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1. Introduction

On a global scale, fisheries landings have remained constant at about 90 million tons of fish
per annum for the last decade whereas aquaculture output has been increasing at a rate of
around 8% per annum and now supplies about 65 million tons (FAO 2010). Indeed, more
than half of the fish products produced for human consumption come from commercial
aquaculture. To sustain high rates of increased production, a matching increase in the
volume of fish feeds is required. In 2009, compound aquafeed useage was ca. 30 million tons
but this is expected to more than double by 2020 (FAO 2010; Tacon 2010). Although this is
only a small portion of global animal feed production (ca. 620 million tons) the very specific
nature of aquafeeds, e.g. higher protein and lower carbohydrate levels compared to other
animal feeds, results in special challenges as traditional sources of fish - protein (fishmeal;
FM) and oil (FO) are not sustainable. Worldwide annual production of FM (about 6 million
tons) and FO (less than 1 million tons) has remained fairly stable for the last 20 years. FM
and FO are produced from designated pelagic fisheries, mainly from the Atlantic, Chile and
Peru. Efforts are constantly underway to ensure that these marine fisheries on which FM
and FO depend remain sustainable and are not over-exploited. FM and FO are also
produced from trimmings, offal and/or by-catch, although to a limited extent. Considering
the known benefits of seafood, as a rich source of omega-3 fatty acids, in regards to human
health (e.g. cardiovascular health, brain development, lowering cholesterol and blood
pressure etc) the continued provision of this protein source is essential.

As there will be a limitation in global supplies of FM and FO in the near future sustainable
alternatives must be explored. Soybean meal (SBM) and soybean oil (SBO) are considered to
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232 Soybean and Nutrition

be suitable alternatives for the partial replacement of FM and FO and indeed are utilised in
commercial aquafeeds. However, even when heat-treated, standard (solvent-extracted) and
full-fat SBM-containing feeds supplemented with limiting amino acids, can lead to
decreased growth in salmonids (Davies & Morris, 1997). More specifically, dietary SBM
inclusion causes lower feed intake, weight gain, fecal dry matter, and energy and fat
digestibilities in all salmonid species studied (Krogdahl et al., 2003). Dehulled SBM as the
sole protein source may lead to growth arrest and increased mortality in rainbow trout
Oncorhynchus mykiss (Walbaum) (Rumsey et al., 1994). Full-fat SBM, however, appears to
support better growth than solvent-extracted SBM in rainbow trout (Olli & Krogdahl, 1994)
and Atlantic salmon Salmo salar (Olli et al., 1994 b). Dehulled, solvent-extracted SBM causes
similar negative effects on growth and nutrient digestibility in Atlantic salmon as SBM
produced from hulled soybeans (Olli et al., 1994 b). White flakes, which are dehulled,
moderately toasted solvent-extracted SBM, has been reported to cause similar reductions in
growth, feed efficiency ratio, and nutrient digestibilities as standard SBM in Atlantic salmon
(Refstie et al., 2005).

Thus, the change from FM and FO to soybean products presents several metabolic and
health challenges for the farmed fish. When using high dietary levels of plant derived
materials, particularly those derived from soybean, it is important to consider the impacts
on gut microbiota and gut histology as the gastrointestinal (GI) tract can be one of the
important infection routes for some pathogens in fish.

2. Effect of soybean products on gut histology

The primary purpose of the digestive tract is to digest foodstuffs into molecules suitable for
absorption via the various transport mechanisms of the epithelial border cells of the GI
sections. In essence, the fish GI tract is a tube-like structure that varies in complexity
depending on the various feeding habits of the species. It can be subdivided into the mouth,
oesophagus, stomach, pyloric ceaca, mid intestine, distal intestine and the rectum; however,
not all of these distinctive regions are present in all fish. According to the early work of
Suyehiro (1942), stomachs (if present) are classified into five categories according to their
appearance: I - shape, U - shape, V - shape, Y - shape and I - shape. Distal to the stomach,
in the mid gut region, some fish have pyloric ceaca. These finger-like pouches can be
completely absent or present in numbers ranging from few (e.g. flounders) to more than
1000 (e.g. gadoids) (Suyehiro, 1942; Olsen & Ringg, 1997). Distal to the pyloric ceaca is the
intestine which also varies in physiology across fish species. Typically, the GI tract of
carnivorous fish species is short, often less than one body length long, whereas the GI tract
of herbivorous and omnivorous fish species is much longer and can be found to be greater
than 20 times the body length (Suyehiro, 1942; Olsen & Ringg, 1997). Distinctive
physiological differences are also observed between fresh water and marine species. The
surface cells exposed to the luminal contents are the enterocytes, which with their microvilli
structures, comprise the epithelial brushborder. Between the epithelial cells goblet cells
excrete a continuous layer of mucus which forms an effective protective barrier. Beneath the
inner epithelium we find the cellular connective tissues which comprise the lamina propria
and the submucosa. Beyond the submucosa lie a circular muscular layer and a longitudinal
muscular layer. Finally, the serosa forms the outer layer of the GI tract.

From an electron microscopy (EM) point of view, the GI tract is a fascinating organ as
illustrated in Figure 1.
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Fig. 1. A) Scanning electron microscopy (SEM) micrograph of mucosal folding (villi) from
rainbow trout (Merrifield & Dimitroglou unpublished data). B) SEM micrograph of a dead
cell rejected by Atlantic salmon intestine (Myklebust, Olsen & Ringg unpublished data).
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Fig. 2. Transmission electron microscopy (TEM) micrograph of the anterior intestine (mid gut)
of rainbow trout exposed to V. (L.) anguillarum (VA). Clear signs of tissue damage are
characterised by necrotic enterocytes (NE), disorganised microvilli and irregular and
deteriorated tight junctional complexes (T]) resulting in intracellular spaces (*). E = enterocyte.
Scale bar = 5 pm. After Harper et al. (2011).

The GI tract of fish is considered as one of the major infection routes for some pathogens
and indigenous intestinal bacteria (Groff & LaPatra, 2000; Ringo et al., 2003; Birkbeck &
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Ringe, 2005; Harikrishnan & Balasundaram, 2005; Ringe et al., 2007; 2010a). Indeed,
numerous studies have reported that exposure of the epithelium to fish pathogens can result
in severe tissue damage, characterised by necrotic enterocytes, deteriorated tight junctions,
disorganised and damaged microvilli and damage to the lamina propria (Ringe et al., 2007).
An example of the damage that can be visualised at the ultra structural scale with
transmission electron microscopy (TEM) is shown in Figure 2, where the midgut of rainbow
trout has been exposed to Vibrio (Listonella) anguillarum, the causative agent of vibriosis.
When discussing the inclusion of soybean products in commercial diets, it is of high
importance to evaluate the effect on gut histology by both light microscopy (LM) and EM
(Ringe et al., 2001; 2003; 2007; Harper et al., 2011) because structural and functional changes
in the intestine may explain deleterious effects of SBM on nutrient utilization and disease
resistance.

2.1 Soybean meal

SBM is one of the most commonly used protein sources in aquafeeds due to its high protein
content and favourable amino acid profile. However, even when heat-treated and
supplemented with limiting amino acids, full-fat as well as defatted (standard; hexane-
extracted), SBM rich feeds can lead to decreased growth, lower feed intake and reduced
energy and lipid digestibility in salmonid species. Using dehulled SBM as the sole protein
source has been reported to reduce growth performance and increase mortality in rainbow
trout. These SBM products also cause an inflammatory response in the distal intestine
(enteritis) of salmonids, characterised by changes in absorptive cells, increased presence of
inflammatory cells, endocytic blocking, shortening of villi and disruption of microvilli,
which may at least partially explain the effects on growth parameters and feed utilization. It
is accepted that such effects are mediated, in part at least, by anti-nutritional factors such as
soy saponins which disrupt the intestinal barrier by altering membrane permeability.
Subsequently, these histological and morphological changes in the intestine can increase
susceptibility to bacterial infection.

Morphological changes evaluated by LM in the distal intestine (DI) of salmonids (Figure 3)
are caused by dietary inclusion of full-fat as well as solvent-extracted SBM, with and
without hulls (Baeverfjord & Krogdahl, 1996, Aslaksen et al., 2007). These morphological
changes in salmonids, known as enteritis, have been described as shortening of the simple
and complex mucosal folds with a widening of the central stroma (lamina propria) and
submucosa, shortened microvilli of the brush border membrane and increased formation of
microvillar vesicles, elevated number of goblet cells and a dramatic decrease or even
absence of the normal supranuclear absorptive vacuoles in the enterocytes (van den Ingh et
al., 1991; 1996; Baeverfjord & Krogdahl, 1996). Generally, the lamina propria is widened
with a profound infiltration of a mixed population of inflammatory cells such as
lymphocytes, neutrophilic granulocytes, cells of monocytic lineage, including macrophages,
eosinophilic granular cells, and diffuse IgM (Baeverfjord & Krogdahl, 1996; Bakke-McKellep
et al., 2000) as well as a mixed population of putative T-cells (Bakke-McKellep et al., 2007 a).
Regarding the epithelial cells lining the mucosal folds, the number of cells in early stages of
development are significantly increased, as are the number of cells undergoing cellular
repair and programmed cell death (apoptosis) (Bakke-McKellep et al., 2007 b).

In their study on Atlantic salmon, Kraugerud et al. (2007) observed morphological changes
in the distal intestine of fish fed 10 % dietary defatted SBM for 4 weeks. These changes
included shortening and fusion of the simple mucosal folds, widening of the lamina propria
with increased cellularity, leucocytic cellular infiltration of the submucosa and lamina
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Fig. 3. LM image of the distal intestinal mucosa of Atlantic salmon fed a diet in which FM
was the sole protein source (a) or a diet containing 33% extracted SBM (b). In the latter, the
lamina propria of the simple (s) and complex (c) intestinal folds are widened and infiltrated
with a mixed population of leucocytes. The folds in (b) are also reduced in height compared
to (a) (after Baeverfjord & Krogdahl, 1996). X 400 magnification.

propria and reduced supranuclear vacuolisation with apical nuclear displacement within
enterocytes. These significant morphological changes may affect the exchange of substances
across the barriers including facilitated uptake of pathogenic bacteria. More, recently,
Merrifield et al. (2009) observed the effect of replacing 50% of FM with SBM (HiPro soya) on
the intestinal epithelium of rainbow trout by using SEM (Figure 4).

After 16 weeks of feeding, EM revealed enteritis - like effects associated with SBM fed fish.
Specifically, fish fed the SBM enriched diet displayed missing, damaged, deformed , shorter
and thicker microvilli. Additionally, enterocytes appeared to be malformed and irregular.
The general result of this study was significantly shorter (distal intestine) and less densely
packed (proximal intestine) microvilli on the enterocyte surfaces of fish fed the SBM diet
than fish fed the FM diet. This reduction of microvilli density consequently led to increased
exposure of enterocyte tight junctions, which combined with necrotic enterocytes is likely to
diminish the protective barrier of the intestinal epithelium (Merrifield et al,
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Fig. 4. SEM micrograph of the epithelial brush border of rainbow trout fed a SBM rich diet
for 16 weeks. SBM fed fish display irregular enterocyte formations with sparse and irregular
microvilli which consequently exposes tight junctions between the enterocytes (*) to luminal
contents. Scale bars =5 pm (A) and 1 pm (B). After Merrifield et al. (2009).

2009). Such enteritis effects have routinely been described in fish with the use of light
microscopy (for review see Krogdahl et al., 2010) but considerably fewer studies have
utilised electron microscopy to observe ultrastructural changes (Uran et al, 2008 a;
Merrifield et al., 2009; Dimitroglou et al.,, 2010). Such histological and morphological
changes which result in damaged enterocytes and exposed intracellular tight junctions may
help explain previous observation of increased susceptibility of SBM fed fish to pathogenic
infection (Krogdahl et al., 2000).

It is generally accepted that this type of damage is due to the presence of various anti-
nutritional factors present in SBM. For example, soy saponins, which disrupt the intestinal
barrier by altering membrane permeability which is suggested to trigger the inflammatory
process (Knudsen et al., 2007). Recent investigations also suggest that this enteritis effect is
related to (either as a cause or effect) the blocking of enterocyte endocytic uptake
mechanisms (Uran et al., 2008 b; Rombout et al., 2011). Although the molecular signalling
pathways involved in the manifestation of enteritis have not been fully elucidated some
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information is available; the expression of pro-inflammatory genes (IL-1p and TNF-al) have
been reported to be up-regulated in the intestinal intraepithelial leucocytes of fish fed
dietary SBM (Uran et al., 2008 a).

From the plethora of studies available it has become generally accepted that there are
variations in the sensitivity of different fish species to dietary SBM. Due to their carnivorous
feeding habits salmonids are less well adapted to plant based ingredients and so species
such as Atlantic salmon and rainbow trout (although to a lesser extent than Atlantic salmon)
are highly sensitive to dietary SBM. On the contrary, numerous studies have reported no
morphological disruptions of the intestinal tract of other fish species, such as Atlantic cod
(Refstie et al., 2006), Atlantic halibut (Grisdale-Helland et al., 2002), gilthead seabream
Sparus aurata (Bonaldo et al., 2008, Dimitroglou et al., 2010), European sea bass Dicentrarchus
labrax (Bonaldo et al., 2008), cobia Rachycentron canadum (Romarheim et al., 2008) and
Egyptian sole Solea aegyptiaca (Bonaldo et al., 2006), fed dietary SBM. These observations are
somewhat strange as some of these species are also highly carnivorous.

However, a recent study by Urdn and colleagues (2008 a) reveals important information
regarding the time dependent nature of the morphological manifestations of enteritis in fish.
This study revealed the onset of histological changes, and related inflammatory molecular
markers, in carp after 1-3 weeks feeding on dietary SBM (20% dietary inclusion). However,
after 4-5 weeks these morphological changes appeared to subside in tandem with the
increase of TGF-f3 (TGF-f is an anti-inflammatory protein involved in cellular differentiation
and proliferation) mRNA transcripts from intraepithelial leucocytes. This indicates that carp
display an adaptive period which may have important connotations to the results from
other studies which have reported no histological disruptions in the gut of non-salmonid
fish because the previous studies on non-salmonid species have assessed the intestinal
morphology after >6 weeks feeding on SBM diets. Future time dependent studies are
necessary to see if such short term enteritis effects occur in other fish species.

2.2 Soybean oil

SBO is extracted from the seeds of the soybean. Regardless of origin, plant oils are deficient
in the typical marine long chain highly unsaturated fatty acids (HUFAs) arachidonic acid
(ARA, 20:4 n-6), eicosapentaenoic acid (EPA, 20:5 n-3) and docosahexaenoic acid (DHA, 22:6
n-3). The composition of other fatty acids will vary with plant species. One of the
predominant plant oils produced and used in aquafeeds, SBO, is rich in 18:2 n-6 (52 %), 18:1
(24 %) and 16:0 (11 %) but due to its deficiency in long chain HUFAs SBO and other plant
oils are typically blended with FO when incorporated into fish diets.

In marine fish, the most predominant effect of increasing plant oils, including SBO, in the
diets is the reduction of cellular EFA content and some alteration in membrane composition.
In salmonids, including plant oils will not only affect membrane composition, but will also
alter the ratio of n-6 / n-3 Cy PUFA, which may have pronounced effects on immune
functions and eicosanoid production. With the inclusion of plant oils into aquafeeds, fish are
faced with several challenges some of which will affect intestinal health and function. One
of the most striking effects is the massive accumulation of lipid droplets in enterocytes of
fish species such as Arctic charr (Olsen et al., 1999; 2000), gilthead seabream (Caballero et al.,
2003), rainbow trout (Caballero et al., 2002; Olsen et al., 2003) and Atlantic salmon (Olsen et
al., unpublished data) fed high levels of plant oils. The accumulations may amount to more
than 60% of cellular volume which hampers gut functions (Figure 5). Although there is still
some controversy with regard to the direct cause of these observations (Oxley et al., 2005;
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Caballero et al.,, 2006; Oxley et al., 2007) the condition appears to be related to the
impairment of lipoprotein synthesis within the enterocytes.

)

o
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Fig. 5. SEM micrograph depicting the cross section of midgut enterocytes from Arctic charr
fed an experimental diet containing SBO as the sole lipid source. Note the significant
accumulation of lipid droplets in the enterocytes. After Ringo & Olsen (2008).

In Atlantic salmon substituting up to 100% of the added FO (note some FO is present in FM)
with SBO did not increase leukotriene By (LTBs) or type E; prostaglandin (PGEz) (pro-
inflammatory mediators) production of head kidney macrophages during in vitro culture with
20:4 n-6 added to the culture medium, except at 5°C rearing temperature (Gjoen et al., 2004).
Phagocytic activity was also unaffected and based on these results the authors concluded that
Atlantic salmon seems to tolerate a diet with only SBO as lipid source, without any
detrimental effects on growth and immune functions. In a feeding trial with rainbow trout fed
purified diets supplemented with only SBO, linseed oil or FO for 9 weeks no differences in
serum complement or lysozyme activity were observed (Kiron et al., 2004).

The effect of SBO on disease resistance in challenge experiments is less well studied and the
results are somewhat conflicting. In a long-term feeding study using SBO and FOs, Waagbeo
et al. (1993) showed that Atlantic salmon fed high levels of FOs had better survival when
infected with Aeromonas salmonicida (the causative agent of furunculosis), despite the fact
that head kidney macrophage phagocytosis and bacterial killing was reduced in these fish
(IL-1 and serum hemolytic activity was unaffected). In contrast to these results, Gjeen et al.
(2004) reported no differences in Atlantic salmon susceptibility to infection by A. salmonicida,
while Lodemel et al. (2001) reported that Arctic charr fed diets supplemented with SBO and
challenged with A. salmonicida showed elevated survivability compared to fish fed a FO
based diet (SBO = 20% mortality vs FO = 48% mortality).
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3. Effects of soybean products on gut microbiota

The gut microbiota of fish constitutes a great number of cells and these cells and their
metabolites play important roles in host digestive function, gastric development, mucosal
tolerance, immunity and disease resistance. In fact, in the absence of gut microbiota the
digestive tract fails to differentiate fully, lacks brush border intestinal alkaline phosphatase
activity, presents immature patterns of glycan expression, displays reduced epithelial
proliferation and a reduction of goblet and enteroendocrine cells (Rawls et al., 2004; Bates et
al., 2006). It is of utmost importance for the health of the animal that microbes that improve
gut function and the immune apparatus dominate these microbial communities. Therefore,
great efforts have been made to find dietary supplements that ensure that benign or
beneficial microbes dominate the gut microbiota of fish (Merrifield et al., 2010; Ringo et al.,
2010 b; Dimitroglou et al., 2011).

As is the case with terrestrial animals, the gut microbiota of fish is classified as
autochthonous or indigenous, when they are able to adhere and colonize the host’s gut
epithelial surface, or allochthonous, when they are incidental visitors in the GI tract, and are
expelled after some time without colonizing (Ringe & Birkbeck, 1999; Ringg et al., 2003; Kim
et al.,, 2007). Compared to the numerous studies describing the dietary effect on fish gut
microbiota (Ringe et al., 1995; Austin, 2006; Merrifield et al.,, 2010) relatively little
information is available about the effects of SBM and SBO (Ringe et al., 2002; Hekkinen et
al., 2006; Ringp et al., 2006; Bakke-McKellep et al., 2007 b; Ringg et al., 2008; Merrifield et al.,
2009; Cai et al., 2011).

3.1 Soybean meal

While much effort has focused on evaluating the extent of SBM induced histological damage
the effect on the gut microbiota of fish is not so well documented. This is partly because of
our lack of understanding of the importance of the gut microbiota in the past but as our
awareness of this complex microbial ecosystem has grown so too has our interest in the
factors that might impact or disrupt these communities.

As a result there are now several studies which have sought to assess the impact of dietary
SBM on fish gut microbiota. To our knowledge, the first is that of Hekkinen et al. (2006),
who utilised both culture-dependent and molecular methods (culture-independent) to
observe the effect of dietary SBM (hexane extracted; included at a dietary level of 45%) on
the gut microbiota of rainbow trout in comparison to a FM control group. After 8 weeks
feeding on the experimental diets the total culturable aerobic, aerotolerant culturable lactic
acid and total culturable anaerobic bacterial levels (CFU g1) were at least one log scale lower
in the SBM fed fish than the FM fed fish. Some tentative identifications of bacterial isolates
revealed that some bacterial genera/groups may have been specifically affected; compared
to the FM group a clear reduction of Lactobacillus spp. (FM = 8.57%, SBM = 0%; as a
percentage of isolates identified) and Sphingomonas spp. (FM = 31.4%, SBM = 3.7%) isolates
were observed in the SBM group. Conversely, an increase of Bacillus spp. (FM = 0%, SBM =
7.4%) and Chryseomonas spp. (FM = 5.7%, SBM = 22.2%) were isolated from the SBM group.
However, as this was not a comprehensive study (only 62 isolates were identified during the
trial) and identification was based on phenotypic and biochemical characteristics this data
should be viewed with caution. Culture-independent analysis, length heterogeneity analysis
of PCR amplified 165 rRNA (LH-PCR), from a secondary 18 week feeding trial also
suggested that dietary SBM induced qualitative changes in the microbial communities.
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Contrary to the findings of Heikkinen et al. (2006), a more recent study by Merrifield et al.
(2009), did not reveal any differences in the in total culturable aerobic levels when
comparing the autochthonous and allochthonous gut populations of rainbow trout fed a FM
control diet with those fed a SBM diet (SBM inclusion at 32%) for 16 weeks. The reason for the
differing outcomes is somewhat unclear but it may be related to 1] the different feeding
duration (8 weeks vs 16 weeks), 2] the different SBM inclusion level (45% vs 32%), 3] the
different SBM characteristics (SBM with hulls vs dehulled HiPro with lower fibre and higher
protein content), 4] the different culture conditions (plate count agar, 15°C, 21 days vs trytone
soya agar, 20°C, 7 days) and/or 5] other differences in the experimental rearing trial. Despite
this however, using partial 165 rRNA sequence analysis, Merrifield and co-authors observed
differences in microbial composition comprising the total viable populations (as illustrated in
Figure 6). This could be generally characterised as lower levels of Aeromonas spp. and Vibrio
spp., marginally higher levels Micrococcus spp. and a substantial increase in the allochthonous
levels of a group identified as belonging to the order Actinomycetales (isolates could not be
differentiated from Arthrobacter aurescens, Janibacter spp. and Streptomyces coelicolor) observed
in the SBM group compared to the FM group. Additionally, a population of Psychorbacter spp.
(Psychrobacter spp. PRwf-1, P. cryohalolentis or P. arcticus) was present only in the SBM fed
group. It was also observed that dietary SBM could affect the levels of indigenous yeast in the
gut. Yeast levels, tentatively identified as Saccharomyces spp., increased from 8.7% to 39.3% (FM
vs SBM; as a proportion of the culturable community), 17.3% to 19.3%, 12.7% to 52.7% and
14.0% to 48.7% in the anterior mucosa, posterior mucosa, anterior digesta and posterior
digesta, respectively. It was hypothesised that this might be a direct result of fermentable
carbohydrates provided by SBM. Oligosaccharides, such as stachyose and raffinose, typically
constitute about 4-5% of SBM by dry weight. Raffinose and stachyose consist of fructose,
glucose and galactose and many genera of yeast, including Saccharomyces, are able to ferment
various sugars, including glucose and galactose; hence, an increase in yeast numbers may be a
result of increased available sugars.

Fig. 6. Tryptic soya agar (TSA) plates showing culturable allochthonous bacteria isolated
from the posterior intestine of rainbow trout fed FM (A) and SBM (B) diets.
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EM confirmed the presence of complex autochthonous bacterial populations in close
association with of the mucosal brushborder of both FM and SBM fed rainbow trout but no
distinct colonisation patterns or differences between dietary groups was observed. Due to the
reduced density of enterocyte microvilli caused by dietary SBM the exposure of tight junctions
to brushborder bacterial populations was increased which may have negative connotations
towards defensive barrier function to opportunistic bacterial populations (Figure 4).

These findings are somewhat similar to those of Bakke-McKellep et al. (2007 b) who also
reported higher levels of yeast in SBM fed fish. Bakke-McKellep et al. (2007 b) investigated
the microbiota of seawater-adapted Atlantic salmon fed diets containing FM as the sole
protein source or diets containing 25% dehulled and extracted and toasted SBM. After 3
weeks the culturable aerobic autochthonous mid intestine, autochthonous distal intestine
and allochthonous distal intestine bacterial levels were higher in the SBM fed salmon
compared to the FM fed salmon. Diet dependent differences in the diversity of bacterial
strains identified were also observed. The number of different genera and strains identified
were similar in the SBM fed (26) and FM fed (24) fish but the number of some isolated lactic
acid bacteria (Marinilactibacillus psychrotolerans and Carnobacterium (piscicola) maltaromaticum)
was higher in the FM fed salmon. However, Brevibacterium and Enterococcus spp. were
detected in the SBM group but not in the FM group.

In a later experiment post-smolt Atlantic salmon were fed a FM diet or diets containing
14.7% soy fibre (N100), 14.7% extruded soy fibre (E100) or 43.6% SBM (with hull, hexane
extracted and toasted) for 4 weeks (Ringe et al.,, 2008). Culturable allochthonous and
autochthonous bacterial levels within the mid and distal intestine were determined and 165
rRNA sequence analysis was used to identify isolates. Contrary to the findings of Bakke-
McKellep et al. (2007 b) no significant differences were observed between viable counts from
the intestinal samples of the respective FM and soy fed groups. Differences between the
bacterial groups were observed which appear to verify some of the findings observed by
Bakke-McKellep et al. (2007 b). Specifically, Carnobacterium spp. were sensitive to the
inclusion of dietary SBM; high levels of Carnobacterium spp. were identified as both
autochthonous and allochthonous populations with the distal intestine of fish fed the FM
diet but were completely absent from both sampling points of the mid and distal intestine of
the SBM fed fish. In contrast, Bacillus spp. were the greatest genera isolated from the digesta
(allochthonous) of the FM fed fish (log 5.8 CFU g1) but were completely absent from both
the mid and distal digesta of the SBM fed fish. Several other bacterial species, present at
lower levels, were identified as present in one of the dietary groups but absent in the other.
Some information is also available on the effect of dietary SBM on the culturable intestinal
bacterial levels (Refstie et al., 2006; Ringe et al., 2006) and composition (Ringg et al., 2006) of
Atlantic cod. These studies compared the allochthonous and autochthonous bacterial
populations within the foregut, mid gut and hindgut chamber of cod fed a FM diet with cod
fed a diet containing 24.6% SBM (dehulled and solvent extracted) or 21.4% bioprocessed
extracted SBM (BPSBM; the bioprocessing reduces the oligosaccharide and phytic acid
content, concentrates the protein, and eliminates anti-nutritional factors). Five of the six
intestinal bacterial populations investigated were significantly affected by dietary SBM but
only three were affected by dietary BPSBM (Refstie et al., 2006). Compared to the FM group,
the autochthonous culturable levels were higher in all three intestinal regions whereas the
allochthonous levels were significantly lower in the foregut and midgut of the SBM fed
group. The autochthonous foregut, allochthonous foregut and allochthonous mid gut levels
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were all significantly higher in the BPSBM group than the FM group. The allochthonous
distal population remained unaffected by either dietary treatment.

Ringo et al. (2006) used standard biochemical methods and 165 rRNA sequencing analysis
(425 isolates) to identify a total of 944 of the isolates derived from these intestinal sampling
regions. The authors concluded that the intestinal tract of fish fed FM was dominated by
Gram-positive bacterial genera (most notably Brochothrix spp., Carnobacterium spp. and
unknown Gram-positive cocci) whereas Gram-negative bacteria (such as Chryseobacterium
spp., unknown Gram-negative rods and a number of Psychrobacter and Psychrobacter - like
spp.) were more frequently isolated from the fish fed the SBM and BPSBM diets. The
diversity of Psychrobacter spp. was also greater in the SBM and BPSBM groups and several
other strains (e.g. Acinetobacter johnsoni, Jeotgailbacillus psychrophilus and Jeotgalibacillus - like)
were found to be uniquely present in the SBM group as a minor component of the
community. Although no clear differences in carnobacterial levels were apparent (there
were marginal differences which hinted at a lower frequency of isolation from the BPSBM
fed cod) in vitro antagonism assays against A. salmonicida and V. (L.) anguillarum suggest that
there might be differences in the carnobacteria antagonistic properties. For example, 57.8%
of Carnobacterium isolates from the FM group demonstrated antagonistic activity against one
or both of the pathogens but only 33.3% of the SBM isolates were able to antagonise one or
both of the pathogens and 38.5% of isolates from the BPSBM group inhibited the growth of
A. salmonicida (none were effective against V. (L.) anguillarum). Although this was only a
small scale preliminary investigation it may have relevance to previous observations of
elevated disease susceptibility of fish fed SBM.

In contrast to the growing literature available on the effect of SBM on the gut microbiota of
salmonid fish species relatively little is known about other fish species. This is likely because
it has been generally accepted that non-salmonid fish species are less susceptible to enteritis
and histological damage of the intestine as a result of dietary SBM inclusion. However, some
information is available.

Dimitroglou et al. (2010) assessed the gut microbiota of gilthead seabream fed diets with or
without mannan oligosaccharides (MOS) in both FM and SBM (solvent extracted, included
at 31.3%) diets. PCR-DGGE analysis revealed clear differences in the allochthonous
microbial communities, reflected by cluster analysis from dendrograms (depicting low
similarity between treatments) and by higher species richness (increased observable
phylotypes; FM = 14.5 £ 0.7 vs SBM = 25.0 + 0.0), microbial diversity (shannon weaver index;
FM = 2.65 £+ 0.05 vs SBM = 3.17 + 0.01) and higher similarity between replicates (SIMPER;
FM = 84.79% vs SBM = 92.25%). Unfortunately, no phylotypes were sequenced so
identification of sensitive species in the study remains unknown. However, the study
revealed that dietary SBM had a greater effect on the gut microbiota than dietary MOS as
MOS was shown to affect the microbial communities in the FM fed group but any potential
for modulation in the SBM group was masked by the effect of SBM.

In contrast to the clear changes observed in gilthead seabream (Dimitroglou et al., 2010), Cai
et al. (2011) observed no significant affect of dietary SBM (30% inclusion) on the gut
microbiota of silver crucian carp (Carassius auratus gibelio x Cyprinus carpio) after 3 weeks
feeding. Total culturable aerobic, anaerobic, presumptive Aeromonas spp., presumptive E.
coli, presumptive Clostridium perfringens and presumptive bifidobacteria levels remained
unaffected by dietary treatment. Further molecular studies and identification of isolates are
required to validate these findings.
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Despite the growing number of studies beginning to shed light on the effects of dietary SBM
on the gut microbiota of fish, present information is largely based on cultured isolates. As is
typically the case with microbial communities from the aquatic environment, the
culturability of the gut microbiota of fish is inherently low; culturability of the gut
microbiota of rainbow trout has typically been reported to be 3-50% (when using the
following culture conditions - TSA, 7 days, 15°C) (Spanggaard et al., 2000; Huber et al., 2004)
or 18% (TSA, 10 days, 17°C) (Navarrete et al., 2010), ca. 1% in coho salmon Oncorhynchus
kisutch (TSA, 10 days, 17°C) (Navarrete & Romero, 2006) and <1% in Atlantic salmon (TSA,
10 days, 17°C) (Navarrete et al., 2009). Therefore it is essential that culture-independent
techniques be employed in future studies. As there is limited knowledge about the effect of
soybean products on the largely unculturable proportion of gut microbiota, particularly
anaerobic microbial communities which have yet to be studied, in the GI tract of various fish
species, important questions are raised: is it possible to increase the population level of
beneficial gut bacteria by inclusion of dietary soybean products and will these beneficial gut
bacteria improve fish welfare? Indeed, it has been suggested that SBM-oligosaccharides may
have potential to be utilised as prebiotics to fortify microbial balance and improve host
health (Gibson et al., 2004).

Additional investigations need to extend to other important aquatic species as SBM is one of
the commonly used plant proteins incorporated into aquafeeds (Gatlin et al., 2007).
Furthermore, studies should focus on the autochthonous populations as these populations
are in intimate contact with the host epithelium and are of high importance in terms of
stimulating host inflammatory responses.

3.2 Soybean oil

It is generally accepted that dietary manipulation modulates the gut microbiota (e.g. Bakke-
McKellep et al. 2007b; Merrifield et al., 2009; Dimitroglou et al. 2010) and several studies
have observed sensitivity of the gut microbiota of fish to different dietary lipid levels (Lesel
et al., 1989; Ringo & Olsen, 1999) and different dietary plant oils (Ringe et al., 2002; Montero
et al., 2006). However, to our knowledge only one study has assessed the effect of dietary
SBO on the gut microbiome of fish. In their study with Arctic charr, Ringe et al. (2002)
evaluated the effect of SBO on the autochthonous gut microbiota. The presence of
autochthonous bacteria associated with the microvilli of fish fed the SBO enriched diet is
demonstrated in Figure 7.

The bacteriological results of the study showed modulation of the gut microbiota by SBO as
well as inter individual fish variations. Specific differences between the groups were the
marginal elevation of the total culturable population (by over log 0.5 CFU g1) in the SBO
group and differences of the bacterial components comprising this community. For example,
Acinetobacter spp. (log 4.35 CFU g1), Carnobacterium spp. (log 4.41 CFU g1), coryneforms (log
4.59 CFU g1) and Kurthia spp. (log 4.29 CFU g1) were key components in all 5 fish replicates
from the SBO group but were completely absent in all FO fed fish. Conversely, Aeromonas
hydrohpila (log 3.85 CFU g1, present in 5 fish) and Moraxella spp. (log 3.35 CFU g, present in
3 fish) were present in the FO fed fish but were absent in the SBO fed fish. The authors
further evaluated the microbial communities after a challenge with Aeromonas salmonicida
ssp. salmonicida (furunculosis). Post challenge the total viable bacterial levels in both dietary
groups was reduced, however, the counts were reduced to ca. one log CFU g lower in the
SBO group than the FO group. Differences in the levels of certain microbial groups persisted
after the challenge: Acinetobacter spp. and Carnobacterium spp. were present in the SBO fed
charr but absent in the FO fed charr and Micrococcus spp. were present in the FO fed charr
but absent in the SBO fed charr.
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Fig. 7. TEM micrograph of the midgut of Arctic charr fed a diet containing SBO. Note the
substantial numbers of bacteria (arrows) associated with the microvilli (MV) of the

enterocytes. X 3,750 magnification. After Lademel et al. (2001).

4. Conclusion

Even though numerous papers regarding the effect of dietary soybean products on the gut
histology and gut microbiota of fish have been published in peer reviewed journals further
investigations are needed. Using plant-based raw materials may have both advantages and
disadvantages. Firstly, imbalanced plant based diets and noxious compounds such as anti-
nutrients may impair fish immunity, maturation and functionality of the intestinal mucosa,
the first line of defence and in particular damage the GI tract which is a port of entry for
many pathogenic agents. Furthermore, endothermic and fish studies have shown atrophy of
intestinal mucosa and a reduction in its absorptive and immunological capacity in response
to high dietary SBM inclusion. Secondly, using the correct mixture of plant based additives,
provides not only the option of limiting harm, but there is also an interesting possibility to
enhance GI immunity and disease resistance. Current knowledge is however relatively
limited in this regard. However, based on the likelihood that future aquaculture will have to
rely on plant-based raw materials, it is strongly recommended that these topics should be
given high priority in the years to come. Readers with special interest in the use of plant
products in aquaculture are referred to the reviews of Gatlin et al. (2007), Barrows et al.
(2008) and Krogdahl et al. (2010).
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