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Abstract

A 12-week feeding trial with common carp (Cyprinus carpio) was conducted to test the
hypothesis that compound diets formulated on the basis of different soybean cultivars will
have effects on growth parameters, feed utilization, and digestive system histology. Soy-
bean grains were from the following cultivars: Alisa (SB-A), Balkan (SB-B), and Galeb
(SB-G). The fourth tested diet contained grains from a mixture of different SB cultivars
(SB-M). The results confirmed the tested hypothesis, as the fish from the group SB-A
showed higher average weight gain, specific growth rates, and feed efficiency, as well as
lower feed intake and feed conversion ratio, compared to the groups SB-B and SB-M. On
the other hand, diets were expected to cause inflammation in the distal intestine of the fish,
but this did not occur. Histological examination of the intestine and liver, performed at
the end of weeks 1, 3, 6 and 12, showed no pathological changes. Most of the differences
between the groups were found at the end of the trial. The group SB-A had a higher surface
area of different intestinal layers compared to the groups SB-B and SB-G. The surface area
of the goblet cells was greatest at most of the time points in SB-M. In the liver, the evalu-
ation of the surface area of hepatocytes and their nuclei showed no significant differences
between the groups. The differences in final body mass, which showed a maximum value
of 18% between the groups, could be of significant importance for culture of this freshwa-
ter species.
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Introduction

The shortage of fishmeal (FM) remains one of the biggest concerns for the sustainabil-
ity of aquaculture and the aquafeed industry (Hua et al. 2019). Especially in the last
30 years, a large number of papers has been published to find alternative ingredients
to replace FM in fish diets. Novel ingredients from microalgae (Carneiro et al. 2020;
Milledge, 2011; Siddik et al. 2024; Sgrensen et al. 2017) or insects (Barroso et al. 2014;
Belghit et al. 2018; Hua 2021; Mohan et al. 2022) have come into focus in recent years,
but the majority of published studies have investigated the use of plants as an alternative
to replace FM in fish diets (Aragdo et al. 2022). Due to low production costs and global
distribution, plant seeds are the ideal choice to replace FM. Among commercially avail-
able crops, soybean seed (SB) is one of the preferred options due to its balanced amino
acid composition and high protein content (Gatlin et al. 2007). SB is usually offered in
the form of soybean meal (SBM), which shows promising growth parameters in sev-
eral fish species if inclusion rates are low to moderate. The disadvantage of SB and
SBM as ingredients for fish feeds is that they contain several classes of antinutritional
factors (ANFs), namely, saponins, lectins, phytosterols, and protease inhibitors (Francis
et al. 2001; Krogdahl et al. 2010), which can cause problems in the metabolism and lead
to inflammation of fish distal intestine and, in the worst case, mortality.

Carnivorous species in general, including fish from the economically important fam-
ily Salmonidae, show a high degree of distal intestine enteritis induced by diets containing
SBM (Agboola et al. 2022; Baeverfjord and Krogdahl, 1996; van den Ingh et al. 1991). The
extent of SBM-induced enteritis is highly dependent on the fish species, and even two spe-
cies of the same genus (Chinook salmon (Oncorhynchus tshawytscha) and pink salmon (O.
gorbuscha)) respond differently to feeding diets in which 20% of FM is replaced by SBM
(Booman et al. 2018). The effects of high levels of SBM in the diet of carnivorous fish and
the development of intestinal pathology result in reduced growth and are also associated with
changes in intestinal microbiota (Kononova et al. 2019; Zhang et al. 2022). Intestinal inflam-
mation can be alleviated in several ways: (a) by reducing the amount of SBM in the diet
(Agboola et al. 2022); (b) by including bacterial meal or lactic acid bacteria in the fish diet
(Nimalan et al. 2023; Romarheim et al. 2011); (c) by incorporating plant extracts in diets
(Fehrmann-Cartes et al. 2019); (d) by adding glutamine to fish diets (Gu et al. 2021); (e) by
thermal processing (Krogdahl et al. 2010); (f) by fermentation (Novriadi et al. 2018; Refstie
et al. 2005) or (g) by adding enzymes (Novriadi et al. 2019) to SBM-based diets. In addition,
certain technological processes can be used to produce refined products from SB, such as
soy protein concentrates which have no restrictions for feeding fish, including carnivores, in
which intestinal inflammation does not occur (Kaushik et al. 1995; van den Ingh et al. 1991).
When SB or SBM is processed in any of the above ways, its antinutrients are altered, but
this also increases the cost of producing feed. The cost of producing fish feed is even more
important in developing countries, e.g., in Asia, where fish protein accounts for between 15
and 53% of the total animal protein source for human consumption (Mohan Dey et al. 2005).
In these countries, fish of lower economic value, such as cichlid or cyprinid fish, are usually
produced. Common carp is an omnivorous and agastric fish species, but it is also prone to
develop enteritis in the distal intestine when 20% of FM in its diet is replaced by SBM (Uran
et al. 2008a). The inflammation lasts for a shorter duration compared to carnivorous species
due to fast adaptation of its digestive system to the SBM-based diet (Uran et al. 2008a).
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Ingredients are of utmost importance in feed formulation and SB genotype must be con-
sidered before the decision which SB cultivar or breeding line will be used for feed formula-
tion. It is well known in plant science that the different SB genotypes have a wide variation
in protein, lipid, and carbohydrate content (Medic et al. 2014; Thakur and Hurburgh, 2007;
Vollmann et al. 2000) and in ANFs (Gu et al. 2010; Mittal et al. 2021; Vlahakis and Haze-
broek 2000), but these facts have not been sufficiently explored in the aqua feed industry.
As far as the authors are aware, the effects of different origins of SBM in fish feeds have
been assessed in a single study, which found a different intensity of enteritis when Atlantic
salmon (Salmo salar) were fed diets containing SBM purchased on different continents (Uran
et al. 2009).

Considering these facts, the main objective of the present study is to test the hypothesis
that the growth performance and functional histology of the liver and distal intestine of
common carp depend on the inclusion of different SB cultivars in the diet.

Materials and methods
Experimental diets

To achieve the objective of the present study, four extruded diets were formulated
(Table 1). Diets were based on FM, SBM, ground whole SB, wheat, and corn grains using
the same formulation except for the alternative origin of SB. Three different SB cultivars
were selected for the experimental diets: Alisa (SB-A), Balkan (SB-B), and Galeb (SB-G).
The first two cultivars were developed by the Institute of Field and Vegetable Crops (Novi
Sad, Serbia), registered in 2005 and 1994, respectively, and are grown throughout Serbia
and some European countries such as Hungary and Bulgaria (Miladinovic et al. 2006). The
third cultivar, SB-G, was developed by Delta Agrar Company (Belgrade, Serbia) and is
registered for use in Serbia, Romania, and Italy. The SB-M diet used comes from a com-
mercially available mixture of different SB cultivars grown and collected at a major SB
producer (Sojaprotein, Becej, Serbia).

Experimental design

For conducting the 12-week nutritional trial, 1+ year-old common carp juveniles from the
Center for Fishery and Applied Hydrobiology “Mali Dunav” of the Faculty of Agricul-
ture, University of Belgrade, were used. Twenty-three fish were randomly placed in each
of the 12 indoor conical-bottomed tanks (4 experimental groups in triplicate, 69 fish per
group, 276 fish in total) with a volume of 120 L filled with dechlorinated tap water (flow-
through system; exchange rate of 0.34 L min~") with natural photoperiod (March—June).
The fish were allowed to acclimatize to the new tanks for 20 days before the experiment
began. During the acclimation period, they were fed daily ad libitum with FM diet that
did not contain SB and SBM. Water temperature, dissolved oxygen concentration (DO),
and oxygen saturation of the water in the tanks were automatically recorded every 10 min
with a Stationary system (OxyGuard, Farum, Denmark). The average values of environ-
mental parameters recorded during the experimental period were as follows: temperature,
22.3 (0.3) °C; DO, 8.8 (0.6) mgL™'; oxygen saturation, 99.1 (4.2) %. After the start of the
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Table 1 Ingredients and
chemical composition of the
experimental diets

Experimental diets

SB-A SB-B SB-G SB-M
Ingredients (g kg™")
Fish meal® 180 180 180 180
Whole soybean grain
Alisa 250
Balkan 250
Galeb 250
Mixture 250
Corn grain® 100 100 100 100
Wheat grain® 60 60 60 60
Soybean meal® 200 200 200 200
Yeast 160 160 160 160
CaCO; 12 12 12 12
Methionine 2 2 2 2
Lysine 6 6 6 6
Vitamin and mineral premix® 20 20 20 20
Ca(H,PO,), 9 9 9 9
NaCl 1 1 1 1
Chemical composition (%)
Dry matter 92.8 92.7 93.4 92.9
Crude protein 38.3 37.7 41.4 36.1
Crude lipid 9.2 10.6 9.1 12.6
Ash 114 7.8 7.2 8.2

Sardine fish meal (51% protein, 12% lipid)

®Corn grain (8% protein, 4% lipid, 60% starch)
“Wheat grain (9% protein, 3% lipid, 65% starch)

4Soybean meal (44% protein)

®Mineral and vitamin premix (Veterinarski Zavod, Serbia): total Ca
(%) min, 1.6; total P (%) min, 1.2; vitamin A (IU kg_l) min, 15,000;
vitamin D3 (IU kg_l) min, 2500; vitamin E (mg kg_l) min, 90; vita-
min C (mg kg~!) min, 200; lysine (%) min, 2.3; methionine + cystine

(%) min, 1.2

experiment, fish were fed each day (except 1 day prior to the sampling and on the sampling
days) using AGK belt feeders (Kronawitter, Wallersdorf, Germany), at a quantity of 3% of
the total fish body mass calculated for each tank. The fish were measured every fortnight to
be able to adjust the amount of given diet.

Growth performance and feed utilization

Growth performance and feed utilization were evaluated through the set of standard

formulas:
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Specific growth rate (SGR) = [(anf - ani) xd' x 100]
Food conversion ratio (FCR) = FI X (Wf - Wi)_1
Feed efficiency ratio (FER) = (Wf - Wi) x FI™!
Protein efficiency ratio (PER) = (Wf - Wl) x PI™!

Fulton's condition factor (CF) = (W x L™) X 100

where W; is the final and W, is the initial body weight (g), d is the number of feeding days,
FI is the feed intake (g), PI is the protein intake (g), W is the body weight (g), and L is the
fork length (cm).

Fish sampling

For histological examination of the distal intestine, fish were sampled at the end of weeks 1
(WO01), 3 (WO03), 6 (W06), and 12 (W12) after the start of the study. The rationale for this deci-
sion was based on the study by Uran et al. (2008a), which showed that the effects of enteritis
in common carp last for about 40 days and peak after 7 days. The fish were not fed for 24 h
before sampling. On the day of sampling, fish were taken randomly from each tank, anesthe-
tized with clove oil, and measured to determine total length (cm) and weight (g). One fish per
tank was taken for histological analysis at W01, W03, and W06 (three per group), while two
fish per tank were taken at the end of the experiment (six per group). The fish were then sac-
rificed by a sharp blow to the head and dissected through an incision on the ventral side of the
body. The distal part of the intestine, which was about 2 cm long, was cut off and immediately
placed in 4% formaldehyde (Lach-Ner, Neratovice, Czech Republic). A liver sample was taken
from the same fish sacrificed at the end of the experiment (at W12).

Histological processing

After 48 h of fixation in formaldehyde, the distal intestine and liver samples were trans-
ferred to 70% ethanol and later dehydrated in a graded ethanol series followed by xylene
clearing, oriented, and embedded in paraffin in an automated tissue processor (Leica TP
1020, Nussloch, Germany). Samples were later sectioned to a nominal thickness of 5 pm
(Leica SM2000R, Nussloch, Germany) and mounted on glass slides. The intestine was
stained with a combination of Alcian blue 8G at pH 2.5 (AB) and periodic acid-Schiff
(PAS), while the liver was stained using PAS only. All slides were later counterstained
with hematoxylin, and stains were purchased from Merck (Darmstadt, Germany). The
paraffin-embedded tissue was sectioned extensively and two complete cross-sections of
the distal intestine and the liver were obtained from each sample. The sections were pho-
tographed using an optical microscope DM LB (Leica, Mannheim, Germany) equipped
with the DFC 295 camera (Leica, Mannheim, Germany).

@ Springer



6908 Aquaculture International (2024) 32:6903-6921

Quantification of intestinal tissue and structures

The cross-sections were blinded, photographed in a series of smaller photographs with
a X10 objective, and later assembled into one photograph using the Mosaic] plug-in
(Thévenaz and Unser, 2007) installed in ImageJ v1.44p software (Schneider et al. 2012).
To achieve an unbiased approach, a set of test points is superimposed on a whole image
and the point-count intercept method (Gundersen et al. 1988) is used to quantify the
surface profile area of the intestinal layers: (a) lamina epithelialis; (b) lamina propria;
(c) tunica muscularis. The points were equally spaced 172 pm apart in the x and y axes
(Fig. 1) and on average 720 points per section hit the tissue.

To estimate the surface areas (a) on the cross-section of the slide, a surface area
of 0.0296 mm? (172x 172 pm) was added to each test point (Gundersen et al. 1988).
A simple approach was used to determine the surface area of the tunica mucosa:
Ay sucosa = Uepithetiatis T Y propria- Quantification of goblet cells and intraepithelial mac-
rophages was performed by systematically, uniformly, and randomly taking photomi-
crographs of the intestinal folds with a x40 objective (15 photomicrographs on aver-
age). Using the methodology described earlier, a test grid with a density of 13x17
points was placed over each photomicrograph (an average of 2555 points encountered
on the tissue of a single fish), and the points intercepting goblet cells (P,.) and epithe-
lial cells (P,,) were counted. The surface area of the goblet cells was calculated as fol-
LOWS: 4 piuretss = Dapithetiatis X Pee X (Pacege) - 101 @ddition, two derived volume density estimates
(Vy propria, t.mucosa) and ¥, (gobletcells, Lepithelialis)) Were calculated as the number of points
falling on the structure (P,) divided by the total number of test points hitting the tissue
layer (Pt):‘A/V =P,xP

i
+
+
+
3
N
+ o+
+ ¥

Fig.1 Test grid (red crosses) superimposed on the entire section of the distal intestine. The crosses are
equally spaced 172 pm apart in the x and y directions and were used to estimate the surfaces of the histo-
logical layers (AB/PAS; bar =0.5 mm)
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Quantification of hepatocytes

Liver samples from six animals per group were analyzed at W12. A series of ten micro-
scopic images were taken per fish with a X100 objective using the principle of system-
atic, uniform random sampling. To quantify the surface profile area of the cells and their
nuclei, only hepatocytes with visible nucleoli were analyzed, as previously recommended
(Raskovi€ et al. 2019). As in the intestine, the method of point counting was used with
a test grid superimposed on the microphotographs. The density of the test grid was
10X 10 pm (100 um?) for estimating the surface area of the hepatocytes and 3 x3 pm (9
um?) for the nuclei. On average, 102 hepatocytes were quantified per fish.

Quantification of PAS positivity in liver sections

To quantify the differences in glycogen content in the hepatopancreas, five microscopic
images of PAS/H stained tissue sections per animal were analyzed at X40 objective mag-
nification using Image J software. The Colour Deconvolution plugin was used to convert
RGB 256-bit images of PAS/H stained samples into two channels, one of them represent-
ing the PAS-staining. The mean gray level was measured for each PAS-channel image, and
arbitrary values were calculated as 1000/grayscale level to obtain a direct proportionality
between the PAS intensity and the values obtained. Six animals per group were studied.

Statistical analysis

All experimental datasets were first subjected to the Shapiro-Wilk test for the normality
assumption and the Levene test for the homoscedasticity assumption. As all datasets met
both assumptions, differences between experimental groups were tested using a one-way
test ANOVA, followed by Duncan’s multiple range test (DMRT) as a post hoc test. Data
in the manuscript are presented as means (standard deviation (SD)), while the significance
level () was set at 5%.

Results

There were no statistical differences in body mass and Fulton’s condition factor between
the experimental groups at the beginning of the trial (Table 2). Fish fed SB-A diet showed
superior growth compared to fish fed SB-B and SB-M diets, as evidenced by significantly
higher values for body mass, weight gain, and specific growth rate (p <0.05) at the end of
nutritional assays. The final Fulton’s condition factor of the fish fed with SB-A showed
significantly lower values compared to the fish fed with SB-G (p <0.05). The results of the
feed utilization analyses were similar, as FCR, FER, PER, and feed intake were highest in
the SB-A group compared to in the SB-B and SB-M groups (p <0.05). No mortality was
observed in either group during the course of the experiment.

Histological assessment revealed no signs of inflammation of the distal intestine
(Fig. 2). The intestinal tissue appeared normal and no differences were noted on the his-
tological sections between groups. Supranuclear vacuoles and intraepithelial macrophages
were present in all sampled fish. On the other hand, the estimation of the surface areas of
the histological layers showed significant differences between the groups at the end of the
experiment (W12; Fig. 3).

@ Springer



Aquaculture International (2024) 32:6903-6921

6910

(0°0 > d “TMINA £q pamof[oy

‘VAONY) sdnois [ejuowriodxo usom)aq SOOUIOYIP [eo1Isne)s Juasardar Mol owes oy} ul sanfea uedamiaq s10)9f yduosiadns Juaraffip {(JS) sonjea ueaws se pajuasaid are eieq

001 001 001 001 (%) @ye1 [eAIAING
2q(#0°0) ¥9°0 4(£0°0) 09°0 »(10°0) 99°0 «(20°0) S0 (¥94d) oner K>usIdyye urejoId
o(T0°0) S¥'0 a(10°0) S¥°0 o(10°0) 970 10°0) €7°0 (3 ‘L.D) oyeaut paag
2(#0°0) 09°0 o(€0°0) ¥9°0 A10°0) 850 «(£0°0) 69°0 (¥d:1) ones KousdYR pasg
0(1T°0) L9'T 4(80°0) 8S°1 (€0°0) PL'T «(90°0) S¥'1 (MDA) OnEI UOISIOAUOD Paog
a(10°0) €8°1 o(L0°0) S8°T 4(20°0) 08°1 «(€0°0) SL'T (;-wod 3 D) 10308} UONIPUOD [eUL]
(10°0) 89'1 (€0°0) OL'T (€0°0) ¥9'1 (200) 891 (;-ud 5 %IDI) 10308} UONRIPUOD [eNIU]
4(60°0) TS'T (8070 95°1 a(80°0) 9¥°1 «(S0°0) 69°T (;-Kep % “4DOS) 9e1 YPMoI3 dyroadg
LSD LLET @(€FD) SHrl (81D 0'8CI «(8'8) 8°291 (8 *oM) ures 1yStom
«6'S1) 9061 @OF1) S°L61 8 TD 0181 «(F'8) §'1CT (3 ‘gD ssewr Apoq [eurg
(T0)6TS (L0)0€s o) 1€ (€0)Les (3 ‘NgD) ssew £poq [eniug
N-4S D-4s q-4gs v-ds Iojowrered

Jo1p TRIURWILIAd XY

SyeoMm 7 J9)e Ss1aIp [ejuawadxa pay dies uowwos Jo uonezinn pasy pue dduewIofed yymoin g ajqel

pringer

Qs



Aquaculture International (2024) 32:6903-6921 6911

Fig.2 Histological sections of the distal intestine of common carp fed four experimental diets based on
soybean cultivars (SB): (A) SB-A; (B) SB-B; (C) SB-G; (D) SB-M; The intestinal folds have a similar
appearance in all groups: the lamina propria is located in the center of the intestinal fold, parallel to the
long axis of the fold, while the lamina epithelialis is composed of enterocytes (columnar epithelial cells)
and intraepithelial macrophages (double arrowheads). The enterocytes show a typical organization with
abundant supranuclear vacuoles (asterisks) and dark blue—stained goblet cells. Note the presence of eosino-
philic granulocytes in the I propria (arrowheads), excessive mucus (arrows), and enlarged /. propria in the
SB-M group (X400, AB/PAS, bar =50 pm)

The average surface area of the I propria was higher in the group SB-M than in the
groups SB-B and SB-G at the W06 sampling (Fig. 3; p<0.05). However, at the end of
the experiment (W12), the SB-A group had higher average surface area compared to the
groups SB-B and SB-G (Fig. 3; p <0.05). The surface area of the I. epithelialis was smaller
in the SB-G group than in the SB-A at W12 (Fig. 3; p <0.05), while T. mucosa was largest
in the SB-A group compared to the SB-B and SB-G groups at W12 (Fig. 3; p <0.05). The
same trend was observed for the 7. muscularis at W12. Goblet cells surface area analysis
showed the highest values in the SB-M group during W03 and W06, while at W12 no
statistical differences between experimental groups were obtained (Fig. 3; p>0.05). When
comparing the mean volume density of the [. propria in relation to the t. mucosa, which
generally decreases over time in all groups, no statistical difference was found between
the test groups (p>0.05; Fig. 4). Regarding the mean volume density of the goblet cells
in relation to the L epithelialis, the highest value was noticeable in the SB-M at the end of
W01 and W12, compared to the SB-A and SB-B groups (p <0.05; Fig. 4).

Histological analysis did not reveal significant histopathological alterations in the
liver of the experimental groups at the end of W12 (Fig. 5). The hepatocytes of all
experimental groups were mostly pale due to the large vacuolization and small amount
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Fig.3 Quantitative assessment of the surface areas (mm?) of the histological layers in the cross-section of
the distal intestine using the point-count intercept method. The graphs in the same row show the results of
the fish sampled at the end of the following weeks: week 1 (A-E); week 3 (F-J); week 6 (K-0); week 12
(P-T). Different letters in a graph represent statistical differences between fish fed experimental diets based
on soybean cultivars (SB) within the same intestinal layer (ANOVA, followed by DMRT, p < 0.05)

of cytoplasm. Large nuclei with prominent nucleoli were present in the center of the
cell or slightly eccentric. Histological and morphometric analysis of the hepatocytes
showed no statistical difference between the experimental groups at the end of the study
(Fig. 6). The size of the hepatocytes, expressed as the surface area, was similar in the
groups. In like manner, no significant alterations in nuclear surface area were observed
between the SB groups. However, the intensity of PAS staining was significantly higher
in SB-A and SB-B groups compared to the other two groups (p <0.05) (Fig. 6).
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Fig.4 Mean volume density: (A) of I. propria in relation to . mucosa and (B) of goblet cells in relation to
L. epithelialis in the intestine of common carp fed five experimental diets based on soybean cultivars (SB)
and sampled at different time points (weeks 1, 3, 6, and 12). Different letters represent statistical differences
between fish fed experimental diets within the sampling time point (ANOVA, followed by DMRT, p <0.05)

Discussion

Significant differences in growth performance were found between experimental diets,
which depended solely on the source of SB. The differences in weight gain in the pre-
sent study did not reflect levels of proteins and lipids in the experimental diets, implying
that the probable reason for these differences was the difference among the SB cultivars.
Namely, it was shown that different SB cultivars could vary in the concentrations of ANFs
(Hoeck et al. 2000). Among them, lectins and trypsin inhibitors, known to impair growth
and cause intestinal inflammation in fish, are normally reduced in the technological process
of preparing extruded feed (Barrows et al. 2007), which was used in the present study, but
this is not the case for saponins. Soy saponins are capable of reducing growth and induc-
ing enteritis in fish (Gu et al. 2018; Krogdahl et al. 2015). They damage membranes and
induce necrosis of enterocytes, which is associated with the release of pro-inflammatory
cytokines, an increase in oxidative stress, and subsequent migration of lymphocytes into
the intestinal mucosa (Gu et al. 2021; Zhou et al. 2023). In addition, saponins have a bitter
taste (Wanka et al. 2019) and can cause palatability problems in fish, but feed intake was
similar between groups, so the bitter taste was likely neutralized by other feed components.

Urén et al. (2009) found differences in the intensity of intestinal inflammation in Atlan-
tic salmon when 20% of FM was replaced with six SBM diets derived from plants from
four continents. Growth rate was not reported in this study, but inflammation was clearly
dependent on the SBM selected. A similar study was conducted on Pacific white shrimp
(Litopenaeus vannamei) fed diets containing different varieties of SBM from the state of
[linois, USA (Galkanda Arachchige et al. 2019). The results showed effects on body mass,
weight gain, feed conversion ratio, total growth coefficients, and survival rate of shrimp
after a 5-week feeding trial. These results support the differences in growth performance
of common carp fed grains from different SB cultivars in the present study. Both studies
confirm that the origin of SB and SBM can affect different aquaculture species and lead
to their improved or deteriorated growth. The explanation for this phenomenon in Pacific
white shrimp is either the different range of ANFs in SBs or the digestibility and absorp-
tion of nutrients (Galkanda Arachchige et al. 2019). Soybean varieties have also been tested
as a factor in rat diets, and results showed an inverse correlation between soybean trypsin
inhibitor concentration and lectin content and growth (Gu et al. 2010).
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Fig.5 Histological appearance of the hepatocytes of the sampled fish at the end of the study (W12). The
hepatocytes had a similar appearance in the majority of the sampled fish, with the exception of one indi-
vidual in group SB-G and one individual in group SB-M, which are marked with arrows. Some sections
contained red granules in the cytoplasm (arrowhead), which we believe to be a staining artifact (PAS; bar
=20 pm)

There are several possible explanations for why there were no signs of enteritis in the
distal intestine of common carp in the first 21 days of the study, as expected in a previ-
ous study by Urén et al. (2008a): (1) In studies where FM was completely replaced
by SBM in the diet of common carp, a smaller distal intestinal absorption area was
observed after 90 days compared to FM (Markovi¢ et al. 2012). In the present study, the
percentage of FM replaced by SB and SBM was probably insufficient to cause intestinal

@ Springer



Aquaculture International (2024) 32:6903-6921 6915

w
1<}
>

E
< < 2
= £ 20 S
zn >
2 200 = z2
2 g 15 238
° o S
8 100 8 10 0w S
£ £ 7
5 a 5 —
@ 3 8 =
=]  e—
0 0 =
X b o N > s > X 2 g N
f & & K ¥ & & K ¥ & ¥ &
Experimental diet Experimental diet Experimental diet

Fig.6 Estimation of surface areas (pmz) of (A) hepatocytes and (B) their nuclei at the end of the trial (week
12) and (C) intensity of PAS staining. Different letters represent statistical differences between groups
(ANOVA, followed by DMRT, p <0.05)

inflammation. Intestinal inflammation is a dose-dependent process, which is confirmed
in studies where FM is gradually replaced by SBM in the diets of Atlantic salmon and
turbot (Scophthalmus maximus) (Gu et al. 2016; Krogdahl et al. 2003). However, replac-
ing 20% FM with SBM in common carp diets resulted in distal intestine inflammation
(Urén et al. 2008a) which is a contradictory result compared to that in the present study.
(2) Another reason could be the high content of brewer’s yeast (Saccharomyces cer-
evisiae) in all tested diets (160 g kg_l). Enteritis in Atlantic salmon is prevented when
another single-cell protein source, a bacterial meal, is included in the feed (Romarheim
et al. 2011). The positive effect on the growth of common carp was confirmed when
FM was replaced in their diet by yeast protein concentrate at a level of 7.5-50%, while
at the same time there was no adverse effect on distal intestinal morphology, except
for an increased number of goblet cells (Omar et al. 2012). Another study in common
carp showed improved growth performance when SBM was replaced with 5% yeast in
the diet (Mares et al. 2023). Yeast cell walls also act as an immunostimulant in the diet
of Japanese sea bass (Lateolabrax japonicus) and have no effect on the histology of its
digestive system (Yu et al. 2014). (3) The extrusion process, in which feed ingredients
are mechanically sheared at high temperature and pressure in the presence of moisture,
alters the structure of ingredients and content of ANFs, primarily endogenous trypsin
inhibitors (Barrows et al. 2007), which cause inflammation of distal intestine in fish
(Santigosa et al. 2010). In other studies, the use of extruded diets also leads to improved
growth in rainbow trout (Oncorhynchus mykiss) and common carp (BozZi¢ et al. 2021;
Oliva-Teles et al. 1994; Raskovi¢ et al. 2016a, b).

Although intestinal inflammation was not detected in the present study, the pro-
file area of enterocytes (represented as the area of I epithelialis on the cross-sec-
tion of the intestine) and r. mucosa showed differences between fish fed experimen-
tal diets. SBM in fish diets causes shorter intestinal folds and/or lower enterocyte
height in several omnivore and carnivore species (Wang et al. 2016; Wu et al. 2020;
Zhu et al. 2021). A larger surface area of the mucosal profile is considered a benefi-
cial feature of the intestine because nutrients can be absorbed more efficiently. When
Atlantic salmon are fed an SBM diet, the number of enterocytes undergoing apoptosis
in the epithelium is increased, but cells in the [. propria show no differences when
immunolabeled with caspase-3 antibodies (Bakke-McKellep et al. 2007; Hofoss®ter
et al. 2023). Loss of enterocytes leads to reduced metabolism and disruption of nor-
mal physiological digestive processes. In turbot fed SBM diet, the expression of anti-
apoptotic gene B-cell lymphoma 2 (bcl-2) and three pro-apoptotic genes bcl-2-like
protein 4 (bax), BH3 interacting-domain death agonist (bid), and caspase-3 (casp3)
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is upregulated in the distal intestine compared to fish fed FM diet, while diversity
and dysbiosis of the intestinal microbiota were also detected in the SBM group (Li
et al. 2022). The increase in the surface area of the I propria is another marker of
deteriorated intestinal health and is usually accompanied by infiltration of eosino-
phils, monocytes/macrophages, and neutrophils (Uran et al. 2008a), which were not
found in greater abundance in the present study. The surface area of the [ propria
was greater in the SB-A group, but when the values were normalized to the surface
area of the 7. mucosa and the volume density is calculated, there were no statistical
differences. The SB-M group had the highest values for goblet cell surface area and
volume density when normalized to [. epithelialis. These changes were subtle, but
shorter mucosal folds, a wider L. propria, and a higher number of goblet cells are sug-
gested as markers of inflammation of distal intestine in the scoring system published
by Urén et al. (2008b). The proliferation of goblet cells allows for increased mucus
production, which serves as protection for the epithelial lining of the intestine (Wil-
lora et al. 2022). Alterations in the t. muscularis were not part of the aforementioned
scoring system and this layer is not the first choice in evaluating gut histology, but in
the present study it is thickest in the fish with the highest weight gain (SB-A group).

The liver is the major organ of carbohydrate and lipid metabolism in animals and
as such is the primary storage organ for energy. Therefore, planar morphometry of
hepatocytes is often used as an indirect marker of liver function in nutritional assays
(Raskovic et al. 2011). Replacement of FM with SBM in dietary experiments can alter
the size of hepatocytes and their nuclei (Matuli¢ et al. 2020), but is highly depend-
ent on the species studied and diet composition, particularly the ratio of FM replaced.
When common carp are fed diets based on SBM and without FM, there are no sig-
nificant differences in the size of hepatocytes or their nuclei (Markovi¢ et al. 2012).
The histological appearance of the hepatocytes was typical compared to other nutri-
tional assays in common carp (BoZi¢ et al. 2021; Kesbig et al. 2023; Xie et al. 2021)
or another cyprinid species, crucian carp (Carassius carassius) (Kasprzak et al. 2019).
Although this type of vacuolization is sometimes referred to as steatosis, transmission
electron microscopy of common carp hepatocytes revealed that the vacuoles usually
contain lipid droplets and glycogen in different ratios as we have previously demon-
strated (RaSkovi¢ et al. 2016b) and are therefore defined as “normal hepatocytes of
well-fed fish” (Couch, 1993). When steatosis occurs in fish liver, the nuclei of hepato-
cytes are displaced to the periphery of the cell and are normally in contact with the
cell membrane (Caballero et al. 1999). Since this was not the case in the liver of herein
analyzed experimental groups, we can conclude that in addition to the absence of his-
topathological changes (i.e., cell death foci, fibrosis, lymphocyte infiltration, etc.), we
were not able to detect alterations in hepatocyte appearance, regarding their size and
size of their nuclei, as well as the lipid droplets accumulation (i.e., steatosis). The only
difference noted was the lower PAS staining intensity in SB-G and SB-M groups. This
indicates a lower glycogen reserve in the hepatocytes of these groups. Glycogen deple-
tion in hepatocytes is known to be caused by the increased presence of isoflavones in
fish feed (Gu et al. 2015), which are found in high concentrations in soybean. There is
a high probability that the soybeans used for the production of fish feed in these two
groups had a higher content of isoflavones. However, in a study in which isoflavones
were added to the feed of rainbow trout, contradictory results were shown. No PAS
staining was observed either in the control group or in fish fed isoflavone-rich diets
(Pastore et al. 2018), which is pointing to species-specific effects.
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Conclusions

This study has proven that the growth of juvenile common carp is dependent on the choice
of soybean cultivars incorporated to the diet. The differences in final body mass of 18%
may be of great importance for the rearing of this freshwater species, but further studies
are needed before this result can be used further. The histology of the intestine and liver did
not show any pathological changes during the experiment at the selected sampling times.
Inflammation of the distal intestine did not occur, contrary to the hypothesis tested, but the
histomorphometric parameters showed a deterioration of intestinal health in some groups,
which corresponded with poorer results in the growth parameters of the common carp.
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