa (adherent) or digesta isolated from the mid and distal intestines of fish fed the different experimental diets*
IN þ OTC

IN
Mid intestine

Log TVC
Number of isolates
Bacterial genera/species
Gram-negatives
Acinetobacter spp.
Halomonas sp.
Pseudomonas sp.
Psychrobacter sp.
Psy. faecalis†
Unknown Gram-negative rods‡
Gram-positives
Bacillus spp.
B. badius†
Brevibacterium sp.†
Carnobacterium piscicola
Enterococcus faecalis†
Jeotgalicoccus psychrophilus†
Marinilactibacillus psychrotolerans†
Micrococcinae§
Staphylococcus sp.
Staph. equorum ssp. linens†
Streptococcus sp.
Unknown Gram-positive coccik
Unknown
Yeast
Mould

Distal intestine

Mid intestine

Distal intestine

Adherent

Digesta

Adherent

Digesta

Adherent

Digesta

Adherent

Digesta

3·56
60

3·61
60

3·95
57

3·99
60

2·90
59

, 2·0
0

3·02
59

, 2·0
0

2·00
2·40
2·40
2·18
1·70
2·00

1·80
2·65
2·58
2·40
2·50
2·28

2·80
3·20
2·90
2·68
2·50
2·68

ND
2·97
2·79
2·89
2·19
2·49

ND
1·23
ND
1·77
1·83
1·53

ND
ND
ND
ND
ND
ND

1·53
2·31
ND
1·93
1·93
1·53

ND
ND
ND
ND
ND
ND

2·00
1·70
ND
2·30
ND
2·60
2·00
2·40
2·40
2·54
1·70
2·18
2·18
1·70
þ

ND
1·80
1·80
2·10
ND
2·58
2·00
2·40
2·28
2·65
2·28
2·10
2·10
ND

2·68
2·20
ND
2·50
ND
2·80
3·00
2·20
2·50
2·80
2·90
2·20
2·68
2·50

2·19
ND
ND
2·67
2·19
2·67
3·00
2·49
3·09
2·89
2·97
2·49
2·79
2·67

1·23
ND
ND
ND
1·22
1·63
0·93
1·41
1·77
1·63
1·53
1·41
1·22
1·41

ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND

ND
ND
ND
ND
ND
1·23
1·53
ND
2·23
2·34
ND
1·71
1·53
1·53

ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND

IN, inulin; ND, not detected; OTC, oxytetracycline.
* For details of procedures, see p. 701.
† Partial sequence of 16S rRNA were analysed and edited in BioEdit; an initial BLAST-search in GenBank retrieved the taxonomic groups for which isolates showed highest
identities.
‡ Transparent pigmented colonies, died prior to positive identification.
§ Unknown, died prior to positive identification.
k Orange-pigmented colonies, died prior to positive identification.

suggest a concomitant loss of cells, explaining the significant
shortening of mucosal folds observed by Baeverfjord & Krogdahl (1996) and further reducing the number of functional
enterocytes. The remaining cells also appear to be responding
to the unidentified ‘stressor(s)’ in SBM by attempting to
regulate the apoptotic pathway and facilitate cellular recovery,
as the increased number of HSP70-positive cells indicates.
Thus, the HSP70 are characterized by high inducibility
during inflammation, representing an attempt by the cell to
avoid apoptosis by an antagonizing effect of HSP70 on cell
death pathways (Calderwood et al. 2005).
IN did not induce damage to the intestinal mucosa of the
salmon as reported in Arctic charr (Olsen et al. 2001), although
we did note a qualitative increase in the vacuolization of IN-fed
fish. The contrasting findings in charr may be due to differing
dietary levels of IN (twice the level of the current study) or differing analytic methods (transmission electron microscopy).
Olsen et al. (2001) reported changes in the organization of
microvilli and the presence of intracellular lamellar bodies in
distal intestine enterocytes. Light microscopy does not allow
sufficient resolution to evaluate these structures. However,
Olsen et al. (2001) also reported increased vacuolization of
distal intestine enterocytes (measured as percentage of cell
volume). Therefore, the effect of IN, including possible beneficial effects, in Atlantic salmon diets merits further study.

The increased DISI in IN-fed fish appeared to be the result of
hypertrophy of the muscularis externa. Greger (1999) reported
similar hypertrophy of the caecal wall in rats fed IN, possibly
caused by increased peristaltic activity.
The current study suggests that OTC inclusion results in a
decrease in the rate of cellular proliferation in the distal intestinal
proliferative compartments of Atlantic salmon. This is in
accordance with the known action of tetracyclines, specifically
inhibiting not only bacterial but also somatic cell mitochondrial
protein synthesis. The resulting lack of oxidative ATP-generating capacity causes proliferation arrest of normal and malignant
cells of epithelial origin (van den Bogert et al. 1986).
The digital image analysis employed to quantify the PCNApositive areas is presented here for the first time. Earlier methods
of analysis in mice (Muskhelishvili et al. 2003) and fish (Ortego
et al. 1994; Berntssen et al. 2001, 2004; Hemre et al. 2004;
Sanden et al. 2005) differ significantly compared to the current
study. The previous studies calculated proliferation indices (% of
total cells that stained positively for PCNA) either in a defined
area, from a defined number of cells or along the entire cryptvillus length. A disadvantage of these types of measurements
is that they are highly time consuming. Additionally, these
methods do not consider the reduction in the height of villi (or
mucosal folds), as observed in SBM-fed fish, a factor which
may reduce the reliability of row counts as estimators of villus
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cell populations (Alison, 1995). The method used in the current
study also allows measurement of areas in which individual cells
cannot be discerned.
Bacteriology
Bacterial involvement in the pathogenesis cannot be excluded
despite efforts to rule this out in the current study. Although
OTC was effective in reducing bacterial numbers, in accordance with previous investigations in various fish species
(Austin & Al-Zahrani, 1988; Sugita et al. 1988; Kerry et al.
1997), the lack of effect on the inflammatory response
suggests that: (1) microbiota had no influence on SBMinduced enteritis in salmon in the present study; (2) the
concentration or activity of OTC was decreased by the time
it reached the epithelium of the distal intestine so it could
not sufficiently reduce numbers of potentially key adherent
bacteria; (3) the alteration in the species composition of the
microbial community was important (see later); and/or (4)
the absence of microbiota in the digesta of the
SBM þ OTC-fed salmon may directly or indirectly have a
similar detrimental effect on the intestine as the SBM. The
second point may be substantiated by the absence of adherent
bacteria in the more proximally located mid intestine versus
the distal intestine of FM-fed fish treated with OTC. Physical
properties of the digesta as influenced by feed ingredients,
such as viscosity and pH, may also have adversely influenced
OTC’s activity or ability to reach the epithelium. In future
studies, inclusion of higher levels of OTC may therefore
lead to a different result. Concerning the third point mentioned
earlier, further investigation of the possible influence of Psychrobacter, Enterococcus, Micrococcus and Staphylococcus
spp. in the pathogenesis of SBM-induced enteritis merits
study since these were adherent bacteria in the distal intestine
that were reduced but not eliminated by OTC. Futhermore, the
role of other adherent bacteria present in the distal intestine of
the SBM þ OTC-fed group, but not in the SBM or other dietary groups, merit study as possible (facilitative) pathogens:
Arthrobacter agillis, Kocuria carnophila and Rhodococcus
spp. These may have been resistant to the OTC and/or their
proliferation allowed by the suppressed population growth of
other species, including those present in the digesta, caused
by the addition of the antibiotic. Concerning the fourth
point, the absence of microbiota in the digesta of not only
the distal but also the mid intestine of the IN þ OTC-fed
fish did not result in histological changes. Most likely this
rules out the possibility of any deficiency of microbially produced nutrients or metabolites as a potential cause of histological changes.
From the current study it is apparent that fish fed the SBM diet
had an altered microbial population profile compared to FM- or
IN-fed fish. By using soya agar (containing peptone from SBM)
when culturing the bacteria we cannot rule out a certain selective
effect that might have resulted in the larger diversity of the bacteria observed in the SBM-fed fish than in the other dietary
groups. Nevertheless, the higher nitrogen-free extract fraction
(indigestible carbohydrates) of the SBM-containing diets compared to FM, as well as soyabean’s content of the non-digestible
oligosaccharides stacchyose and raffinose may also have contributed to this. In single-stomached higher vertebrates, studies
have shown that these components may result in a greater

bacterial diversity (Konstantinov et al. 2003, 2004) and an
increase in the number of bifidobacteria and/or lactobacilli
(Ross et al. 1983; Jonnsson & Hemmingsson, 1991; Okubo
et al. 1994; Dongowski et al. 2002; Guo et al. 2004; Tzortzis
et al. 2004). This latter finding, however, was not the case in
the present study in which the highest levels of lactic acid bacteria were observed in the FM-fed salmon. The more diverse
microbial community found in the SBM-fed salmon may also
influence or be influenced by nutrient availability or utilization.
Previous studies have repeatedly demonstrated lower macronutrient digestibilities when salmon are fed SBM (Olli et al. 1994;
Olli & Krogdahl 1995; Krogdahl et al. 2003). However, possible
changes in levels of microbial metabolites – whether potentially
beneficial, such as SCFA; or detrimental, such as ammonia,
amines or amides – have not been studied.
Interestingly, the present results clearly showed that
inclusion of 7·5 % IN in the diet led to less diverse microbiota
colonizing the gut. The present results are in accordance with
a study on Arctic charr (Ringø et al. 2006b) but contradict
findings in mammals (Gibson & Roberfroid, 1995; PoolZobel et al. 2002; Xu et al. 2002). The reason for this has
not been elucidated, but we suggest that IN has a selective
effect on Atlantic salmon and Arctic charr gastrointestinal
microbiota. Whether this effect is also valid for other fish
species and whether it has a beneficial or detrimental effect
on fish health remains to be studied.
When evaluating the intestinal microbiota of fish, a major
question arises: does the intestinal microbiota have any beneficial nutritive or health effect? During the last decade several
investigations have attempted to evaluate whether the gut
microbiota are able to inhibit growth of pathogenic bacteria
in vitro (Gatesoupe, 1999; Ringø et al. 2005). It is generally
accepted that the gastrointestinal tract of fish is an important
route of infection (Birkbeck & Ringø, 2005). Whether the
dietary manipulations observed in the present study have
any effect on colonization of pathogens in the gastrointestinal
tract, or a protective effect in challenge studies, is not known,
and these scientific challenges are worth investigating. Other
studies of interest include the contribution of the gut microbiota to fish nutrition, nutrient availability and assimilation
as well as their influence on nitrogen metabolism in the intestine of fish with the possibility of reducing ammonia
excretion. In both cases, dietary manipulation and prebiotics
may have beneficial effects as indicated by studies with
higher vertebrates (see review by Bauer et al. 2006). The present study suggests that the significance of the gut microbiota
in salmon, carnivorous animals heavily influenced by their
seemingly inhospitable marine, cold-water environment, may
be greater than previously assumed.
Long-term incubation under conditions conducive to those
found in vivo in a marine poikilothermic organism, and identification based on a combination of various biochemical and
physiological analyses as well as by sequencing 16S rRNA,
showed that the Atlantic salmon gut is colonized by a diverse
microbiota, many not previously isolated from the gastrointestinal tract of fish. Bacteria previously isolated include: Acinetobacter spp., Pseudoalteromonas spp., Pseudomonas spp.,
Vibrio spp., Bacillus spp., Carnobacterium piscicola, Micrococcus spp., Staphylococcus spp. and Streptococcus spp.
(Cahill, 1990; Ringø et al. 1995; Hansen & Olafsen,
1999; Ringø & Birkbeck, 1999; Ringø & Olsen, 1999).
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The following Gram-negative bacteria have not been isolated
previously: Acinetobacter johnsonii, Halomonas spp., Pseudoalteromonas agarivorans, Psychrobacter spp., Psychrobacter faecalis, Psychrobacter glacincola and Psychrobacter
submarinus. Nor have the Gram-positive bacteria Arthrobacter agilis, Jeotgalicoccus psychrophilus, Marinilactibacillus
psychrotolerans, Nocardia corynebacteroides, Rathayibacter
tritici, Rhodococcus spp., Staphylococcus equorum ssp.
linens and Staphylococcus pasteuri. Earlier reviews by
Cahill (1990), Ringø et al. (1995) and Ringø & Birkbeck
(1999) suggested that the gastrointestinal tract microbiota of
fish is simpler than that of endothermic animals. However,
the present study demonstrates that this statement may need
some revision.
The findings of Ringø et al. (2006b) and our present findings from Atlantic salmon indicate that Halomonas spp.
belong to the adherent microbiota in fish and the present
observation is therefore a contribution to the knowledge of
the microbiota of the fish digestive tract. Recently, information has become available showing the presence of different Psychrobacter species in samples from the distal
intestine of Arctic charr (Ringø et al. 2006b), the alimentary
tract of Atlantic salmon (Ringø et al. 2006a; the present
study), sterile rehydrated salt-cured and dried salt-cured cod
(Bjørkevoll et al. 2003), the Okhotsk Sea (Yumoto et al.
2003) and from deep-sea sediments (Zeng et al. 2004).
The Gram-positive, catalase-negative, non-sporulating and
motile marine lactic acid bacteria Marinilactibacillus psychrotolerans was first isolated and described by Ishikawa et al.
(2003) from living and decomposing marine organisms collected from the temperate and subtropical areas of Japan.
Later M. psychrotolerans has been isolated from red-smear
soft cheeses (Maoz et al. 2003) and deep-sea sediments of
the Nankai Trough (Toffin et al. 2004) as well as the digestive
tract of Atlantic salmon (E Ringø, unpublished results; the
present study). This information indicates that this lactic
acid bacterium is well adapted to different ecological habitats.
The first description of Staphylococcus pasteuri was by Chesneau et al. (1993), who isolated it from human, animal and
food specimens. S. pasteuri seems to be well adapted to a
wide range of ecological niches as well, since it has been isolated both from stratospheric air samples at 41 km (Wainwright et al. 2003) and in the distal intestine of fish fed FM
and SBM (the present study).
In conclusion, the involvement of gut microbiota on the
pathogenesis of a diet-related mucosal disorder in the teleost
Atlantic salmon, SBM-induced enteritis, was not ameliorated
by adding the broad-spectrum antibiotic OTC to the diet at
3 g OTC/kg diet. In the distal intestinal mucosa of both
SBM and SBM þ OTC-fed fish, a significant increase in
the PCL as well as apparent increases in the number of
cells undergoing cellular repair processes and apoptosis
were observed as pathophysiological responses related to
the inflammation. However, SBM inclusion in the diet
appeared to increase the number and diversity of the
microbial community, whereas IN reduced diversity. The
implications of the present findings to the intestine’s as
well as fishes’ nutrition and health remain to be elucidated.
Further study on the influence of the gastrointestinal microbiota on fish health merit investigation as the global production of fish increases.
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Olli JJ & Krogdahl Å (1995) Alcohol soluble components of soybeans seem to reduce digestibility in fish-meal-based diets for
Atlantic salmon, Salmo salar L. Aquacult Res 26, 831 – 835.
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