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Simple Summary: This work is dedicated to the study of the effects of three feed additives that are
promising for use in aquaculture on the culturable microbial community and the tissue structure
(histology) of the intestines of laboratory zebrafish. The feed additives used in this research have
different functional properties: (i) micronutrient chelated compounds, which eliminate mineral
nutrition deficiencies; (ii) butyric acid, a postbiotic drug aimed at stimulating intestinal bacteria
growth and improving immunity; and (iii) lycopene, a carotenoid and wide-spectrum antioxidant.
All of the tested supplements resulted in changes in the intestinal microbial community in both the
anterior and posterior intestines. The change in gut microbiota correlated with histological changes
in the intestines. The results of the study showed that in most concentrations, the feed additives had
a positive effect on certain groups of microorganisms. The method of microbiota research based on
microorganism cultivation used in this work makes it possible to evaluate the effect of feed additives
on the relative abundance of key representatives of the microbial community.

Abstract: In this study, the effect of three promising feed additives (chelated compounds of trace
elements, butyric acid, lycopene) on changes in the culturable microbiota and histological param-
eters of two sections of the intestines of Danio rerio (zebrafish) was studied. The use of these feed
additives can help to eliminate the deficiency of trace elements, modulate the composition of the
microbiota due to the postbiotic properties of butyric acid, and reduce oxidative stress when using
lycopene. Incorporation of the investigated supplements in the feed resulted in a significant change
in the relative abundance of certain groups of microorganisms. The taxonomic diversity of cultured
microorganisms did not differ in the anterior and posterior intestines, while there were differences in
the relative abundance of these microorganisms. The most sensitive groups of microorganisms were
the genera Bacillus and Serratia. A significant effect on the composition of the cultured microbiota
was caused by lycopene (in all studied concentrations), leading to a significant increase in the relative
abundance of Firmicutes in the anterior gut. Studies of the histological structure of the anterior and
posterior guts have shown the relationship between the barrier and secretory functions of the gut
and the composition of the microbiota while using butyric acid (1 and 2 g kg™') and trace element
chelated compounds (2 mg kg~!). This culture-dependent method of studying the microbiome makes
it possible to assess changes in some representatives of the main groups of microorganisms (Firmicutes
and Proteobacteria). Despite the incompleteness of the data obtained by the culture-dependent method,
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its application makes it possible to assess the bioactive properties of feed and feed additives and their
impact on the microbiota involved in digestive processes.

Keywords: intestinal microbiota; trace elements; butyric acid; lycopene; cultural-dependent method;
intestinal histology

1. Introduction

Increasing the productivity of industrial aquaculture is possible through the use of
special additives in the production of feeds, which have a whole range of useful functional
properties [1,2]. Among the additives that are currently used are vitamin and trace element
premixes, probiotics, and various biologically active substances (antioxidants, growth
stimulants, etc.) [3-7]. The performance of supplementation is assessed by a number
of parameters, typically gastrointestinal (GI) response, blood biochemical and immune
parameters, and growth metrics [8-12].

The GI microbiota plays an important role in digestion, immunity maintenance, and
gut barrier function [13-15]. The state of the microbiota can also serve as an important
indicator in the study of feed additives [16]. Composition of the gut microbiota can directly
affect the overall health of aquaculture species as shifts in microbiome composition can lead
to various diseases [15,17]. Current data show that the fish microbiome mainly includes
phyla such as Proteobacteria, Firmicutes, Bacteroidetes, Fusobacteria, and Actinobacteria [18-20].
The abundance of these microorganisms as well as the overall taxonomic diversity depends
on a number of exogenous factors [21,22], among which feeding is one of the key factors [23].

Among the feed additives, pro/prebiotic supplements have the greatest impact on
gut microbiota [24,25]. To date, the evaluation of the effects of organic and inorganic feed
additives on gut microbiota has been actively studied in both aquaculture species and
laboratory fish [26-29]. Some feed additives are rapidly absorbed in the GI tract without
significantly affecting the composition of the commensal microbiota. Nevertheless, they
can inhibit or stimulate the development of certain groups of microorganisms, which has
been demonstrated in several studies [21,30-32].

In this study, organomineral compounds (trace elements) in chelated form (CH),
butyric acid (BA), and lycopene (LYC) were used as promising feed additives. These feed
components are actively used in other areas of agriculture and have proven functional
properties [33,34]. Each of these feed additives is characterized by different mechanisms of
adsorption and incorporation into the metabolism. This suggests their unique influence
on the composition of the intestinal microbiota. Organomineral chelated micronutrient
compounds are a source of micronutrients and have greater bioavailability compared to
inorganic salts [35,36]. Butyric acid, which is a postbiotic drug, has positive effects on
gut microbiota and intestinal health [37]. In addition, butyric acid is constantly present
in the gut as a product of the metabolism of commensal bacteria, acting as an important
source of energy for the intestinal epithelium [38]. Lycopene is a promising antioxidant
with a wide range of biological activities (anti-inflammatory, detoxification, prevention of
cardiovascular disease) [39,40]. Lycopene is widely used both in the food industry [33] and
in aquaculture [41]. Carotenoids are widely used in aquaculture because they affect the
health, coloration, and quality of the meat [12].

Research on the effects of different feeds and feed components is convenient to carry
out on model objects. One of the most common test objects is Danio rerio (D. rerio), which is
widely used for toxicological, biomedical, and genetic studies [42—44]. D. rerio can be used
as an experimental model to develop new feed recipes for commercial aquaculture facili-
ties [45]. The studies performed on D. rerio have shown that the most represented groups of
intestinal-associated microorganisms are Proteobacteria, Firmicutes, and Fusobacteria [43,46].
In addition, many authors note the existence of variations in the composition of the micro-
biome in distinct parts of the intestine due to physiological differences in the digestion and
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absorption of nutrients [47]. Some authors believe that the main absorption of nutrients in
D. rerio occurs mainly in the anterior gut, where a large number of digestive enzymes are
present [43,48].

A lower diversity of gut-associated microbiota has been described for laboratory-
cultured fish compared to wild specimens [46]. This is because both exogenous (host
taxonomy) and endogenous factors are involved in the formation of the gut microbiome; in
particular, endogenous factors for laboratory fish can include the use of artificial feed [49,50],
the control of the presence of pathogenic bacteria, and the poor taxonomic composition
of aquatic microorganisms [51,52]. Various culture-dependent and culture-independent
techniques are used to study the gut microbiome. The use of culture-dependent techniques
allows only part of the gut bacterial community to be identified, not always reflecting the
real taxonomic diversity of the microbiome due to a lack of necessary medium selectivity
and the unculturable nature of some microorganisms, bacterial competition for nutrient
media, suppression of some bacteria by others, and the inability to culture dead or damaged
cells [53-55]. Although molecular genetic methods provide a more complete taxonomic
picture, it should be taken into account that they cannot always distinguish closely related
groups of microorganisms [56], are limited in the study of rare species, and are unable to
detect variations at the species level [57]. Based on this, it can be suggested that culture-
dependent techniques can be used to establish the main shifts in the relative abundance of
microorganisms when investigating the effects of the feed components and additives on
the commensal microbiota of aquaculture fish species. The absence of significant changes
in the microbiome when using feed components indicates the safety of the developed feed
formulations for aquaculture in the case of production feeds. In contrast, if the feed is
developed for the prevention and correction of the gut microbial community (probiotic
preparations, treatment of diseases), positive shifts in the microbiome should be confirmed.

The main part of the microbiome involved in the process of digestion, in contrast to
the transition microbiota, is located directly on the intestinal mucosa and, thus, participates
in the processes of the adsorption of nutrients. Changes in intestinal tissue morphology
may be related to the composition of the commensal microbiota. The combined study of
GI histology and the taxonomic composition of the microbiota allows for a more accurate
assessment of the effect of feed additives [43].

Thus, the present work intended to study the effect of the use of three feed additives
with different functional properties on the culturable microbiota of the anterior and poste-
rior sections of the intestine of D. rerio. The effect of these substances on the morphological
structure of the two sections of the intestine was also studied. In addition, this work
considered the possibility of using culture-dependent methods to study changes in the
intestinal microbiota of fish in the evaluation of feed and feed additives.

2. Materials and Methods
2.1. Animals and Experimental Conditions

All studies were performed in accordance with the guidelines of the Local Ethics Com-
mission of the Institutional Review Board of the Moscow State University of Technology
and Management (approval number 4, 1 March 2022).

Adult D. rerio at three months old, 2.03 &= 0.17 cm in size, and 0.26 &+ 0.03 g in weight,
which were kept in 50 L aquariums at 24 £ 1 °C and pH 7.2 £ 0.2 under natural light
conditions (12 h); 25 animals in triplicate (n = 3), according to standard maintenance
protocols [58], were used as test objects. The duration of the experiment was 60 days. The
water in the experimental group tanks was replaced partially (1/3) every three days, and
fully every seven days. Feeding was carried out three times a day.

2.2. Feed Preparation

The experiment included three experimental (BA, CH, LYC) and one control group
(Con). Coppens vital 0.5-0.8 mm commercial pelleted feed (Coppens, Helmond, Nether-
lands) was used as the basal feed mixture. Butyric acid (BA) in concentrations (g kg_l)
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of 0.5, 1.0, and 2.0 [59,60] and organomineral chelated trace element compounds (CH)
(Jupiter LLC, Tver, Russia) (composition of the mother liquor g L~!: Fe—10; Mn—15;
Zn—35; Se—0.3; I—1.1; Cu—3) in concentrations (g kg_l) of 0.5, 1.0, and 2.0 [61-63] were
incorporated into the base feed by microencapsulation with sodium alginate. For this
purpose, sodium alginate was dissolved in distilled water (0.5 mg 100 mL~'), and then the
test additives in the described concentrations were added to the solution. The prepared
solution was evenly applied to the feed by spraying. The feed was then dried to its original
humidity at 40 °C. The control feed was prepared according to the scheme described above
(adding sodium alginate) without adding feed additives.

Lycopene extract (LYC), as a fat-soluble compound, was dissolved in 20 mL of corn oil.
The following concentrations of lycopene (mg kg ') were used in the experiment: 25, 50,
and 75 [41,64]. To obtain a lycopene solution in corn oil, the following concentrations of
the extract were dissolved 2.5; 5 and 7.5 mg (for 100 g of feed). The resulting solution was
evenly distributed throughout the feed used in the experiment.

The prepared feeds were stored at 4 °C in a refrigerated chamber. The experimental
feed was prepared anew on the 30th day in order to preserve the functional properties
of the feed additives. Since the addition of corn oil changes the lipid composition of the
resulting feed mixture, the same amount of o0il (20 mL) was added to the feed of all of the
other experimental groups.

2.3. Sampling, Bacterial Isolation, and Identification

At the end of the experiment (on the 60th day), three fish were randomly selected from
each experimental group and placed in separate containers. For three days, the fish did not
receive feed, which contributed to the elimination of feed residues and transit bacteria from
the intestines. This procedure was necessary to determine their own commensal microbiota
and to minimize the bacterial background produced by the feed.

Bacterial sampling was performed from two sections of the intestine, anterior (includ-
ing middle) and posterior [47,48]. Microbiological sampling was performed by the direct
method (hot sealing) on prepared Petri dishes. Before this, the fish were sedated in MS-222
solution (10 mg L™!), then the external coverslips were disinfected under sterile conditions
and dissected.

A nutrient medium satisfying the purposes of analysis of cultured microbiota of the
intestines of D. rerio was used, Endo-Agar (Endo-GRM). This nutrient medium was chosen
because of its selective property (suppression of Gram-negative microorganisms). The
results of the inoculations from this type of media aimed at determining the presence of
Enterobacteriaceae group microorganisms and the selection of coliform group bacteria.
Brian heart infusion (BHI) agar was also used in the study and has selective and nutritional
properties that allow for a wide range of microbiota to be examined.

After microbiological inoculation, the Petri dishes were placed in a Binder BF 56
thermostat (Binder, Tuttlingen, Germany) for seven days at a constant temperature of 24 °C,
corresponding to the water and fish body temperature, for further incubation. Bacterial
growth was monitored daily (see the Section 2.4).

After the growth of the first colonies, pure cultures were isolated for the further
determination of taxonomic identification. For this purpose, characteristic daily colonies
were selected and transferred to Petri dishes with the same type of nutrient media. One day
after transplantation of the pure cultures, primary systematic identity tests (Gram stain,
cytochrome oxidase test, catalase reaction test, urease) and microscopy (bacterial cell size,
motility, morphology, character of grouping) were performed. A coagulase activity test was
performed for Gram-positive cocci. The analysis of Gram-negative bacteria included indol
production, the Voges—Proskauer reaction, methyl red test, and possibility of using citrate
as a carbon source. For most of the isolated bacteria, the possibility of the degradation of
glucose, lactose, and maltose was also evaluated (Table S1).

A visual examination of the bacterial colonies on nutrient media was also performed to
look for characteristic features (morphology of colonies, reaction of indicator components
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of nutrient media on bacterial cultures, and consideration of the differentiation property
of media reaction). All of the defined morphological and biochemical characteristics of
the bacterial colonies were compared with Bergey’s Manual of Determinative Bacteriology,
Ninth Edition (2000).

2.4. Semi-Quantitative Assessment of Bacterial Abundance

The number of bacteria in each systematic group was estimated semi-quantitatively
according to the method described by Noakes [65] and Cantas [23]. The number of colonies
on the dishes was counted as follows: 0 (none); <10 (1, very few); 10-50 (2, few); 50-100
(3, moderate); 100-200 (4, rich); >200 (5, very rich).

2.5. Histology

For histological sections, three individuals without visible lesions were selected from
each experimental group. Fish were immortalized in MS-222 solution (10 mg L), after
which they were fixed in Davidson’s solution for 24 h. Then, tissue samples were dehy-
drated in a series of graded alcohols and embedded in paraffin. To obtain sections of the
anterior/middle and posterior intestines of each fish, serial slices (4 um) in the frontal
plane were made and stained with hematoxylin and eosin (H&E). Histological sections
were prepared and stained according to Suvarna et al. [66]. In addition, morphometric
measurements of the intestines of three specimens of D. rerio (50 measurements per section)
were performed according to the following parameters: height of the adsorbing epithelium,
width of lamina propria, goblet cells area, number of goblet cells per 100 um of epithelium,
and thickness of the muscularis.

Histological preparations were examined under an Olympus BX53 light microscope
(Olympus Corporation, Tokyo, Japan) with CarlZeiss ERc 5 s (Zeiss, Oberkochen, Ger-
many) and ToupCam 16.0 MP (ToupTek Photonics, Hangzhou, China) ocular attachments
using ZEN lite software (Zeiss, Oberkochen, Germany) and ToupCam view 16.0 (ToupTek
Photonics, Hangzhou, China).

2.6. Statistical Analysis

Data comparing the relative abundance of microorganisms are presented as the mean =+ SD;
statistical significance was determined using the Mann-Whitney test (p value < 0.05 was taken
as statistically significant). The correlation between the relative abundance of microorgan-
isms and concentrations of feed additives was determined using Pearson’s correlation, and
Student’s distribution was used to compare the slopes and intercepts. Statistical data were
processed using GraphPad Prism version 8.0 software (GraphPad, San Diego, CA, USA).

3. Results
3.1. Cultured Intestinal Microbiota

An investigation of the culturable intestinal microbiota of D. rerio when using the
studied feed additives revealed the presence of changes in the representation of systematic
groups of microorganisms and their relative occurrence.

Differences in the microbiota of specific sections of the intestine were noted (raw data
are presented in the Table S3). In the anterior intestine of the control group, there were
eight groups of microorganisms, of which five were identified for genus affiliation (Acineto-
bacter, Vagococcus, Serratia, Bacillus, Veilonella) and three were unclassified and assigned to
different taxonomic groups (unclassified_Enterobacteriaceae, unclassified_Firmicutes, unclas-
sified_Proteobacteria) (Figures 1a and S1). In the hindgut, the taxonomic composition of the
cultured microbiota was distinguished by the absence of the genus Acinetobacter (Figure 1b).
At the type level, Firmicutes (33.46; 25.03%) and Proteobacteria (31.74; 35.34%) dominated the
cultured microbiota of the anterior and posterior regions. Undetermined bacteria (other
bacteria) were represented in 34.78% and 34.16% relative to other microorganisms for the
anterior and posterior intestines, respectively.
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Figure 1. Cultivated microbiota of the anterior and posterior sections of the intestine of the exper-
imental groups of D. rerio receiving chelated compounds of trace elements (n = 3). Unclassified
bacterial groups are labeled within defined taxonomic groups: (a,b) relative abundance of microbiota
by bacterial genus in the anterior and posterior gut sections, respectively; (c,d) linear regression of the
relative abundance of bacteria from unclassified_Firmicutes and unclassified_Enterobacteriaceae groups
and CH concentration in the anterior (black dots) and posterior (purple dots) sections; (e-h) relative
abundance of different bacteria groups in the control and experimental groups. The value (*—p < 0.05)
from the Mann-Whitney test.

By comparing the experimental groups with the control individuals, the following
differences were revealed. Micronutrient chelated compounds in the studied concentrations
had an effect on the cultivated microbiota of both the anterior and posterior sections of
the intestine. The bacteria of the genera Serratia and Veilonella practically did not change
compared to the control, both in the anterior and posterior sections of the intestine. Rela-
tive abundance of the genus Vagococcus did not change significantly in all of the studied
concentrations.

In the anterior intestine, the effect of micronutrient chelated compounds significantly
led to a change in the relative representation of unclassified Firmicutes and Enterobacteriaceae.
In the CH1 and CH2 groups, there was a significant (p < 0.05) increase in the frequency
of unclassified Firmicutes and a decrease (p < 0.05) in the representation of unclassified
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Enterobacteriaceae (Figure 1le,f). The relative abundance of Firmicutes was found to increase
with increasing CH concentrations (R% =0.336) (Figure 1c). At the same time, the abundance
of this group did not change significantly in the posterior intestine. The slopes of the regres-
sion lines for the anterior and posterior parts of the intestine for unclassified__Firmicutes
and unclassified__Enterobacteriaceae bacteria were significantly different. (p < 0.05).

In the posterior intestine, there was a significant increase (p < 0.05) in the relative abun-
dance of the genus Bacillus in the CH1 group (Figure 1b). The occurrence of undetermined
bacteria («Other bacteria» in the Figure 1a,b) significantly decreased (p < 0.05) in all of the
studied groups (Figure 1d).

Butyric acid had an effect on the cultured microbiota of both sections of the intes-
tine, mainly at concentrations of 1 and 2 mg kg~!. The anterior part of the intestine
was dominated by undetermined bacteria as well as microorganisms of the groups un-
classified_Firmicutes, Vagococcus, and Serratia (Figure 2a). At the same time, Serratia and
Firmicutes showed a significant increase in representation compared with the control group
(Figure 2h,i). Moreover, the relative occurrence of Serratia correlated (R? = 0.4434) with
the concentration of BA in the foregut (Figure 2e). Relative abundance of unclassified
Enterobacteriaceae in both the anterior and posterior gut sections showed no correlation
(R? = 0.006; 0.147) with the concentration of butyric acid (Figure 2d). Genus Bacillus in both
gut sections showed a positive correlation with the butyric acid concentration (R? = 0.52;
0.367) (Figure 2c). However, a significant difference was found (p < 0.05) only in the hindgut
in the BA2 group. The slope of the regression lines for the relative abundance of bacteria
in the anterior and posterior parts of the intestine was different (p < 0.05) only for unclas-
sified_Firmicutes. The relative abundance of the undetermined bacteria was significantly
lower in the experimental groups compared to the control (p < 0.05) (Figure 2g).

The administration of lycopene in the feed for D. rerio caused significant changes in the
composition of the cultured gut microbiome. In the anterior gut, a significant increase in the
representation (p < 0.05) of bacteria of the genera Bacillus, Serratia, Vagococcus, and unclassi-
fied Firmicutes was found in the LYC25 and LYC50 groups, respectively (Figure 3e-h). At
the same time, the genus Serratia was also significantly different from the control (p < 0.05)
in the posterior region, showing a positive dose-dependent effect only in the anterior region
(R? = 0.542) (Figure 3d). The slope of the regression lines of the anterior and posterior
regions of the genus Serratia was not significantly different. Supplementation with lycopene
in the feed caused minimal changes in the posterior intestine microbiota. A positive dose-
dependent effect relationship could also be observed for the unclassified_Enterobacteriaceae
in the same gut region (R? = 0.5026) (Figure 3c). The slope of the regression lines was also
significantly different (p < 0.01) between the anterior and posterior parts of the intestine.
The group of undetermined bacteria decreased (p < 0.05) its abundance in all groups with
the addition of LYC in the posterior intestine (Figure 3i).

3.2. Intestinal Histology

The study of the intestine histology of experimental individuals of D. rerio showed the
absence of pronounced morphological changes in the tissue structure. Intestinal sections
of D. rerio from all groups showed clearly defined intestinal villi including absorbing
epitheliocytes, goblet cells, basal membrane, and lamina propria (LP). The outer layer of the
intestine included serous and muscular layers (Figure 4). The intestine of D. rerio consists
of three sections without a distinct stomach. The anterior intestine differed in the greater
height of the villi and the number of goblet cells as well as in the thickness of the muscular
and serous layers (Figure 4a). The posterior intestine has a smaller lumen, fewer goblet
cells, and lower villous height (Figure 4b). In addition, epitheliocytes of this part of the
intestine have weak basophilic staining due to the presence of absorbing vacuoles in the
cytoplasm [67]. A small number of enteroendocrine cells was also recorded in the posterior
part of the intestine.



Animals 2022, 12, 2424

8 of 20

(@) Anterior gut

100+

Relative abundance (%)

Con BA0.5 BA1 BA2

(c)
20
R? = 0.5209

Relative abundance (%)

Bacillus

Y=5172:X+2971 Y =1.556+X + 26.58

R?=0.3672

(b) Posterior gut =
100 |
i |
=
75 -
1 [
50 —
J |
25+
IR A i

Con BA0.5 BA1 BA2

Other bacteria
Unclassified_Enterobacteriaceae
Vagococcus
Unclassified_Pseudomonadota
Unclassified_Firmicutes
Bacillus

Veilonella

Serratia
Unclassified_Cyanobacteria
Staphylococcus

Acinetobacter

-o- Anterior gut
-o- Posterior gut

(d ) Unclassified_Enterobacteriaceae

Y = 0.5708 +X + 13.36 Y = 1.556 «X + 26.58
R? = 0.1471

1.0 1.5

BA concentration

(e)

30— Y=4.881+X+8.622 Y =-0.7220+X +14.73

Relative abundance (%)

unclassified_Firmicutes

R? = 0.01746

60—

-9 9 R? = 0.006481

[}

Q

c

©

T

c

=

2

©

[

2

s

[

o

0 *

20 0.0 0.5

BA concentration

(f) Bacillus (posterior gut)

159

*

Relative abundance (%)

Con BA0.5 BA1 BA2

unclassified_Firmicutes
(anterior gut)

* *

BA concentration

Relative abundance (%)

Con BA0.5 BA1 BA2

(g ) Unclassified (posterior gut)
50

40+
30+
20+

10

Relative abundance (%)

o
0

T T T T
Con BA0.5 BA1 BA2

-
I ) Serratia (anterior gut)
0

(

*

10+

Relative abundance (%)

Con BA0.5 BA1 BA2

Figure 2. Cultivated microbiota of the anterior and posterior sections of the intestine of the experimen-
tal groups of D. rerio receiving butyric acid (1 = 3). Unclassified bacterial groups are labeled within
defined taxonomic groups. Unclassified bacterial groups are labeled within defined taxonomic groups:
(a,b) relative abundance of microbiota by bacterial genus in the anterior and posterior gut sections, re-
spectively; (c—e) linear regression of the relative abundance of Bacillus, unclassified_Enterobacteriaceae
and unclassified_Firmicutes groups and BA concentration in the anterior (black points) and posterior
(purple points) sections; (f-i) relative abundance of different bacteria groups in the control and
experimental groups. The p-value (*—p < 0.05) from the Mann-Whitney test.
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Figure 3. Cultivated microbiota of the anterior and posterior sections of the intestine of experimental
groups of D. rerio receiving lycopene (n = 3). Unclassified bacterial groups are labeled within
defined taxonomic groups: (a,b) relative abundance of microbiota by bacterial genera in the anterior
and posterior intestinal sections, respectively; (c,d) linear regression of the relative abundance of
unclassified_Enterobacteriaceae and Serratia in LYC concentration in the anterior (black points) and
posterior (purple points) intestinal sections; (e-k) relative abundance of different bacterial groups in
the control and experimental groups. Value (*—p < 0.05) from the Mann-Whitney test.
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Figure 4. Histology of the anterior (a,c,e,g) and posterior (b,d,f,h) intestines of D. rerio of the experimental
groups receiving chelated compounds of microelements and control: (a,b) control group; (c,d) CH0.5
group; (e,f) CH1 group; (g,h) CH2 group. Mus—muscularis; SE—serous layer; Lu—lumen; Mu—mucosa;
LP—Lamina propria; GC—goblet cells; EN—epitheliocyte nucleus/columnar pseudostratified epithelium;
AV—supranuclear absorptive vacuole; IL—intraepithelial leucocytes; EC—esonophilic/immune cells;
Ent—Dbasophilic enteroendocrine; HGC—hypertrophy-like goblet cell; SGC—swelling goblet cell. H&E
staining, scale bar 250 um.

The minimum concentration of CH (0.5 mg kg~!) had no significant effect on the
studied intestinal parts. There was a lower occurrence of enteroendocrine cells in some
parts of the anterior intestine (Figure 4c). No morphological changes were found in the
posterior region (Figure 4d). In the CH1 and CH2 groups, similar histological differences
from the controls were observed. Thus, an increase in the size and number of goblet cells
was observed in most of the anterior mucosa (Figure 4e,g). In the posterior intestine, a large
number of intraepithelial lymphocytes was observed in both the interstitium (LP) and in
the basal part of enterocytes (Figure 4f,h). The findings were confirmed by morphometric
measurements of the lamina propria, the width of which was significantly increased
(p < 0.05) from the control in the CH2 group (Table S2). No signs of intestinal epithelium
degradation were observed in any of the groups fed CH.
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Anterior gut

In the anterior intestine of the BA0.5 group, there was a large number of enlarged
goblet cells occurring throughout the mucosa (Figure 5a). A significant difference (p < 0.05)
in the goblet cell area from the control was observed (Table S2). At the same time, the total
number of enteroendocrine cells was lower than in the control. An increase in the number
of goblet cells as well as the migration of intraepithelial leukocytes was observed in some
areas of the posterior intestinal mucosa (Figure 5b). Similar changes were observed in
the BA1 group. In addition, eosinophilic cells, predominantly located in the lower part of
the LP villi, were also found in this group (Figure 5¢). Eosinophilic cells were also found
in the posterior intestine (Figure 5d). Morphological differences from the controls were
more severe at the maximum concentration of butyric acid (BA2). In the anterior intestine,
intraepithelial leukocytes and eosinophilic cells were observed throughout the mucosa,
which was also seen in as a significant increase in the LP thickness (p < 0.05; Table S2).
Additionally, in the posterior intestine, there were signs of hypertrophy of the enterocyte
nuclei (Figure 5e,f).

Posterior gut

5

Figure 5. Histology of anterior (a,c,e) and posterior (b,df) intestines of the D. rerio experi-
mental groups receiving butyric acid: (a,b) BA0.5 group; (c,d) BAl group; (ef) BA2 group.
LP—Lamina propria; GC—goblet cells; EN—epitheliocyte nucleus/columnar pseudostratified ep-
ithelium; IL—intraepithelial leucocytes; EC—esonophilic/immune cells; Ent—basophilic enteroen-
docrine; SGC—swelling goblet cell. H&E staining, scale bar 250 um.
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Supplementation of lycopene at all of the concentrations studied did not result in
significant morphological changes in the intestine of D. rerio. Thus, in the LYC25 and LYC50
groups, there was an increase in the number of intraepithelial leukocytes in the mucosa
(Figure 6a,c). A lower number of enteroendocrine cells was observed only at the minimum
concentration of lycopene (25 mg kg~1). In addition, a significant decrease in the goblet
cell area (p < 0.05) in the LYC75 group should be noted (Table S2). The posterior intestine
did not differ from the control except for clusters of intraepithelial cells in some areas of the
mucosa and interstitium (Figure 6b,d). The LYC75 group had minimal differences from the
controls. An increase in the number of intestinal endocrine cells (mucoid, enteroendocrine)
could be seen in the hindgut (Figure 6f).

LIC50

LIC75

Figure 6. Histology of the anterior (a,c,e) and posterior (b,d,f) intestines of the D. rerio exper-
imental groups receiving lycopene: (a,b) LYC25 group; (c,d) LYC50 group; (e, f) LYC75 group.
LP—Lamina propria; GC—goblet cells; EN—epitheliocyte nucleus/columnar pseudostratified ep-
ithelium; IL—intraepithelial leucocytes; Ent—basophilic enteroendocrine. H&E staining, scale bar
250 pm.

4. Discussion

Examination of the effect of feed additives on the composition of the culturable
gut microbiota of D. rerio showed significant changes in the composition of the bacterial
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community. All of the supplements studied showed activity against the gut microbiome of
D. rerio. Differences were also detected between the anterior and posterior guts. It should be
noted that none of the studied additives showed pronounced bacteriostatic properties. The
presence of the effect of feed additives, even in minimal concentrations, is associated with
a deep interrelationship between groups of microorganisms, where even a slight impact
leads to a structural change in the microbiocenosis.

Previously, it has been shown that changes in the feed composition and feeding
regimen are a modulating factor for the microbiome due to its ability to adapt [49]. In this
study, all changes occurring in the microbiome were associated with changes in the ratio
of individual groups of microorganisms, especially with the use of butyric acid, which
proves its postbiotic properties. Microorganisms of the genera Bacillus and Serratia as well
as unclassified_Enterobacteriaceae showed the greatest variability in terms of abundance
according to the results of our studies. Changes in the composition of these groups under
different types of exposure have been noted in the works of other authors [46,68,69].
Although changes in microbial composition can occur in a short time, a long experiment
(60 days) allowed us to establish a stable picture of the formed microbiome.

Micronutrients are an important component of feed as they are necessary for the proper
growth and development of fish, the maintenance of immunity, and meat quality [70].
Organic compounds of trace elements have been shown to exhibit greater bioavailability
compared to their inorganic analogs, resulting in the intensification of growth-weight and
biochemical parameters [7]. Recent data show that the gut microbiota is involved in the
metabolism of the most bioactive trace elements [71]. In the available works on the effect of
trace elements (organic and inorganic) on the gut microbiome of fish and other animals,
the effect on the quantitative and qualitative indicators of the microbiota has also been
found [72-74]. However, these studies have mainly examined the effect of individual trace
elements, while the combined effect of several trace elements has been investigated only
partially. Most likely, this is due to the difficulty of interpreting the data.

Our work showed that groups of microorganisms such as Serratia, Veilonella, and
Vagococcus were not sensitive to the presence of CH in the feed. In our opinion, iron and
zinc play the greatest physiological role, although other trace elements are also necessary
for the development of some bacterial groups. High concentrations of chelates (1 and
2 mg kg~!) inhibited the development of coliform bacteria in the anterior segment, leading
to increased numbers of Firmicutes. There was also an increase in the relative abundance
of the genera Serratia and Bacillus in the hindgut. A number of studies have shown that
the ratio of Gram-positive (e.g., Firmicutes, Actinobacteria) to Gram-negative (Proteobacteria,
Bacteroidetes) bacteria correlate with organism health [75,76]. When D. rerio was exposed
to aluminum, changes in the ratio of these groups toward an increase in the number
of Gram-negative bacteria (Fusobacteriaceae) and a decrease in Firmicutes (predominantly
Bacillus genus) were recorded [77]. Similar shifts in the composition of the microbiota have
been observed with exposure to other heavy metals [78] and toxic components [22,79,80].
In this case, we can talk about the opposite effect of CH on the gut microbiota in the
anterior region.

According to several authors, organic iron is intensively assimilated by the host, and
only a small part of it is consumed by the iron-dependent bacterial groups [81]. Zinc
deficiency, in turn, can lead to a decrease in Firmicutes and an increase in Proteobacteria
populations [71]. As mentioned previously, low concentrations are absorbed almost imme-
diately in the fish’s GI tracts, showing weak effects on the intestinal microbiota, especially
in the posterior intestine. Free chelating agents can bind to other metal ions, creating a local
imbalance of trace element composition in the intestinal mucosa of fish. A high availability
of chelated compounds of trace elements can be assumed to promote their assimilation, not
only by mucosal epithelicytes but also by intestinal bacteria, leading to the stimulation of
their growth at high concentrations of organomineral premix. Thus, shifts in the relative
abundance of gut microorganisms caused by the use of chelated compounds do not lead to
an increase in coliform bacteria, which probably has a positive effect on gut health.
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The obtained data were confirmed by histological studies. Low concentrations of
chelated compounds did not cause changes in the morphological parameters of the in-
testinal villi of the anterior and posterior regions. At concentrations of 1 and 2 mg kg~!,
there was an increase in the area of goblet cells in the anterior intestine and the presence
of intraepithelial leukocytes in the posterior intestine. In our previous studies of the use
of chelated compounds in low concentrations, similar histomorphological changes in the
intestine (stimulation of immune cell migration into the mucosa, hypertrophy of goblet
cells) were detected [61,62]. Perhaps such morphological changes in the intestines may be
associated with lower toxicity and greater bioavailability of the chelated compounds. In
general, we can conclude that CH in the studied concentrations does not lead to histological
alteration in either the anterior or posterior parts of the intestine of D. rerio.

Butyric acid as well as a number of other short-chain fatty acids are metabolites
of Firmicutes as well as several other groups of bacteria (Ruminococcaceae, Eubacterium,
Clostridia) [38]. The application of butyric acid in feed resulted in changes in the quantita-
tive indices of the cultured microbial community of the anterior gut. An increase in the
relative abundance of the genus Bacillus and the unclassified_Firmicutes group was directly
correlated with BA concentration. At the same time, no similar correlation was observed in
the posterior gut. This is most likely due to the fact that the greatest short-chain fatty acid
adsorption activity occurs in the anterior intestine, which influences the growth of these
groups of microorganisms [82]. In addition, it is worth noting that the genus Bacillus is a
common group of bacteria in the intestine of D. rerio [43]. Most of the probiotics studied in
aquaculture belong to the Firmicutes phylum, namely Lactobacrea and Bacillus spp. [83-86].
The probiotic effect of these groups of bacteria is manifested in a synthesis of biologically
active compounds that improves the barrier function of the intestine and stimulates the
immune response as well as the displacement of opportunistic pathogens [87,88]. On
histological sections of the anterior region, there was a stimulation of the immune response
expressed in an increase in the number of immune cells in the interstitium (intraepithelial
leukocytes, eosinophilic cells), which has also been shown in other works [89].

The intake of additional BA with feed may have contributed to the inhibition of
individual bacterial groups. One of the ways short-chain fatty acids are adsorbed by the
host is through dissociation in exchange for HCOj3., which decreases the pH in the intestinal
lumen [82,90]. In studies on other animals, it has been shown that low pH values lead to
changes in the composition of the microbiota, preventing the growth of pH-dependent
bacteria (e.g., Enterobacteriaceae) [91,92]. This is in agreement with our results, where the
relative occurrence of unclassified_Enterobacteriaceae did not change. In addition to the
stimulation of the microbiota and the immune response of the gut, BA led to an increase
in the area of goblet cells in the anterior region and an increase in their number in the
posterior region. This may be related to both the direct response of the gut to changes in
the qualitative composition of the microbiome and to the direct effect of butyric acid on
enteroendocrine cell secretion [38]. Thus, it has been shown that the inclusion of various
pro/prebiotic supplements in feed composition leads to changes in gut secretory activity
(goblet and enteroendocrine cells) as well as the activation of intraepithelial leukocytes [93].
The increased production of mucin can be interpreted as a positive effect since the layer of
this glycoprotein separates the apical part of mucosal epitheliocytes and the commensal
microbiota [94]. Thus, we can conclude that butyric acid leads to a significant increase in
Firmicutes representatives in the anterior region, which also leads to an increase in immune
cells in the intestine and stimulates mucin secretion.

The application of lycopene in the feed had a significant effect on the cultured gut mi-
crobiome of D. rerio. Similar to the other studied feed additives, lycopene led to an increase
in the relative abundance of Firmicutes in the anterior region, with unclassified_Firmicutes
having a positive correlation with LYC concentration. In the posterior region, there was no
significant effect on the Firmicutes phylum. Since carotenoids have different bioavailability,
their absorption can probably occur along the entire length of the fish GI tract [95]. The
interaction between carotenoids and the gut microbiota is poorly understood [96]. It is
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possible that the gut microbiota is involved in carotenoid metabolism, as Nguyen et al. [12]
demonstrated a relationship between trout meat color and the microbiological profile of dif-
ferent gut segments. In our work, a significant rearrangement of the microbial community
was recorded only in the anterior region. The Proteobacteria phylum, in turn, demonstrated
a positive correlation between the relative occurrence of LYC concentration in the anterior
(Serratia) and posterior (unclassified_Enterobacteriaceae) sections, respectively. Proteobacteria,
although they are always represented in the GI tracts of both warm-blooded and cold-
blooded animals, play an ambiguous role from typical saprophytes involved in digestive
processes [97] to conditionally pathogenic strains involved in the development of GI dis-
eases [98]. Increased representation of Enterobacteriaceae, in our opinion, does not affect the
health of fish, as they are a normal component of the hindgut microbiota [12]. In addition,
these groups of bacteria are important for maintaining gut homeostasis and regulating
physiological processes, particularly digestion [68,99].

Our findings do not strictly coincide with the opinions of other authors [100], who
have studied the effect of beta-carotene on the microbiota of Pyropia columbina, although
this work also recorded changes in the microbial community at 60 days of feeding. The
increase in the relative occurrence of Firmicutes and Proteobacteria may also be related to the
ability of lycopene to inhibit the actions of specific antibacterial compounds [101].

Adsorption of fat-soluble carotenoids occurs on the apical part of the villi by trap-
ping mixed micelles or from carrier proteins using membrane transporters (SR-BI, CD36,
and NPC1L1) [94]. Since microbiota have previously been shown to be involved in lipid
metabolism [69], we can speculate that microorganisms may be involved in carotenoid
adsorption (combining carotenoids with lipids and their metabolic products into mi-
celles) [102]. At this time, there are almost no studies on the effect of lycopene on the
fish microbiota. The available studies on higher vertebrates and humans demonstrate
the promise of its use. In addition, we can assume that the antioxidant activity of ly-
copene affects both the barrier function of the gut [102] and the development of certain
groups of microorganisms (Firmicutes, e.g., Clostridiales, Lactobacillus, and Actinobacteria,
e.g., Bifidobacterium) [80,103].

Lycopene had the least effect on the histomorphological parameters of the D. rerio
intestines among all of the studied feed additives. An increase in the number of intraepithe-
lial leukocytes and a decrease in the occurrence of enteroendocrine cells observed in some
areas of both studied sections are most likely related to the individual characteristics of the
fish. The absence of visible histomorphological changes suggests that higher concentrations
must be used to obtain a more significant effect [104]. The obtained data allowed us to
conclude that the cultured microorganisms were more sensitive to the action of lycopene
than the histological structures of the intestine.

The cultural-dependent approach to the study of the fish gut microbiome used in
this work did not provide us with an opportunity to determine the detailed microbial
composition of the gut. Obviously, for fundamental studies of the microbiome and ecology
of commensal microorganisms (formation and development processes, interaction with the
host, comparison of taxonomic diversity, etc.), it is necessary to apply molecular genetic
methods, in particular, 16S ribosomal sequencing and metagenomic analysis [105-107]. In
doing so, this work showed that a culture-dependent approach revealed key shifts in the
composition of gut microorganisms during the application of feed additives. Changes in
the histomorphological parameters can reflect both the direct effect of feed ingredients on
the intestinal mucosa and the gut response to changes in the microbial community. Studies
of new feed formulations and feed additives using cultured microbiota and histological
indices make it possible to assess their impact on the state of the GI tract. In our opinion,
this approach avoids significant costs for the study while making it possible to identify
patterns of influence of additives on the relative abundance of bacteria.

The results of the culture-dependent method used in this work are consistent with
those obtained by other researchers using molecular genetic techniques. This method
can find application in aquaculture, where there is a need to test many different feed
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formulations. The results of this study suggest the use of experimental model objects (e.g.,
D. rerio) to develop new feeds, especially to develop prebiotics and probiotics as immunity
and microbiome modulators [45].

5. Conclusions

All of the investigated feed additives caused changes in the composition of the cultured
microbiome of the anterior and posterior gut sections of D. rerio. The observed changes
were predominantly found in the anterior part of the intestine. The most sensitive groups of
microorganisms were Bacillus and Serratia. Lycopene had the most significant effect on the
composition of the cultured microbiota (in all of the studied concentrations), leading to a
significant increase in the relative occurrence of Firmicutes in the anterior part of the intestine.
This culture-dependent method of studying the microbiome makes it possible to assess
changes in some representatives of the main groups of microorganisms (Firmicutes and
Proteobacteria). Despite the incompleteness of the data obtained by the culture-dependent
method, its application makes it possible to assess the bioactive properties of the feed and
feed additives and their impact on the microbiota involved in digestive processes. Studies of
the histological structure of the anterior and posterior gut showed the relationship between
the barrier and secretory functions of the gut and the composition of the microbiota while
using butyric acid (1 and 2 g kg ') and trace element chelated compounds (2 mg kg™ 1).
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posterior sections of the intestine of the experimental groups of D. rerio receiving the studied supplements
(n = 3). Unclassified bacterial groups are labeled within defined taxonomic groups: (a—f) relative
occurrence of microbiota by bacterial class in the anterior and posterior gut sections, respectively.
(a,b) Chelated compounds of trace elements; (b,c) butyric acid; (e,f) lycopene; Table S1: Phenotypical
and biochemical properties of isolated bacteria. (+) more than 90% strains are positive; (—) more than
90% strains are negative; GN—Gram-negative; GP—Gram-positive; N—not done; V—variable results;
Table S2: Morphometric parameters of the intestines of D. rerio receiving the studied feed additives;
Table S3: Semi-quantitative data on the growth of bacterial cultures and their relative abundance.
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