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Abstract—The task of optimizing the quality of feed and, hence, the rate of biomass accumulation by fish in
aquaculture requires improved knowledge on the activity of their digestive enzymes and the composition of
intestinal microbiota. This is the first study of the activity of glycosidases and proteinases in the intestinal
mucosa and chyme, as well as of the intestinal microbiome composition, in the African catfish Clarias
gariepinus grown in tanks with a closed water supply system. The total amylolytic and total proteolytic activi-
ties in the intestinal chyme were significantly higher than those in the mucosa, and higher in small fish than
in large ones. The activity of disaccharidases (sucrase and maltase) in the intestinal mucosa did not depend
on the fish size. In both size-age groups of African catfish, the following bacterial phyla were found to be
dominant: Pseudomonadota, Bacillota, Actinomycetota, Fusobacteriota, and Bacteroidota. In the group of
small fish, Pseudomonadota accounted for almost half of the number of intestinal bacteria, whereas in large
catfish, the distribution of these bacteria phyla was more uniform. For the first time, the relationship between
the activity of digestive enzymes and the relative abundance of bacteria of various taxa was revealed. The high-
est positive correlation in the chyme of small catfish was found for the total proteolytic activity with abun-
dance of bacteria of the order Lactobacillales of the class Bacilli. In large catfish, the highest positive correla-
tions were established for the total proteolytic activity of the intestinal chyme and abundance of bacteria of
the orders Actinomycetales and Bacillales, and for the total amylolytic activity, with abundance of bacteria of
the orders Fusobacteriales and Clostridiales (Eubacteriales). The data obtained can be used when developing
nutritional plans for catfish in aquaculture.
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The African catfish Clarias gariepinus (Burchel,
1822) inhabits the reservoirs of South and Southeast

The efficiency of biomass growth and accumula-
tion depends, as a rule, on the rates of the initial stages

Asia, Africa, including the reservoirs of the Sahara,
and the Jordan River basin. At the same time, this spe-
cies is an extremely promising object of aquaculture
worldwide (Gisbert et al., 2021) due to its delicious
dietary meat, tolerance to various growing conditions,
and a high rate of food conversion and growth. Under
natural conditions, Clarias gariepinus is a predator,
capable of consuming, apart from fish, shellfish,
aquatic insects, higher aquatic vegetation, and even
organic waste. Under aquaculture conditions, its diet
includes any low-value fish, as well as factory-pro-
duced granulated feed. Clarias gariepinus feels well on
diets containing 40% protein, 27—38% carbohydrate,
and 11—-16% lipid (Ali and Jauncey, 2004), although a
larger amount of dietary protein contributes to its
faster growth and survival rate (Florczyk et al., 2014).

of assimilation of the main components of the feed,
which is determined, in turn, by the presence and level
of activity of digestive enzymes. The information
about the activity of hydrolases in the digestive tract of
catfish is currently limited. Thus, all subclasses of
intestinal digestive proteases, including serine prote-
ases, metalloproteases, and cysteine (thiol) proteases,
were identified in the intestinal mucosa of the Euro-
pean catfish Silurus glanis L., which inhabits the
Rybinsk Reservoir (Upper Volga). At the same time,
in contrast to trypsin, chymotrypsin and o.-amylase,
the total proteolytic activity depended on the fish size
(Frolova et al., 2023). In the intestines of the African
catfish C. gariepinus, protease, lipase, amylase,
sucrase, maltase, glucanase, and cellulase activities
have been detected (Ali and Jauncey, 2004; Adewumi
et al., 2022).
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The intestinal microbiota of fish also takes an
active part in the digestion of complex carbohydrates
and proteins, contributing to a more complete diges-
tion of the feed (Clements et al., 2014; Jiao et al.,
2023). The trophic status of fish affects the composi-
tion of the intestinal microbiota and digestive
enzymes, as well as their activity (Liu et al., 2016).
Thus, in herbivorous fish species, cellulose-decom-
posing Clostridium, Citrobacter, and Leptotrichia bac-
teria were predominant; in carnivorous species, prote-
ase-producing Cetobacterium and Halomonas bacteria
dominated (Liu et al., 2016). Along with the identifi-
cation of a large number of representatives of the Bac-
teroides genus, a relationship between the proportion
of Akkermansia muciniphila bacteria and the health
status of African catfish was established (Zakaria et al.,
2022). Differences in the relative abundance of indi-
vidual species of lactobacilli in the intestines of the
African catfish were noted when using biologically
active additives in their diet (Nowosad et al., 2022).
Nevertheless, the physiology of digestion of this spe-
cies remains poorly understood. In this connection,
the issues concerning the activity of the main digestive
enzymes and their possible relationship with the com-
position of the intestinal microbiota present particular
interest.

The amylolytic and proteolytic activity of the fish
intestinal microbiota was previously studied according
to the intensity of starch and casein hydrolysis when
growing microorganisms on nutrient media contain-
ing these substrates (Kuz’mina, 2018). An extracellu-
lar peptidase activity was found in bacteria belonging
to the Pseudomonas, Aeromonas, Bacillus, Vibrio,
Acinetobacter, Aeromonas and Enterobacter genera.
Almost all isolates of the genera Enterobacter and Vib-
rio isolated from the intestines of freshwater fish
demonstrated an amylase activity. More than 50% of
the strains of the family Bacteroidaceae, including Aer-
omonas, Pseudomonas, and Clostridium, produced
amylase. The bacteria of the genera Aeromonas, Acine-
tobacter, Pseudomonas/Shewanella have also been iso-
lated from the intestines of roach Rutilus rutilus (L.),
bleak Alburnus alburnus (L.) and three-needle stickle-
back Gasterosteus aculeatus (L.), whose enzymes
effectively destroy carbohydrates (Kuz’mina, 2018).

Metagenomic data can shed light on the relation-
ship between animals and their microbiome in terms
of the functional potential of these communities.
Metagenomic studies have so far been mainly focused
on representatives of five orders of fish— Perciformes,
Anguilliformes, Cypriniformes, Pleuronectiformes, and
Salmoniformes (Avila Santos et al., 2023). There are a
few publications on the intestinal microbiota compo-
sition in representatives of other taxa, e.g., catfish of
the Ictaluridae family. The intestinal microbial com-
munities of the blue catfish Ictalurus furcatus and
channel catfish Ictalurus punctatus were dominated by
bacteria of the phyal Fusobacteriota, Pseudomonadota
and Bacillofa (names are given according to the new
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classification (Oren and Garrity, 2021)); at the same
time, two differential genera—Cefobacterium and
Clostridium XI—were revealed (Bledsoe et al., 2018).
In a review on the impact of habitat on the intestinal
microbiomes of fish, Bacillota and Fusobacteriota were
referred to as the dominant phyla in catfish (Kim et al.,
2023). However, information on the activity of diges-
tive enzymes and the composition of intestinal micro-
biota in African catfish, which affect the rate of diges-
tion of the main components of the feed and the accu-
mulation of biomass, is currently lacking.

In the present work, we aim to evaluate the glyco-
sidase and proteinase activity, the microbiome com-
position, and the relationship of different taxa of intes-
tinal microorganisms with the activity of digestive
enzymes in the intestines of the African catfish
C. gariepinus (Burchell, 1822).

MATERIALS AND METHODS

Sampling. The material for the study was obtained
at a fish hatchery of V.G. Salakhutdinov (Yaroslavl,
Russia). After removing from the pool, the fish were
stunned by a percussive blow to the head and then dis-
sected. The digestive tract was extracted and frozen at
—18°C. Twenty fish specimens were studied: 10 having
an average weight of 85.3 = 4.88 g and a body length of
210.0 £ 7.16 mm, aged 1.5 months (group 1); the oth-
ers had an average weight of 652.6 = 15.9 g and a body
length of 430.2 £ 4.79 mm, aged 5 months (group 2).
The fish were grown in pools with a volume of 2.5 m?
using ultrasound-treated closed-loop water supply
installations. The water temperature in the pools was
maintained at 20°C; the photoperiod was 12 h of light
and 12 h of dark per day. The fish had been fed in the
amount of 10% of body weight with industrial feeds
(Industrial Feeds “Extrudate” feed for catfish, GOST
10385-2014). For small catfish, 2-mm granules had a
moisture content <12%, crude protein (CP) >42%,
crude fat (CF) >213%, crude fiber <6%, P >1.2%, and
crude ash <£10%. For large catfish, the diameter of the
granules was 4 mm, the mass fraction of moisture
<12%, CP 238%, CF 2>12%, crude fiber <6%,
P>1.2%, crude ash <10%. Among the ingredients
were fish flour, fish oil, corn, wheat flour, blood flour,
hydrolyzed feather flour, meat and bone meal, corn
gluten.

The anterior part of the intestine was used to deter-
mine the enzyme activity; the posterior part was used
for microbiological studies. The hydrolysis of proteins
and carbohydrates in fish occurs mainly in the foregut
and middle sections of the intestine; therefore, the
activity of proteinases and glycosidases is usually
determined in these sections. The number of microor-
ganisms is much higher in the hindgut, which deter-
mined the collection of samples for microbiological
studies from this section. The chyme and mucous
membrane were removed with a plastic spatula,
weighed separately, and then homogenized using a
No. 6
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glass homogenizer and Ringer’s solution (110 mM
NacCl (Shostka Chemical Reagents, Russia), 1.9 mM
KCl (Shostka Chemical Reagents, Russia), and
1.3 mM CaCl, (Shostka Chemical Reagents, Russia),
pH 7.4) with the mass-volume ratio of 1 : 9. It was also
used to prepare substrate solutions (a soluble potato
starch (Merck, Millipore Sigma-Aldrich Supelco) at a
concentration of 18 g/L, maltose (Merck, Millipore
Sigma-Aldrich Supelco), and sucrose (Merck, Milli-
pore Sigma-Aldrich Supelco) at a concentration of
50 mmol/L, and 1% casein (Merck, Millipore Sigma-
Aldrich Supelco)). The homogenate and substrate
were incubated for 20—30 min at a 20°C, pH 7.4. The
pH values of Ringer’s solution were adjusted by adding
a 0.1 N HCI solution (Shostka Chemical Reagents,
Russia) using a Basic 20 pH-meter. Prior to determi-
nation of the enzyme activity, the pH of the homoge-
nate of each preparation and substrate was adjusted to
7.4 using a Basic 20 pH-meter.

Enzyme activity. The total amylolytic activity,
which reflects the sum of activities of individual
enzymes hydrolyzing starch (o-amylase EC 3.2.1.1,
glucoamylase EC 3.2.1.3, and maltase EC 3.2.1.20),
and sucrase activity (EC 3.2.1.48), was evaluated using
a modified Somogyi—Nelson’s method (Ugolev and
Iezuitova, 1969). Co-incubation of 0.25 mL homoge-
nates and 0.25 mL substrates (potato starch or
sucrose) was performed at 20°C for 30 min under con-
stant stirring. Subsequently, 3.7 mL of isotonic solu-
tion and 0.2 mL of 10% sodium tungstate solution
were added to 0.5 mL of the incubation mixture
(Shostka Chemical Reagents, Russia). The solution
was filtered followed by addition of 1 mL of protein-
free filtrate to 1 mL of copper-alkaline reagent (a mix-
ture of reagents A and B) to oxidize the reducing sub-
stances. After a 10-min stay in a boiling water bath and
cooling, 3 mL of arsenic-molybdenum reagent, previ-
ously diluted with distilled water in a ratio of 1 : 2, was
poured into the test tubes to oxidize glucose, which
resulted in a blue-green color. Here, D-glucose
(2 mM, Merck, Millipore Sigma-Aldrich Supelco)
was used as a reference. Absorbance was determined
using a spectrophotometer (Lambda 25, PerkinElmer,
Waltham, MA, United States) at a wavelength of
670 nm. The enzyme activity was determined taking
into account the background (the amount of glucose
in the initial homogenate and substrate). The maltase
activity was assessed via the glucose oxidase method
using a Photoglucose clinical biochemistry kit
(Impact, Russia). The substrate (2% maltose) and an
enzymatically active preparation were co-incubated
for 20 min at 20°C. Subsequently, 1 mL of 0.45%
ZnSO, solution and 0.5 mL of 0.1 N NaOH solution
were added to 1 mL of the incubation mixture. After
10 min, the mixture was filtered. Next, 1 mL of the
working glucose oxidase reagent was added to 0.2 mL
of the filtrate. The samples were incubated for 15—
20 min at 20°C. The color development proportional
to the enzymatic activities was measured using a
No. 6
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Lambda 25 UV/VIS spectrophotometer (Perkin-
Elmer, Waltham, United States) at 505 nm (Neva-
lenny et al., 2005).

The total activity of proteinases (aggregated activity
of trypsin, EC 3.4.21.4, chymotrypsin, EC 3.4.21.1,
dipeptidases EC 3.4.13.1—EC 3.4.13.11) was assayed by
determining the increase in tyrosine by the method
suggested by Anson (Anson, 1938). The 0.5 mL
homogenates and 0.5 mL substrates (1% casein) were
co-incubated for 30 min at 20°C under continuous
stirring. The reaction was stopped by adding 1 mL of
0.3 N trichloroacetic acid (TCA). After 10 min, the
incubation mixture was filtered through a paper filter.
Next, 2 mL of 0.5 N NaOH, 0.25 mL of 0.025 N
CuSO, and 0.75 mL of Folin’s reagent, previously
diluted three times, were added to 0.25 mL of the fil-
trate. To determine the initial tyrosine content of the
samples, (background) TCA was added to the homog-
enate before the substrate. The color intensity of the
samples was measured using a spectrophotometer
(Lambda 25, PerkinElmer, Waltham, MA, United
States) at a wavelength of 670 nm. The activity of
enzymes was determined taking into account the
amount of tyrosine in the initial homogenate. Here
1% tyrosine (Merck, Millipore Sigma-Aldrich
Supelco) was used as a reference.

Enzyme activity was determined in five biochemi-
cal replicates. The hydrolysis rate was expressed in
micromoles of reaction products per gram of wet tissue
mass per min (Wmol g~! min™!).

Sample preparation for determination of intestinal
microbiota composition. Genomic DNA from the pos-
terior intestine of fish was isolated using the facilities
of the Competence Center for Organic Agriculture of
the Yaroslavl State Agrarian University using a set of
DNA-EXTRAN-2 (Syntol, Moscow). The analysis of
the metagenome (16S/1ITS variable sites) of complex
microbial communities involved: amplification of the
V3—V4 variable regions of the 16S rRNA gene using
universal primers, preparation for sequencing on the
Illumina platform, as well as sequencing on Illumina
MiSeq, a set of v3. 2 X 250 nucleotides and taxonomic
classification of Operational taxonomic units (OTUs).
The analysis was carried out at Eurogen CJSC (Moscow).

Amplification and preparation for sequencing. The
quality of the obtained genomic DNA samples was
tested using agarose gel electrophoresis. The prepara-
tion of libraries for sequencing was carried out in
accordance with the protocol described in the manual
16S Metagenomic Sequencing Library Preparation
(Part # 15044223 Rev. B; Illumina). The amplifica-
tion of the 16S variable regions was carried out using
universal primers. The variable regions V3 and V4 of
the bacterial 16S rRNA gene were PCR-amplified
using primers 341F (5'-CCTACGGGNGGCWG-
CAG-3") and 805R (5'- GACTACHVGGGTATCTA-
ATCC-3").
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After receiving the amplicons, the libraries were
purified and subjected to equimolar mixing using a
SequalPrep™ Normalization Plate Kit (Thermo
Fisher, Cat # A10510-01). Quality control of the
obtained library pools was carried out in the Fragment
Analyzer system; quantitative analysis was carried out
using qPCR.

Sequencing and data processing using MiSeq
Reporter. The library pool was sequenced on Illumina
MiSeq (the reading length was 250 bp on both sides of
the fragments) using MiSeq Reagent Kit v2 reagents
(500 cycles). FASTQ files were obtained using
bcl2fastq v2.17.1.14 Conversion Software (Illumina).
An automatic data analysis was performed using the
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Illumina MiSeq Reporter software (16S Metagenom-
ics protocol).

Bioinformatic analysis of the microbiome. As a
result of sequencing, paired end readings with a length
of 250 bp were obtained. The analysis of the microbi-
ome composition was carried out in the QIIME2
medium (Bolyen et al., 2019). At the first stage, three
sequences of the adapter, as well as sequences of spe-
cific primers, were removed from the readings. Then,
error correction was performed using DADA 2 (Calla-
han et al., 2016).

Statistical analysis. The results are presented as
means and their standard errors. According to the
Shapiro—Wilk test (Sokal and Rohlf, 1995), the stud-
ied parameters exhibit normal distribution and homo-
geneity. When comparing the enzymatic activity
between small and large catfish, as well as in the
mucous membrane and intestinal chyme, a one-way
ANOVA with a post hoc Tukey’s honest significant
difference (HSD) test was used (Sokal and Rohlf,
1995). To identify the relationship between the activity
of digestive enzymes and the composition of the intes-
tinal microbiota, the Pearson correlation coefficient
was calculated. The level of significance differences
was set at P = 0.05. Statistical analysis was carried out
using the Microsoft Excel 2010 and STATISTICA 8.0
(StatSoft, Inc., Tulsa, OK, United States) software
packages.

RESULTS AND DISCUSSION

Glycosidase activity in the intestinal mucosa and
chyme. The highest total amylolytic activity, both in
the mucosa and in the chyme, was observed in smaller
fish (Fig. 1a). In large individuals, the total amylolytic
activity was 2.0—2.2 times lower (p < 0.01). Amylolytic
activity in the chyme was higher than in the intestinal
mucosa by 3.0 times in small and 2.7 times in larger
individuals (p < 0.001). The activity of sucrase and
maltase was also higher in the intestinal mucosa in
smaller fish; however, the differences were not statisti-
cally significant (Fig. Ic).

Proteinase activity in the intestinal mucosa and
chyme. Proteolytic activity in the intestines of smaller
fish was 1.9 times (mucosa) and 2.5 times (chyme)
higher than in the case of larger fish (Fig. 1b). At the
same time, proteolytic activity in the chyme was
higher than in the intestinal mucosa by 3.8 times in
small and 2.8 times in larger individuals (p < 0.001).

Bioinformatic analysis of the microbiome. The total
number of analyzed samples was 20 (one from each
fish); the total number of raw reads was 2746526 bp;
the number of clustered OTUs was 4244 (a total of
4244 OTUs were clustered, including 985 unique ones
in the first group and 3440 in the second. A general
diagram of OTUs is shown in Fig. 2.

The Shannon index was high in both groups, with-
out significant differences (Fig. 3). However, the
No. 6
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Group 1 Group 2

Fig. 2. Shared OTUs diagram (Group_1—small catfish,
Group_2—large catfish).

PCoA graph clearly shows the separation of intestinal
communities. The figures corresponding to the intes-
tinal microbiocenoses of small catfish are located
mainly on the left side of the graph, and that of large
catfish—on the right. Clusters Group 1 and Group 2
are separated by relatively far distances.

Composition of the intestinal microbiota. In both
groups, five phyla were found to be dominant, includ-
ing Pseudomonadota, Bacillota, Actinomycetota, Fuso-
bacteriota, and Bacteroidota (Fig. 4). However, in the
group of young fish, the former phyla accouneds for
almost half of the intestinal bacteria, with its propor-
tion exceeding that of the other top five phyla by 2.5—
22.5 times. At the same time, larger catfish showed a
more uniform distribution of bacteria by phyla: the
proportions of the first three phyla were approximately
at the same level, ranging from 25 to 28%, while rep-
resentatives of Fusobacteriota and Bacteroidota were
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two and four times less common. At the same time,
the dominance of three of the listed five phyla (Pseu-
domonadota, Bacillota, and Bacteroidota) is common
not only for fish, but also for other animals and even
plants (Ikeda-Ohtsubo et al., 2018). Actinomycetota are
also quite common among the dominant phyla, while
fusobacteria may represent the main bacterial group of
the “gut microbiome” of some marine and freshwater
fish. In studies by American researchers of two closely
related species (blue and channel catfish), Fusobacte-
riota, Pseudomonadota, and Bacillota were reported as
dominating (Bledsoe et al., 2018). Thus, at the level of
phyla, the composition of the intestinal microbiota of
African catfish grown in aquaculture is quite typical of
fish, both wild and domestic.

Among the minor phyla not shown in Fig. 4, Myco-
plasmatota, which appears in trace amounts in large
catfish, is of particular interest. The presence of these
microorganisms was previously considered a negative
sign, being associated with emergence of intestinal
diseases. In recent years, however, data has appeared
to confirm the presence of representatives of this phy-
lum in absolutely healthy fish (Wang et al., 2023),
which agrees with our findings. The exact reasons
remain to be elucidated, whether this is due to the
good immunity of the studied objects, or whether
these bacteria are not dangerous for some fish species.

Six genera of bacteria were common to the two
groups studied: Propionibacterium, Cefobacterium,
Pseudomonas, Diaphorobacter, Corynebacterium, and
Xanthomonas (Fig. 5). For smaller catfish, Pseudomo-
nas, Diaphorobacter, and Cetobacterium had their larg-
est proportion; for larger specimens— Propionibacte-
rium, Cetobacterium, and Pseudomonas. The presence
of Cetobacterium and Pseudomonas was not unex-
pected. While the presence of Cefobacterium is consid-

(b)
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—-04 0.2 0.4

Fig. 3. Alpha and beta diversity of the intestinal microbiota of catfish: o-diversity (a), B-diversity (b). Group_1—small catfish,

Group_2—Ilarge catfish.
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Fig. 5. Proportion of the most abundantly represented genera of the intestinal microbiota of the small (a) and large (b) African catfish.

ered by many authors to be a sign of good fish health,
pseudomonads are potential pathogens. At the same
time, their presence in healthy specimens is also not
unusual, since pathogenic microorganisms are also an
integral component of the fish microbiome, and their
presence is not always associated with diseases
(Bruijn et al., 2018). Diaphorobacter, as a representa-
tive of B-proteobacteria, is a typical dominant genus
for the intestines of freshwater fish. Its predominance
in the intestines of marine fish was also previously
described (Kormas et al., 2014).

Figure 5 shows that microbial genera found in sig-
nificant quantities occurred only in the group of
smaller specimens, or, conversely, only in the group of
larger catfish. For small ones, this was primarily Lac-
tococcus, which accounted for almost 12%, for large
ones—Streptococcus (almost 13%). These microor-
ganisms, as well as Pseudomonas, are potential patho-
gens. Some authors noted the possibility of decreasing
their proportion in the intestine by partial replace-
mentt of the fish meal in the diet with soy flour (Zueva
et al., 2023).

Relationship between the activity of digestive
enzymes and the composition of intestinal microbiota.
Table 1 shows the correlation between the activity of
digestive enzymes and the proportion of dominant
phyla of the intestinal microbiota of African catfish in
two groups differing in size and age. In the group of
small catfish, on average, a positive relationship was
established between the amylolytic and maltase activ-
ity of the intestinal mucosa, and the proportion of
microorganisms of the Actinomycetota phylum. With
respect to the phyla Bacillota and Fusobacteriota, there
was a negative relationship. However, the correlation
of the proportion of these microorganisms with the
level of amylolytic and sucrase activity of the intestinal
chyme was found to be low. For the phylum Bacteroi-
dota, conversely, on average, a positive relationship
was established with the total amylolytic activity of the
intestinal chyme (0.54); for comparison, the correla-
tion with similar enzymes of the mucous membrane
was weakly negative.

In terms of proteolytic activity, the greatest positive
relationship was established with the proportion of
No. 6
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Table 1. Relationship between the activity of digestive enzymes and the representation of the dominant phyla of the intes-
tinal microbiota of the African catfish

Amylolytic activity Maltase activity | Sucrase activity Proteolytic activity
Top phylum
of bacteria intestinal intestinal intestinal intestinal intestinal intestinal
mucosa chyme mucosa mucosa mucosa chyme
Small catfish, average weight 85.3 =49 ¢
Pseudomonadota 0.18 —0.24 0.38 0.23 —0.21 —0.49
Bacillota —0.43 0.08 —0.4 —0.12 0.04 0.55
Actinomycetota 0.56 0.21 0.53 0.02 0.22 —0.03
Fusobacteriota —0.21 —0.18 —0.47 —0.24 0.18 0.36
Bacteroidota —0.37 0.54 —0.08 —0.27 —0.48 —0.07
Large catfish, average weight 652.6 = 159 ¢g

Pseudomonadota —0.13 0.38 0.34 0.02 0.19 0.27
Actinomycetota —0.60 0.16 0.00 0.08 0.49 1.00***
Bacillota —0.35 0.48 0.49 0.53 0.19 0.94*
Cyanobacteriota —0.11 0.20 —0.28 —0.02 0.22 1.00***
Fusobacteriota 0.13 0.68 0.12 0.17 0.09 —0.32
Bacteroidota —0.44 —0.12 —0.03 —0.06 0.59 0.89

Hereafter *—correlation is statistically significant at p < 0.05; **—at p < 0.01; ***—at p < 0.001.

Table 2. Relationship between the activity of digestive enzymes and representation of the dominant genera of the intestinal
microbiota of African catfish

Amylolytic activity Maltase activity|Sucrase activity Proteolytic activity
Dominant genera

of intestinal bacteria intestinal intestinal intestinal intestinal intestinal intestinal

mucosa chyme mucosa mucosa mucosa chyme

Small catfish, medium weight 85.3 + 4.88 g
Pseudomonas 0.06 0.14 0.09 —0.10 —0.25 —0.48
Cetobacterium —0.21 —0.19 —0.48 —0.25 0.19 0.36
Diaphorobacter 0.11 —0.50 0.36 0.51 —0.25 —0.52
Lactococcus —0.24 0.34 —0.88*** —0.73%* 0.40 0.74%*
Xanthomonas 0.45 —0.42 0.35 0.28 0.20 —0.14
Propionibacterium —0.16 0.62* —0.17 —0.25 —0.43 —0.42
Methylobacterium 0.03 —0.13 0.24 —0.06 0.06 —0.05
Corynebacterium 0.16 0.29 0.05 0.07 —0.26 —0.47
Rathayibacter 0.61* —0.12 0.45 0.14 0.54 0.13
Large catfish, medium weight 652.6 = 1591 g

Cetobacterium 0.15 0.37 0.12 0.16 0.07 —0.34
Propionibacterium —0.59 0.12 —0.08 —0.02 0.48 1.00%**
Streptococcus —0.19 0.10 0.60 0.61* —0.04 0.9] %%
Pseudomonas —0.03 —0.65* 0.29 —0.03 —0.05 —0.04
Prevotella —0.53 0.14 —0.51 —0.50 0.60 0.85%**
Corynebacterium —0.52 0.07 —0.23 —-0.22 0.57 1.00***
Staphylococcus —0.54 —0.12 0.16 0.05 0.55 1.00%**
Diaphorobacter —0.26 —0.42 —0.08 —0.22 0.58 0.58
Xanthomonas 0.26 —0.67* 0.26 0.04 —0.21 —0.34
Veillonella 0.26 0.43 0.75%* 0.94%** —0.24 0.971%**

Hereafter *—correlation is statistically significant at p < 0.05; **—at p < 0.01; ***—at p < 0.001.
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microorganisms of the Bacillota phylum, while the
most negative relationship was with Pseudomonadota
(—0.49 for chyme) and Bacteroidota (—0.48 for intesti-
nal mucosa). In the group of larger catfish, on average,
a positive relationship was established between mal-
tase activity in the intestinal mucosa and the propor-
tion of microorganisms of the phyla Pseudomonadota
and Bacillota, as well as between the activity of sucrase
and microorganisms of the phylum Bacillota phylum.
In the intestinal chyme, there was, on average, a posi-
tive relationship between the total amylolytic activity
and the proportion of microorganisms of the phyla
Pseudomonadota, Bacillota and Fusobacteriota (0.38,
0.48, and 0.68, respectively). At the same time, for the
intestinal mucosa of larger catfish, a low or medium
negative relationship with all phyla of microorganisms
(with the correlation coefficient ranging from —0.11 to
—0.60), was observed, except for Fusobacteriota. A
high positive relationship was established between the
proteolytic activity of intestinal chyme and the pro-
portion of microorganisms of the phyla Actinomyce-
tota, Bacillota, Cyanobacteriota and Bacteroidota (from
0.89 to 1.00). This suggests the microbial origin of a
significant part of the proteolytic enzymes in the intes-
tinal chyme of large catfish.

The relationship with the level of proteolytic activ-
ity of the intestinal mucosa was found to be signifi-
cantly lower, with a correlation coefficient ranging
from 0.09 to 0.59.

‘When analyzing the relationship between the activ-
ity of digestive enzymes and the representation of the
dominant genera of the intestinal microbiota of small
catfish (Table 4), the greatest positive correlation was
found between the total proteolytic activity of intesti-
nal chyme with bacteria of the genus Lactococcus
(0.74, p < 0.01), the total amylolytic activity of the
intestinal mucosa with bacteria of the genera Rathay-
ibacter and Xanthomonas (0.61, p < 0.05 and 0.45), and
of sucrase activity with bacteria of the genus Diaphoro-
bacter (0.51). A negative correlation was found for the
total proteolytic activity of the intestinal chyme with
bacteria of the genera Diaphorobacter, Pseudomonas,
Corynebacterium and Propionibacterium (—0.52,
—0.48, —0.47 and —0.42), maltase activity and bacteria
of the genera Lactococcus and Cetobacterium (—0.88,
p < 0.001 and —0.48), the total amylolytic activity of
intestinal chyme with bacteria of the genus Diaphoro-
bacter (—0.50).

For larger catfish, the greatest positive correlation
was established between the total proteolytic activity of
intestinal chyme with bacteria of the genera Propioni-
bacterium, Corynebacterium, and Staphylococcus
(1.00 each, p < 0.001), Streptococcus (0.91, p < 0.001),
Prevotella (0.85, p < 0.001), and Diaphorobacter
(0.58), as well as for the total proteolytic activity of the
intestinal mucosa with bacteria of the genera
Prevotella, Diaphorobacter, Corynebacterium, Staphy-
lococcus, and Propionibacterium (0.60; 0.58; 0.57;
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0.55, and 0.48), the activity of maltase and sucrase
with bacteria of the genera Strepfococcus and Veil-
lonella (0.60 and 0.75, p < 0.01; 0.61, p <0.05 and 0.94,
p <0.001), and the activity of maltase with bacteria of
the genera Streptococcus and Veillonella (0.60 and 0.75,
p <0.01). A high negative relationship was established
for the total amylolytic activity of the intestinal
mucosa with bacteria of the genus Propionibacterium
(—0.59), the total amylolytic activity of the intestinal
chyme with bacteria of the genera Xanthomonas and
Pseudomonas (—0.67 and —0.65, p < 0.05).

Amylolytic and proteolytic activity in the intestines
of smaller fish, both in the mucosa and in the chyme,
was higher than in larger fish. These results are consis-
tent with data on a higher level of activity of digestive
hydrolases in juvenile fish compared with adults from
natural reservoirs (Ugolev and Kuz’mina, 1993). At
the same time, the total proteolytic activity in the
intestinal mucosa of small European catfish Silurus
glanis was significantly lower compared to larger fish.
The activities of trypsin, chymotrypsin and o-amylase
did not depend on the fish size (Frolova et al., 2023).
The higher activity of glycosidases and proteinases of
chyme revealed in our work in African catfish grown in
aquaculture indicates a greater role of pancreatic
enzymes involved in cavital digestion as compared to
membrane enzymes of the intestinal mucosa.

When C. gariepinus juveniles were supplied with
feeds of different composition, the statistically signifi-
cant difference in activity was observed in intestinal
amylase, while its activity level varied from 33.5 to
70.5 and that of sucrase—from 4.5 to 15.1, but not
maltase—from 4.2 to 5.1 (Adewumi et al., 2022). In
our work, the total amylolytic activity in the intestinal
mucosa of smaller catfish (16—20 cm long) ranged
from 9.6 to 20.1; in the chyme, from 23.6 to
50.4 uM g=! min~'. Meanwhile, the total amylolytic
activity in larger specimens (37.5—40 cm long) varied
from 2.5 to 10.7 in the mucosa and from 11.5 to
23.3uM g~ ! min~! in the chyme. The activity of
sucrase in the intestinal mucosa in smaller catfish
ranged from 2.0 to 4.8; in larger specimens—from
0.7to 9.8 uM g~!' min~!. Maltase activity varied
from 11.5 to 19.2 in smaller catfish and from 8.9 to
25.2 uM g~! min~! in larger individuals. The total pro-
teolytic activity in the intestinal mucosa of small cat-
fish ranged from 0.6 to 2.3; in the chyme—from 3.7 to
6.6 uM g~! min~!. In larger specimens, the total pro-
teolytic activity varied from 0.35 to 1.3 in the mucosa
and from 1.3 to 3.7 uM g~! min~! in the chyme. It
should be noted that a direct comparison of the abso-
lute activity values is impractical, since enzymes of the
same name may have different properties even in
closely related species (Yufera et al., 2018). However,
these difficulties can be overcome by creating species-
specific protocols for determining the activities of the
key digestive enzymes based on their biochemical
characteristics. Given the significant impact of nutri-
No. 6
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tion on the growth and productivity of fish in aquacul-
ture, this is a practical measure, at least regarding eco-
nomically valuable species (Solovyev et al., 2023).

A large number of works have addressed the intes-
tinal microbiome of fish (Sugita et al., 1989; Nelson
et al., 1999; Izvekova et al., 2007; Ray et al., 2012; Liu
et al., 2016; Bledsoe et al., 2018; Zakaria et al., 2022;
Nowosad et al., 2022; Jiao et al., 2023; Kim et al.,
2023; Skvortsova et al., 2023). In Gadus morhua callar-
ias cod, the predominant phyla of bacteria in the gas-
trointestinal tract were found to be Bacillota, Fusobac-
teriota, Pseudomonadota, Actinomycetota, and Spiro-
chaetota (Wilczynski et al., 2022). Our studies have
shown that in the intestines of the African catfish, the
former four phyla were also dominant. The proportion
of Actinomycetota in the group of young individuals
was slightly higher than in larger specimens, while the
proportion of Spirochaetota decreased from small
(0.2%) to negligibly small values. A positive correla-
tion (r = 0.56) of Actinomycetota phylum bacteria with
the level of total amylolytic activity and sucrase activity
in the intestinal mucosa of the African catfish was
revealed.

One of the representatives of the genus Propioni-
bacterium (P. acnes) is an anaerobic gram-positive
bacterium that lives in the sebaceous glands of the skin
and receives energy from fatty acids contained in
sebum. Individual publications reported data on the
presence of these microorganisms in the intestines of
animals, such as pigs (Deng et al., 2023), as well as
aquatic animals, such as the Yangtze finless porpoise
Neophocaena asiaeorientalis ssp., as well as in fish and
water samples (You et al., 2020). In our study, bacteria
of the genus Propionibacterium were among the domi-
nant intestinal microorganisms in large catfish; a high
positive correlation was established between their rel-
ative abundance and the total amylolytic activity of the
intestinal chyme in small catfish, as well as a high pos-
itive correlation with the total proteolytic activity of
the intestinal chyme in large catfish. Representatives
of the genus Methylobacterium, which are promising
biotechnological objects (production of protein,
ectoin, poly-B-hydroxybutyrate, phytohormones,
etc.), are widespread in nature and typically found in
the atmosphere and soil; more rarely, Methylobacte-
rium species are found in clinical samples as opportu-
nistic microorganisms (Green and Ardley, 2018).
There is currently no data on the hydrolytic activity of
these microorganisms; our study did not identify high
correlations.

The high correlation of Lactococcus with the pro-
teolytic activity of the intestinal chyme in small catfish
is unlikely to be related to its participation in proteo-
Iytic processes, since, according to literature
data, these microorganisms are capable of fermenting
o-galactosides, but not proteins (Jung et al., 2020).
Two novel strains of Pseudomonas moraviensis sp. nov.,
according to Czech researchers, do not hydrolyze
No. 6
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either starch or casein (Tvrzové et al., 2006). P. koreen-
sis has been found to be catalase- and oxidase-positive.
To hydrolyze arginine and Tween 80, most strains liq-
uefy gelatin, but do not hydrolyze starch or acidify glu-
cose (Kwon et al., 2003). We found only a weak posi-
tive correlation for the total amylolytic activity of the
intestinal chyme of small catfish and the maltase
activity of the intestinal mucosa of large catfish with
the proportion of these microorganisms. It was previ-
ously shown that Cetobacterium improves intestinal
and liver health, as well as the antiviral immunity of
fish (Xie et al., 2021), participates in proteolysis (Liu
et al., 2016). Although we established a weak positive
relationship between these microorganisms and the
general proteolytic activity in small catfish, as well as
with the general amylolytic activity of the intestinal
chyme of large catfish, this was not sufficient to confi-
dently assert the significant role of these microorgan-
isms in the hydrolysis of starch and protein. Xan-
thomonas bacteria, the causative agents of bacterial
striation of rice leaves, could have entered the intes-
tines of catfish with feed components. Out of 60 tested
strains of a species X. campestris, 74% showed positive
reactions to starch hydrolysis (Alippi, 1991). We also
found an average positive correlation for the total amy-
lolytic activity and the activity of maltase and sucrase
of the intestinal mucosa with the proportion of Xan-
thomonas microorganisms in small catfish.

In the intestinal mucosa and chyme of African cat-
fish, the main enzymes responsible for the initial and
final stages of hydrolysis of carbohydrates and proteins
were identified. Their higher activity in small catfish
compared to large ones may be due to intensive
metabolism and digestion to support rapid growth. At
the same time, the total amylolytic and total proteo-
Iytic activity in the chyme was 2—3 times higher than
in the intestinal mucosa regardless of the fish size.
This fact may indicate that in the studied sample the
proportion of native enzymes was higher than that of
microbial ones. The highest positive correlation was
found for the total proteolytic activity of the intestinal
chyme of smaller catfish with bacteria of the phylum
Bacillota, which suggests their essential contribution
to proteolysis in young fish, for general amylolic—
with bacteria of the phylum Bacteroidota, which spe-
cialize in the fermentation of complex carbohydrates.

The predominant bacterial genera in the fish gut
microbiome, Propionibacterium and Corynebacterium,
are components of the normal microbiota of many
animals, including fish, and can also participate in
carbohydrate fermentation. Pseudomonas, Diaphoro-
bacter, and Xanthomonas are capable of degrading
complex organic compounds, including pollutants.
Their presence may indicate that they help cope with
high concentrations of organic matter in crowded cat-
fish tanks. The results obtained can be useful when
developing effective strategies for growing African cat-
fish in aquaculture.
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