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Abstract

Some components of plant-based meals, such as saponins and vegetal proteins, have been proposed as inducers
of intestinal inflammation in some fish. However, the molecular and cellular bases for this phenomenon have not
been reported. In this work, zebrafish were used as a model to evaluate the effects of individual soybean meal
components, such as saponins and soy proteins. Zebrafish larvae fed a fish meal feed containing soy components
were assessed according to low and high inclusion levels. The granulocytes associated with the digestive tract
and the induction of genes related to the immune system were quantitated as markers of the effects of the dietary
components. A significant increase in the number of granulocytes was observed after feeding fish diets con-
taining high saponin or soy protein contents. These dietary components also induced the expression of genes
related to the innate immune system, including myeloid-specific peroxidase, as well as the complement protein
and cytokines. These results reveal the influence of dietary components on the stimulation of the immune
system. These observations could be significant to understanding the contributions of saponin and soy protein to
the onset of enteritis in aqua-cultured fish, and this knowledge may aid in defining the role of the innate immune
system in other inflammatory diseases involving dietary components in mammals.

Introduction Because of its availability, soybean meal (SBM) represents
an alternative protein source for use in feed production.'?

THE DIGESTIVE TRACT is a critical location for the combined =~ SBM contains 462-562 g/kg crude protein and an appro-
interactions among the host, the microbiota, and the ele-  priate amino acid proﬁle.12 However, the problem with the
ments ingested in the diet."” In this compartment, the high  consumption of a plant-based diet that includes SBM prod-
levels of metabolic activity that occur are essential for several —ucts is the induction of an inflammatory response in the
host attributes, including nutrition and immunity.>® The digestive tract of a broad spectrum of fish (enteritis). This
primary purpose of the digestive tract is to digest foodstuffs ~ disorder is characterized by changes in absorptive cells, the
into molecules suitable for absorption by the various trans- increased presence of inflammatory cells, endocytic block-
port mechanisms of epithelial border cells.*® Some foodstuffs ing, the shortening of villi, and the disruption of microvilli.
can alter these functions, especially when dietary changes are ~ This disorder may at least partially explain the negative ef-
unavoidable.”® This phenomenon is particularly relevant in  fects of SBM products on growth parameters and feed uti-
the case of farmed fish because their current diets include a  lization."*® Immunological mechanisms are likely involved
greater proportion of crop ingredients, which are used to re- in the underlying pathology, but the precise causes of the
place increasingly expensive fish meal.”"! The inclusion of ~inflammatory process have not yet been clarified. It is ac-
plant-based ingredients may have deleterious effects on fish ~ cepted that these effects are mediated, at least in part, by
growth and performance, especially in carnivorous fish such  antinutritional factors, such as soyasaponins (SAPs), which
as salmonids,®'” and these effects can be related to enteritis ~disrupt the intestinal barrier by altering membrane perme-
syndrome.'? This pressure for replacement has generated in-  ability.'”** Saponins are glycosides produced by more than
terest in studies focused in the impact of these ingredients on 100 families of plants, such as soy, pea, sunflower, and lupin.
the health of the fish digestive system and its relationship with ~ Soybeans generally contain saponins in the range of 1-5g/kg,
the immune system.® and the levels in soybeans are generally higher than in other

'Laboratorio de Biotecnologia, Instituto de Nutricién y Tecnologia de los Alimentos (INTA), Universidad de Chile, Santiago, Chile.
2Biotechnology PhD Program, University of Santiago of Chile, Santiago, Chile.
*Department of Biological Sciences, University Andres Bello, Santiago, Chile.

41



42

common feedstuffs.”® Saponins are amphipathic molecules
containing a hydrophobic steroidal or triterpenoid aglycone
to which one or more hydrophilic sugar chains are attached.
The inclusion of SAPs into fish diets has been associated with
morphological changes and inflammation of the intestinal
epithelium in Salmo salar, Cyprinus carpio, and Paralichthys
olivaceus.">'**!

The current data on SBM use in salmonids indicate dele-
terious effects at moderate-to-high levels of its inclusion in
their diet; however, the factors causing these negative effects
remain unknown. Knudsen et al.'® incorporated a crude eth-
anol extract from soybeans into a salmon diet and concluded
that both soy saponins and an unidentified compound were
likely contributors to enteritis in salmon. The immunological
responses induced by saponin inclusion in S. salar have been
recently revealed by Kortner et al.?? In this study, saponin was
included into different plant-based diets, and the tran-
scriptomic response was analyzed using microarray technol-
ogies. The combination of saponin with pea concentrate
protein produced the highest enteritis levels as well as the
upregulation of several genes, including cytokines, NF«xB-
and TNF-z-related genes, and regulators of T-cell function.

Similarly, Chikwati et al.** evaluated saponin supplemen-
tation in combination with several plant-based proteins. In a
diet containing pea protein concentrate, saponin supplemen-
tation induced dramatic effects that were similar to the typical
effects induced by SBM diets. In contrast, dietary SAP sup-
plementation (20%-30% SBM) had minor negative effects
when combined with maize gluten or sunflower meal.
Therefore, these studies reveal the importance of protein
source in the modulation of enteritis levels.

Glycinin and f-conglycinin, the major storage proteins in
soy isolates, have been investigated using various animal
models, including mice, swine, and calves.?*2° Collins et al.?”
studied the inclusion of soybean, pea, and canola meals and
their protein concentrates on the growth of rainbow trout but
found only minor growth with SBM and canola meal; soybean
and canola protein concentrates did not show alterations in
the growth parameters. These results suggest that plant-based
proteins may be involved in the induction of inflammatory
signals. It is well known that soy proteins have immunogenic
properties,28 but the occurrence of this phenomenon does not
establish whether soy proteins are immunogenic in fish.

It is clear that the etiology of the SBM-induced enteritis
process needs to be better characterized. More knowledge
about the early development of enteritis will contribute to the
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elucidation of the mechanisms underlying this disorder and
may shed light on other food-sensitive enteropathies, such as
human celiac disease, which is an intestinal disorder associ-
ated with vegetal proteins. The zebrafish (Danio rerio) is a
commonly used model organism in developmental, molecu-
lar, and toxicological studies. It has been proposed as a model
for immunological studies, and more recently, it has been
explored as a model for nutrition® for inflammatory disor-
ders of the digestive tract.*” Sissener ef al.*! used zebrafish in a
feeding trial study to assess their use as a model organism for
feed ingredient safety assessments.

In this study, the zebrafish was used as a model to assess
the effect of soybean components on the immune system. The
purpose was to evaluate whether SAP or soy protein isolate
(SPI) supplementation in a fish meal diet might affect the in-
nate immune system of zebrafish by promoting granulocyte
activation and inducing inflammatory signals, as assessed at
the level of gene expression.

Materials and Methods
Zebrafish husbandry and feeding

Zebrafish were maintained and raised in our facility ac-
cording to standard protocols.®” The Tab5 (wild type) strain
and Tg(mpx:GFP)""* (ZFIN ID: ZDB-GENO-070118-1) line of
zebrafish were used in this study. All embryos were collected
by natural spawning, staged according to Kimmel et al.*® and
raised at 28.5°C in the E3 medium (5 mM NaCl, 0.17 mM KCI,
0.33mM CaCl,, 0.33mM MgSO, without methylene blue,
equilibrated to pH 7.0) in Petri dishes, as described previ-
ously.** The embryonic and larval ages are expressed in days
post-fertilization (dpf). All animals subjected to experimen-
tation were anesthetized with tricaine (Sigma), and all pro-
cedures complied with the guidelines of the Animal Ethics
Committees of the Universidad de Chile.

After hatching, the larvae were rinsed twice and trans-
ferred to six-well plates. Beginning at 5 dpf, the larvae were
provided with experimental diets twice daily (Table 1). Each
dietary treatment was performed at least in triplicate. The
powdered feed was left over the wells for 1 h, after which time
the larvae were rinsed and transferred to a new plate. The
treatment was completed at 10 dpf (after 5 days of feeding),
and gene expression analysis and granulocyte quantification
were performed. As a reference, a group of control zebrafish
was fed a diet consisting of fish meal (100% of the protein was
provided by fish meal). The experimental diets corresponded

TaBLE 1. EXPERIMENTAL DIETS FOR FEEDING ZEBRAFISH LARVAE

Ingredients (g/kg) Control diet SPI (low) diet”

SPI (high) diet® SAP (low) diet® SAP (high) diet*

Fish meal 640 426
Soy protein isolate - 137
SAP - -

Wheat meal 190 126
Vitamins and minerals 2.7 2.7
Total protein content 484 421

284 640 632
311 - -
- 6.6 11
85 189 188
27 2.7 2.7
478 483 478

“The supplementation level of soy protein approximated a level provided by a 30% SBM dietary inclusion.
"The supplementation level of soy protein approximated a level provided by a 50% SBM dietary inclusion.
“The supplementation level of SAP approximated a level provided by a 30% SBM dietary inclusion.
9The supplementation level of SAP approximated a level provided by a 50% SBM dietary inclusion.

SBM, soybean meal; SPI, soy protein isolate; SAP, soyasaponin.
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to diets supplemented with SAP or SPIs (Gushen Biological
Technology Group Co., Ltd.). These components were incor-
porated at two levels. The low-SPI or low-SAP diets corre-
sponded to a supplementation with SAP or soy protein at
approximately the level provided by 30% SBM dietary in-
clusion (Table 1), with 70% of the protein from fish meal and
30% from soy protein. The high-SPI or high-SAP diets corre-
sponded to supplementation with SAP or soy protein at ap-
proximately the level provided by 50% SBM dietary inclusion.
In high-SPI diet, 50% of the protein was from fish meal and
50% was from soy protein. The “low” diets mimicked the
current levels of SBM in fishfeed, whereas the “high” diets
corresponded to an experimental approach to reveal the ef-
fects of the individually supplemented components upon the
induction of inflammatory signals.

The fraction of larvae ingesting the experimental diets was
evaluated. For each diet, 100 larvae were assessed in groups
containing 20 fish and were fed for 5 days as described pre-
viously. After feeding, the larvae were examined under a
stereomicroscope to determine the fraction of larvae con-
taining food in the digestive tract. During the experiment,
~50% of the larvae contained ingested food in their digestive
tracts. A representative assay is shown in Supplementary
Figures S1 and S2 (Supplementary Data are available online at
www liebertpub.com/zeb). Considering this result, only the
larvae exhibiting feed within their guts were analyzed in the
experiments involving SAP or SPI supplementation.

In preliminary studies, the control diet (100% of the pro-
tein from fish meal) was compared with the Sera micron
zebrafish diet, which is commonly used at this growth stage.
The number of granulocytes that were associated with the
digestive tract and the expression of inflammation-related
genes were evaluated. For each diet, 120 larvae were as-
sessed in groups containing 20 fish and were fed for 5 days
as described previously. The results were derived from the
fraction of larvae that ingested the feed. The results indicated
no significant differences in the number of granulocytes as-
sociated with the digestive tracts of the larvae fed with these
diets (Supplementary Fig. S3). However, a slight stimulation
of the genes related to the immune system was observed in
larvae fed with the Sera micron commercial diet (Supple-
mentary Fig. S4).

Sudan Black staining of granulocytes

To identify the granulocytes in the zebrafish larvae, Sudan
Black staining was performed, as described previously.3 The
larvae were anesthetized and mounted as described.” The
larvae were fixed for 90 min in 4% glutaraldehyde buffer for
30 min at room temperature and then were stained with 0.18%
Sudan Black, followed by extensive washing in 70% ethanol.
Considering that in the stomachless larvae, the absorptive
function is performed along the digestive tract, and the ab-
sorbed molecules (proteins) are degraded intracellularly,35
the granulocytes were observed for the purposes of this study
using a lateral view of the tail, which contains the entire di-
gestive tract. The images were captured with a Moticam 2500
camera connected to an SMZ168 Motic stereomicroscope. The
images were then processed using Image Analyzer 1.32 soft-
ware. The granulocytes associated with each fish’s digestive
tract were quantified. These results were processed using the
SPSS 8.0 program by performing a one-way analysis of vari-

ance (ANOVA) to identify significant differences between the
experimental groups. To determine the significant differences
between groups, Dunnett’s multiple comparison was used.

Detection of neutrophils in the digestive tract
using Tg(mpx:GFP)""'* line zebrafish

To determine the location of neutrophils in the digestive tract
of fish, a transgenic fish line was used Tg(mpx:GFP)"'* 3¢ This line
has been proposed as an in vivo model for genetic analysis of the
inflammatory response and expresses green fluorescent protein
(GFP) under the neutrophil-specific myeloperoxidase promoter.
Cells expressing GFP were located in zebrafish sections using an
anti-GFP antibody (cat: A11122; Invitrogen) and an immuno-
histochemistry protocol described by Westerfield et al.** The
detection of neutrophils was performed on zebrafish fed with the
control diet or experimental diets (high-SPI, high-SAP), as de-
scribed previously. The secondary antibody was goat anti-rabbit
IgG-HR Peroxidase (cat: A8275; Sigma), and ImmPACT DAB
Peroxidase Substrate (3,3"-Diaminobenzidine) was used to reveal
the brown color (Vector Laboratories). Sections lacking the pri-
mary antibody were used as negative controls. After completion
of the feeding period, the fish were fixed with 4% paraformal-
dehyde in phosphate-buffered saline for 45 min, and the larvae
were transferred finally to 100% methanol (MeOH) and stored at
—20°C overnight. To complement the histological analysis, sag-
ittal sections of the zebrafish larvae were stained with hema-
toxylin and eosin.

Histology of fish sections

Whole zebrafish were embedded in Epon resin for electron
microscopy. Sagittal sections were constructed with a slice
thickness of 2 yum by the Leica RM2135 microtome. Finally, the
sections were stained with toluidine blue for 15s for obser-
vation under the microscope.

Gene expression analysis

To study the immunogenic properties of SAP or SPI in-
corporation into the high-SPI and high-SAP diets, a set of
genes related to the innate immune system was assessed.
These genes were myeloid-specific peroxidase (mpx), com-
plement component c3b (c3b), lysozyme (lyz), serum amyloid
A (san), and the cytokines interleukin 1, beta (i/1b), and tumor
necrosis factor a (tnfa). Their relative expressions were deter-
mined using the larvae fed the control diet (100% protein of
fish meal) as the reference condition; this reference was
compared to the treatment condition, which corresponded to
the larvae fed diets supplemented with SAP or SPI at high
levels of supplementation. For each diet, three replicates of
120 larvae were assessed in groups containing 20 fish and
were fed for 5 days as described previously. Only larvae that
ingested feed were considered for further analysis. Total RNA
was extracted from pools containing five larvae using TriPure
reagent (Roche) according to the manufacturer’s instructions
and was then stored at —80°C. Subsequently, cDNA was
obtained using the ImProm-II Reverse Transcription system
(Promega) according to the manufacturer’s instructions with
random hexamer primers. Each cDNA sample was assessed
in quadruplicate (four quantitative polymerase chain
[qPCR] reactions); primers and qPCR conditions appear in
Table 2 as described by Rawls et al.' and specificities were
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TABLE 2. PRIMERS SEQUENCES AND CONDITIONS OF REAL-TIME PCR

ZFIN ID

Alignment cycle/extension

Reverse

Forward

Gene

ZDB-GENE-040927-15
ZDB-GENE-030131-9460
ZDB-GENE-990415-36
ZDB-GENE-070410-9

ZDB-GENE-040702-2

5% (63°C)/10s
55 (59°C)/10s
55 (64°C)/10s
5s (62°C)/10s
55 (60°C)/10s

CAGGCCTTTAAGTCTGTATTTGTTG

GTTCACTTCACGCTCTTGGATG
GTCGTCCGGCAAAACTGAA
GGTTGATTCCGATAACGAACGA

GCGTAGGATCCATCTGGTTTG

TGGACTTCGCAGCACAAAATG
CGCAGAGGCAATTCAGAT
TCCAAAGCTATGTGGGATGTGA
TGGGAGGCAATAGGCATGA
CACTTGTCCCTCTAAGAAGTTGCA

18S rRNA

il1b
saa
mpx
c3b

il1b, interleukin 1, beta; saa, serum amyloid Al; mpx, myeloid-specific peroxidase; c3b, complement component c3b; 18S rRNA, small subunit ribosomal RNA.
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validated using melting curves. The mean Ct values from
each sample were normalized against the mean Ct value of
a reference gene (ribosomal RNA, 18S, housekeeping gene)
as previously described.! The relative quantification of each
gene was obtained using the Pfaffl method and REST 2009
software (Qiagen). This software includes a statistical test to
determine the accuracy of the relative expression, which is
complex because the ratio distributions do not have a
standard deviation. The REST 2009 software overcomes this

FIG.1. Larvae after staining with Sudan Black to reveal the
granulocyte number after being fed different diets. Visuali-
zation of granulocytes localized close to the digestive tract
after Sudan Black staining. Larvae fed the control diet (100%
fish meal based) are shown in (A); larvae fed the high-soy
protein isolate (SPI) diet in (B); and larvae fed the high-
soyasaponin (SAP) diet in (C). The region marked with the
black rectangle indicates the area evaluated for the granulo-
cyte count. The images were taken with a camera Moticam
2500 connected to an SMZ168 Motic stereomicroscope.
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limitation by using a simple statistical randomization test that
analyzes the permuted expression data rather than the raw Ct
values input by the user.”

Results

Effect of dietary supplementation on the number
of granulocytes associated with the digestive tract

At 5 dpf, triplicate groups of fish were fed a dry micro-
particulate feed (20 um); the dietary treatment was completed
at 10 dpf. Then, the larvae were stained with Sudan Black to
examine the number of granulocytes around the digestive
tract. The images captured corresponded to lateral views of
the larvae’s tails to visualize the granulocytes along the body.
In particular, granulocytes were observed in the sections close
to the digestive tract. In Figure 1, the characteristic black
staining that identifies the granulocytes can be observed.
Figure 1A shows a larva fed the control diet; few granulocytes
(mean=16) are located near the digestive tract. In contrast,
Figure 1B presents a larva fed the high-SPI diet, in which the
number of granulocytes in the analyzed area was increased
(mean=23). This high number of granulocytes was also ob-
served in larvae fed the high-SAP diets (Fig. 1C).

The number of granulocytes in the larvae fed the control
diet was compared with the numbers observed in the larvae
fed the plant-based diets (low- and high-SAP or low- and
high-SPI diets). Figure 2 presents the means and distribution
obtained after statistical analysis, indicating that larvae fed
low-SAP or low-SPI diets showed no significant differences
from the control group. In contrast, larvae fed high-SAP or
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FIG. 2. Increased number of granulocytes in regions of the

digestive tract of zebrafish larvae fed SAP or SPI. Quantifi-
cation of granulocytes in the gastrointestinal tract of zebra-
fish larvae fed the experimental diets SPI and SAP. For each
diet, 120 larvae were assessed in groups containing 20 fish
and were fed for 5 days as described previously. The results
were derived from the fraction of larvae that ingested the
feed. The larvae fed high-SAP or high-SPI showed significant
differences in the number of granulocytes with respect to the
group of larvae fed the control diet (*). In contrast, larvae fed
low SPI or Low SAP showed no significant differences with
respect to the control diet. These results were processed us-
ing SPSS 8.0 performing a one-way analysis of variance
(ANOVA) to find significant differences among the experi-
mental groups. To determine the significant differences be-
tween the groups, Dunnett’s multiple comparison was used.

high-SPI diets exhibited markedly increased granulocyte
levels and significantly differed from the control group, re-
vealing the important effect of the soy-supplemented com-
ponents in the diet.

Detection of neutrophils in the digestive tract using
Tg(mpx:GFP)""* line zebrafish. To determine if neutrophils
can be localized in the intestinal region in larvae fed different
diets, immunohistochemical examination was performed. To
make easy the localization of the neutrophils, the transgenic
strain Tg(mpx:GFP)'* was used. In these larvae neutrophils
express GFP under the control of myeloperoxidase promotor,
hence these cells can be localized using anti-GFP antibody and
revealed by a brown mark. The localization of neutrophils is
shown in Figure 3. This figure shows representative sections
of larvae fed control (Fig. 3A) or experimental diets (high-SP]I,
high-SAP; Fig. 3B and C, respectively); in all samples, the
brown mark indicating the localization of neutrophils was
near to the lumen of the digestive tract. The Figure 3D shows
negative samples, where only the secondary antibody was
used; in this figure, no brown marks were detected, discard-
ing unspecific reactions. In these immunohistochemical as-
says, no quantification can be performed; however, these
results support that the Sudan black-quantified granulocytes
were mostly located in the gut.

Effect of dietary supplementation on the expression
of genes related to the innate immune system

To characterize the effect of the incorporation of high-SAP or
high-SPI levels into the diet, several genes related to the innate
immune system were assessed by qPCR. Their relative expres-
sions were determined using the larvae fed the control diet as a
reference condition; the expression of these genes was compared
for the high-SPI- or high-SAP-treated larvae. The expression of
cytokines, such as il1b and tnfa, was assessed because these
proteins are important for the initiation and amplification of
inflammatory reactions and constitute important targets for
modulating excessive inflammation. In addition, the genes re-
lated to the innate immune cells were analyzed with mpx and lyz.
The most important granulocytes correspond to the neutrophils,
which can be identified by a high number of refractive granules
in the cytoplasm, and their activity can be associated with the
expression of mpx. The lyz gene was previously thought to be
macrophage-specific; however, multiple reports indicate that lyz
is also expressed in neutrophils. The expression levels of acute-
phase proteins, including saz and c3b, which are integral com-
ponents of the complement system, were analyzed to determine
their similarities in terms of their response to infection.

Larvae fed the high-SPI diets exhibited a significant and
increased expression of proinflammatory cytokines i11b and
tnfa (marked with asterisks in Fig. 4). This result was con-
current with the induction of mpx and saa, which were also
significantly different from the control group. In the group fed
the high-SAP diet, the expression profile was more complex.
The cytokines were not significantly induced. However, il1b
levels tended to increase while varying widely, and the ex-
pression of tnfa remained almost unchanged. Interestingly,
the expression of the acute-phase proteins saa and c3b was
significantly induced, and this result was concurrent with a
significant increase in the expression of mpx (marked with
stars in Fig. 4).
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FIG. 3. Detection of neutrophils in the di-
gestive tract using Tg(mpx:GFP)"'* line
zebrafish. Immunohistochemical examina-
tion of representative sections of larvae fed
control (A) or experimental diets (high-SPI,
high-SAP; B and C, respectively). (A) In-
cludes an insert remarking the digestive re-
gion used in the histological examination. In
all samples, the brown mark indicated the
localization of neutrophils near to the lumen
of the digestive tract. The (D) shows negative
sample, where only the secondary antibody
was used; in this panel, no brown marks
were detected. The brown color is the result
of reaction between peroxidase-conjugated
antibody and DAB substrate. Toluidine blue
was used like ink contrast for the nuclei. m,
muscle; pc, pigment cells. Color images
available online at www liebertpub.com/zeb

"' g“h . __‘--

Discussion

The zebrafish represents a model with unique genetic and
in vivo imaging advantages that permit the rapid in vivo
analysis of several processes, including developmental di-
gestive physiology and disorders associated with the diges-
tive tract.”®* Despite these advantages and the interest in
zebrafish as a model for studies on nutrition or nutrigenomics
in other farmed finfish species, its potential as a model or-
ganism has not yet been fully realized.*

Zebrafish is a stomachless organism and, as in other cyp-
rinids, the uptake of foodstuffs and macromolecules (pino-
cytosis) occurs in its intestines.*'** Simultaneously, the gut
epithelium provides a physical and immunological barrier
capable of sensing and responding to microbial incursion or
gut lumen antigens.***> Therefore, we used the zebrafish as a
model for inflammatory disorders (enteritis) caused by the
inclusion of plant-based ingredients in fishfeed. This is a key
issue in understanding the contribution of foodstuffs to the
modulation of immunological responses initiated at the level
of the gut-associated mucosa. From a nutritional perspective,
this knowledge could guide diet formulations to avoid the
inflammatory effects of foodstuffs. From a defense point of
view, it will be important to modulate the immune system
using functional ingredients incorporated into the fishfeed.

In this study, we analyzed the influences of diets supple-
mented with SBM components (SAP and SPI) on the innate
immune system. These findings represent an initial step toward
determining the molecular and cellular bases for distal enteritis,
a phenomenon described across a broad spectrum of fish, in-
cluding salmonids, cyprinids, and flatfish. The transparency of
the early larval stage of the zebrafish allows for the detection of
ingested feed in the gut and also for the visualization of gran-
ulocytes near the gut. Our results indicated an increased number
of granulocytes associated with the digestive tract in larvae fed
high-SPI or high-SAP diets. The observed granulocyte infiltra-
tion can be regarded as a sign of gut inflammation because it has
been documented that the migration of these cells (mainly
neutrophils) to specific epithelia occurs as a response to in-
flammatory signals.**** These results were complemented with
those from Tg(mpx:GFP)'™* larvae fed the high-SPI and high-
SAP diets, among which a specific mark of neutrophils (stained
brown) indicated that these granulocytes localized to the gut
mucosa. An important aspect of this study is that zebrafish ap-
pear to be incapable of mounting an antibody response until
early adulthood, 4 weeks postfertilization, before which they
rely exclusively on their innate immune system.* Therefore, in
the assessed larvae at 10 dpf, the observed response to the diets
supplemented with SBM components may rely only on the in-
nate immune system. In contrast, most studies have been
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FIG. 4. Induction of genes related to the innate immune

system after being fed with SAP or SPI. Graphs of the rela-
tive expression of immune genes in zebrafish larvae fed the
experimental diets, high-SAP or high-SPI, using a control
diet as the reference condition. For each diet, three replicates
of 120 larvae were assessed in groups containing 20 fish and
were fed for 5 days as described previously. Only larvae that
ingested feed were considered for further analysis. On the
left-hand side of the graph, the larvae fed with the high-SPI
diet showed significantly increased the expression of il1b,
tnfa, saa, and mpx (*p <0.05). The genes lyz and c3b showed
no significant expression difference compared to the control
diet. On the right-hand side of the graph, the larvae fed with
the high-SAP diet showed significantly increased levels of
saa, mpx, and c3b expression (*p <0.05). The genes il1b, tnfa,
and lyz showed no significant expression differences com-
pared to the control diet. Each cDNA sample was assessed in
quadruplicate (four qPCR), and specificities were validated
using melting curves. The relative quantification of each gene
was obtained using the Pfaffl method (2002), and the REST
2009 software (Qiagen) used 18S as a reference gene for nor-
malization. qPCR, quantitative polymerase chain reaction.

performed in juveniles or adult fish; hence, the observed effects
may not be attributed exclusively to the innate immune sys-
tem, 15182346

The low-SPI or low-SAP diets corresponded to the sup-
plementation level provided by 30% SBM dietary inclusion,
which is known to induce enteritis in salmonids and common
carp''®%, however and contrary to our expectations, the
zebrafish larvae fed the diets including low quantities of SBM
components (low-SAP, low-SPI) demonstrated no increase in
the quantity of granulocytes associated with the digestive
tract. This finding suggests that in zebrafish larvae a greater
amount of SAP or SPI is required to induce the inflammatory
signals when presented separately, whereas at low concen-
trations, probably several SBM components must be present
in the diet to induce inflammation. Considering these obser-
vations, low-SPI and low-SAP diets were not tested by gPCR
analysis. Chen et al?! reported similar results, noting that the
histological structure of the intestine of the Japanese flounder
(enteritis-like syndrome) was affected gradually in response to
diets supplemented with increasing concentrations of saponins
(from 0 to 6.4 g/kg). The effects of dietary saponins in fish have
been studied using different plant-based diets. Recently,
Chikwati et al.® evaluated SAP supplementation in combina-
tion with several plant-based proteins. The authors reported
that dietary SAP supplementation at a level expected in diets
containing ~20%-30% SBM caused minor-to-moderate effects
on the salmon intestinal physiology when added to diets

containing maize gluten, sunflower meal, and rapeseed meal.
An alternative diet containing pea protein concentrate, sapo-
nin supplementation induced major effects similar to the
typical effects induced by SBM diets. The increased granulo-
cyte number in larvae fed high-SPI diets suggests that dietary
plant-based proteins may be involved in the induction of in-
flammation signals.

The gene expression profiles observed in larvae fed diets
containing high levels of SPI or SAP revealed two important
issues. First, these diets induced the upregulation of genes
with recognized proinflammatory functions, such as il1b, tnfa,
and saa, which are involved in the recruitment and migration
of granulocytes.*” The second issue is the upregulation of
proteins involved in defense against infection, such as mpx
and c3b. Larvae fed the diets containing high-SPI exhibited
proinflammatory gene expression profiles. It is well known
that soy proteins have immunogenic properties.”’*® Glycinin
and f-conglycinin, the major storage proteins in soy isolates,
have been identified as important food allergens.*® Several
studies have been conducted to investigate the effects of
soybean glycinin and conglycinin on the local and systemic
immune responses using various animal models, including
mice, swine, and calves.”*2° Furthermore, the partial hydro-
lysis of these proteins by the fermentation of SBM reduces the
plasma immunoreactivity in pigs. However, studies con-
ducted in trout suggest that fractions of SBM containing these
proteins did not induce alterations in the histology of
trout.'®!” This discrepancy may be due to the use of diets
including low concentrations of soy proteins, which is coin-
cident with our results using the low-SPI diets.

However, larvae fed high-SAP diets exhibited an anti-
infection gene expression profile, upregulating proteins in-
volved in the defense against infection, including mpx and
c3b. The enzyme mpx is involved in the production of bac-
tericidal substances in granulocytes.** This induction coin-
cides with the greater number of immune cells in the larvae
fed the high-SAP diet. This result may also be related to the
stimulation of saa expression. Altogether, these results may
be explained by the action of SAPs on the gut. The mecha-
nism by which SAPs trigger the onset of enteritis has been
suggested to involve increasing the epithelial permeability,
thereby exposing the local immune system to foreign anti-
gens from the gut lumen and leading to an inflammatory
response. The foreign antigens that induce inflammation
could be antigenic legume proteins or antigens from the
intestinal microbiota. Brugman et al.* recently illustrated
the influence of microbiota on inflammatory syndromes in
the zebrafish gut. They used an oxazolone to induce en-
terocolitis in zebrafish and added antimicrobials to alter the
bacterial populations in the microbiota. Zebrafish dominated
by Fusobacteria demonstrated reduced enterocolitis scores. In
contrast, the dominance of Proteobacteria reduced eosinophil
and lymphocyte infiltration, but the enterocolitis scores were
not reduced.

The relation between gene expression and enteritis mani-
festation has been recently studied. Sahlmann et al.”° evalu-
ated multiple time points of the early response in the SBM
induced enteritis in the juvenile S. salar. These authors used a
microarray to describe the intestinal transcriptome and the
histological examination to describe the enteritis signals. They
showed that the change in the gene expression profile, espe-
cially in the immune system set, occurred previous to the
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manifestation of enteritis at the histological level. This finding
is coincident with our results in zebrafish larvae, in which we
found the increased expression of genes related to the im-
mune system. Subsequently, it is expected that the enteritis
symptoms were visualized in longer experimental designs.

In summary, these results indicate that both SAPs and SPIs
may play roles in the induction of the inflammatory signals
that lead to enteritis in the gut of fish when high levels of these
components are incorporated into the diet. This result also
supports the use of zebrafish as a model for studies on nu-
trition or immunomodulation associated with feedstuffs in
other farmed finfish species. In particular, this study estab-
lishes zebrafish as a model for studying plant-based diet-
induced enteritis, which constitutes a major problem in
aquaculture.
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