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A 36-day feeding trial was conducted to compare the effects of the diet addition of three
commercial compound probiotics (Ma, Mb, Mc) on growth performance, intestinal health,
and immunity of juvenile turbot (30-day-old, 0.15 * 0.07 g). The results showed that
adding probiotics to the diet can improve growth performance and the Ma and Mb group
had the most significant facilitation effect (P < 0.05). Based on 16S rRNA sequencing, the
effects of different probiotic groups on the intestinal microbiota were explored. Ma group

increased OTUs richness and diversity, the relative abundance of Firmicutes and
Bacteroidetes at the phylum level, and Lactobacillus at the genus level, with the
significant enrichment of potential probiotics. Notably, the Ma group also significantly
increases metabolism-related functions. Both probiotic groups increased the fish
intestinal villus length. Moreover, after 14 days of challenge test with Aeromonas
salmonicida, the cumulative mortality rate was the lowest and the time of death was the
latest in the Ma group. In general, compared with the Mb and Mc group, supplementation
of Ma to juvenile turbot could significantly improve growth, intestinal morphology, and
immune ability with the promotion of potential probiotics in the host intestine.

1. INTRODUCTION

Global aquaculture has been accelerating since the 1980s.
However, the outbreak of various infections has caused eco-
nomic losses that cannot be ignored.! In traditional aqua-
culture, chemical additives and veterinary drugs are mainly
used to control bacterial and viral infections, especially an-
tibiotics, which pose a significant risk to public health.2
Therefore, in the case of large-scale prohibition of antibi-
otics in the world, more and more attention has been paid
to the use of environmental protection feed additives in the
contemporary aquaculture industry, such as microbial sup-
plements instead of antibiotics to improve the immune ca-
pacity of aquaculture-related species and solve the problem
of production safety of the aquatic product.>

Probiotics are living microorganisms, which can improve
the health and growth of the host by improving the balance
of microbiota in the environment, with sufficient doses of
probiotics supplemented in aquaculture waters or feed.2
Moreover, many functions of probiotics have been certifi-

cated, such as the improvement of the water environment,
the increase of feed efficiency, the promotion of growth,
reproductive performance, nutrition metabolism, and im-
mune-related genes expression. Notably, gut microbiota is
a potent regulator of host metabolism and immunity.4
Meanwhile, probiotics may ameliorate the composition of
intestinal microbiota to promote the growth and immunity
of many different aquaculture species, such as Sparus au-
rata,> Dicentrarchus labrax,® Ictalurus punctatus,” Ore-
ochromis niloticus,® and Procambarus clarkii.®

Currently, there is a wide variety of commercial com-
pound probiotics used in aquaculture for water or feed ad-
ditives, with wide variations in efficiency and price. It is
important to note that some products are often ineffective
and may even harm fish with supernumerary economic
losses.10:11 Inspired by these conditions, we urgently need
to conduct a comprehensive evaluation of the efficiency
of some well-known probiotic products. In the past two
decades, commercial probiotics products, with mixed cul-
tures of bacteria (Lactobacillus, Enterococcus, Clostridium,
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and Acetobacter) have been focused on the interest of re-
searchers. It has been proved that these mixed cultures
of probiotics could significantly increase the survival rate,
feed conversion, and gonadosomatic index in several
aquatic species.!2 However, the effects of these mixed pro-
biotics on intestinal health, intestinal histology and im-
mune capacity of aquatic animals have been slightly re-
ported, so further studies are needed.

The turbot (Scophthalmus maximus), originally native to
Europe, was introduced to China in 1992. It is recognized
as a crucial commercial fish species due to its rapid growth
rate, low-temperature resistance, high feed conversion
rate, and extensive industry chain, making it a cornerstone
of marine industrial farming in China.!3 However, turbot
aquaculture is threatened seriously by bacterial diseases.l4
Ma, Mb and Mc are three new commercial compound probi-
otics containing mainly Lactobacillus, Acetobacter pasteuri-
anus and Enterococcus faecium strains. These strains have
been shown to have a positive effect on growth perfor-
mance and disease resistance in marine fish.!5 The main
objective of this study was to evaluate the effects of three
commercial probiotics products on intestinal morphology,
intestinal microbiota, and immunity of juvenile turbot as
diet additives. Such information will aid in developing com-
mercial probiotics products to support the aquaculture
breeding industry and promote its sustainable develop-
ment.

2. MATERIALS AND METHODS

2.1. EXPERIMENTAL DESIGN

This experiment was conducted to study the effects of three
commercial compound probiotics on the performance of ju-
venile turbots. According to the Lim method,1¢ the basic
diet was mixed with the compound probiotic to make the
three probiotic groups feed, and the probiotic was added at
the ratio of 3% of the mass of the basic diet. The prepared
feeds were naturally dried at room temperature and stored
at 4 °C. To ensure the activity of the added strains, fresh
diets should be prepared daily. The strain composition of
probiotic complexes has been sequenced by Sangon Biotech
Co., Ltd. (Shanghai, China). The four experimental groups
were as follows:

C1: control group, fish was fed the basic diet (0.25-0.36
mm), with crude protein > 55%, crude protein > 8%, lysine >
2.5%, crude fiber < 3%, crude ash < 16%, calcium < 4%, and
moisture € 9%.

Ma: fish was fed the basic diet supplemented with 50
mL/kg Ma (viable bacteria > 10° cfu/mL). The Ma water
product mainly included Enterococcus faecium (38%), Lacto-
bacillus acidophilus (15%), Lactobacillus casei (15%), Lacto-
bacillus plantarum (10%), Pediococcus pentosaceus (8%), and
Clostridium butyricum (7.5%).

Mb: fish was fed the basic diet supplemented with 50
mL/kg Mb (viable bacteria > 109 cfu/mL). The Mb was com-
posed of beneficial microorganisms, mainly including Ace-
tobacter pasteurianus (44%), Klebsiella sp. A16-KP12
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(29.5%), Lactobacillus buchneri (21%), and Pediococcus pen-
tosaceus (1%).

Mc: fish was fed the basic diet supplemented with 50 mL/
kg Mc (viable bacteria > 10° cfu/mL). The Mc potent Lacto-
bacillus product consisted of Lactobacillus plantarum (95%)
and Enterococcus durans (3%).

2.2. EXPERIMENTAL FISH AND FEEDING TRIAL

A total of 3600 juvenile turbots (30-day-old) were obtained
from Weihai Jikun Aquatic Technology Co., Ltd. (Shandong
Province, China) with an initial body weight of 0.15 + 0.07
g/fish. After a 5-day acclimation period, healthy fish with
uniform size were pooled and then randomly allocated into
12 tanks at a density of 300 fish per tank (three replicates
per treatment). The water temperature, pH, and salinity
were maintained at 17 °C =1 °C, 8.0 = 0.3, and 29.0 £ 0.5,
respectively. All fish received the experimental diet twice
daily (at 07:00 am and 19:00 pm) and were fed until full
each time.

2.3. SAMPLE COLLECTION

After a 36-day feeding experiment, the fish were feed-de-
prived for 24 h. 3 fish were randomly selected from each
tank, and the hindgut was dissected and collected on ice
and placed in sterile test tubes filled with 4% paraformalde-
hyde solution for intestinal morphometric analysis.!7 An
additional 20 fish were randomly selected from each tank
for growth measurements and then dissected on ice to col-
lect the intestine in sterile tubes for intestinal microbiota
analysis.

2.4. ANALYTICAL METHODS
2.4.1. ANALYSIS OF INTESTINAL MORPHOLOGY

The hindgut was quickly resected during sampling, imme-
diately immobilized in a 4% paraformaldehyde solution, de-
hydrated with graded ethanol series and encased in paraffin
wax, 8 and finally stained with hematoxylin and eosin. The
Image-Pro Plus 6.0 software was used to measure muscular
thickness, villus length, and microvilli height under the 40
x microscope.

2.4.2. ANALYSIS OF INTESTINAL MICROBIOTA

Total DNA was extracted from the intestinal tracts. The
V3-V4 region of bacterial 16S rRNA in intestinal contents
samples was amplified by PCR using universal primers 338F
(5-ACTCCTACGGGAGGCAGCA-3’) and 806R (5-GGAC-
TACHVGGGTWTCTAAT-3’). High-throughput sequencing
was performed using Illumina Miseq sequencing by Sangon
Biotech Co., Ltd. (Shanghai, China). The products were pu-
rified, quantified, and homogenized to form a sequencing
library. The obtained high-quality data were analyzed in
the following aspects: OTU analysis, species annotation and
taxonomic analysis, diversity analysis, principal coordinate
analysis (PCoA), association analysis, and network analy-
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Table 1. Effect of compound probiotics
supplementation on the growth performance?

ID Length (cm) Weigh (g)

Ma 6.04+0.07° 3.35+0.06P
Mb 5.88+0.06P 3.27+0.05b
Mc 5.42+0.06 2.71+0.05
c1 5.38+0.08 2.41+0.03

a Values are presented as means * SE. There were three replicates in each group (20 tur-
bots per replicate).

b Significantly different compared to the value of the C1 group using ANOVA test (P <
0.05).

ses.19 All analyses were conducted in R (version 3.5.1, R De-
velopment Core Team).

2.4.3. CHALLENGE TEST OF USING* *AEROMONAS
SALMONICIDA

The challenge test was carried out after the feeding test, the
Aeromonas salmonicida (BHAS-1, CCTCC NO: M 2021264)
used in this challenge test was provided by Yantai Aquatic
Animal Disease Prevention and Control Center (Shandong,
China). BHAS-1 strain, which was isolated and preserved,
was activated in advance and cultured on the nutrition agar
plate. The bacterial suspensions of about 1013 cfu/mL were
prepared by washing the colonies with sterile physiologi-
cal saline. In our previous study, we calculated 1.62x1013
CFU/mL as the semi-lethal concentration (LC5) of BHAS-1
by the karbers method.20 20 fish in each group were ran-
domly selected, and 100 pL of BHAS-1 solution and 100 pL
of saline were injected intraperitoneally into the probiotic
and control groups, respectively, and recorded the death.
The death number was recorded continuously for 14 days in
the whole challenge test.

2.5. STATISTICAL ANALYSIS

The results data were expressed as mean * standard error
(SE). The data were statistically evaluated using One-way
analysis of variance (ANOVA) combined with Duncan’s
multiple comparison test and polynomial regression (linear
regression and quadratic regression), respectively. All sta-
tistics were performed using SPSS 19.0 (SPSS IBM, Amer-
ica), and Duncan’s multiple range test was applied. The sig-
nificance was set at P < 0.05.

3. RESULTS

3.1. GROWTH PERFORMANCE

On day 36, the growth performance of the fish was calcu-
lated. The probiotic groups exhibited significantly higher
length and weight gain compared to the CK group (Table 1).
Among them, the Ma group had the most significant facili-
tation effect.
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3.2. STRUCTURE OF INTESTINAL MICROBIOTA
3.2.1. ALPHA DIVERSITY ANALYSIS

The OTUs richness and diversity index (ACE, Chao, Shan-
non, and Simpson) of intestinal microbial populations of
turbots in different experimental groups are listed in Table
2. Among all groups, Ma had the highest OTUs richness
(ACE and Chao) and Shannon indices and C1 had the high-
est Simpson index according to Venn diagram analysis.

3.2.2. COMMUNITY COMPOSITION AND DOMINANT
SPECIES ANALYSIS

At the phylum level, the core microbial communities (top
10) of intestinal microbiota showed that Proteobacteria be-
came the most dominant phylum in all groups. It is worth
noting that probiotic groups can significantly reduce the
relative abundance of Proteobacteria and increase the
abundance of Firmicutes and Bacteroidetes compared with
the C1 group (Figure 1A). In all groups, the effect of Ma
was the most pronounced. At the genus level, the compo-
sition of the top 10 microbial changes significantly among
different groups (Figure 1B). Compared to the CK group, the
probiotic groups increased the relative abundance of Kleb-
siella, Brochothrix, Phenylobacterium, Lactobacillus, Acidovo-
rax, and Ralstonia, and reduced the relative abundance of
Pseudomonas and Shewanella (Figure 1B).

3.2.3. BETA DIVERSITY AND OTU ANALYSIS

A PCoA was then conducted to visualize the differences in
taxon composition among these groups (Figure 2A). Beta-
diversity analysis showed that significant divergence oc-
curred between probiotic groups and control groups. Com-
pared to Mb and Mc, the Ma group showed a more
significant separation. Next, we investigated differences in
OTU amounts among different groups by Upset analysis
(Figure 2B). A total of 55 OTUs were shared across all
groups. In addition, 4 OTUs were unique in the C1 group, 25
OTUs were unique in the Ma group, 9 OTUs were unique in
the Mb group, and 7 OTUs were unique in the Mc group.

3.2.4. NETWORK ANALYSIS

Then we combined Ma, Mb, and Mc into the probiotic
group, C1 into the control group, and further explored the
bacterial co-occurrence patterns between the probiotics
and control group using network analysis. In these two net-
works, the number of positive correlations was much higher
than that of negative correlations (Figure 3 and Table 3).
The values of graph density, avgCC, avgK, average weighted
degree, and modularity in these empirical networks were
significantly different between these groups, suggesting
that the bacterial community compositions were signifi-
cantly different between the probiotic group and the con-
trol group. Among the dominant bacterial communities in
both groups, Proteobacteria, Firmicutes, Bacteroidota, Ther-
mus, Tenericutes, Chloroflexi, Fibrobacteres, and Actinobacte-
riota tended to co-occur more than other phylum.

344



Comparison of the potential effects of three compound probiotics on juvenile turbot

Table 2. The Alpha diversity indices of different groups

Index C1 Ma Mb Mc
ACE 100.19 134.6 107.08 111.5
Chao1l 100.3 133.67 116 110
Shannon 1.75 3.2 261 211
Simpson 0.26 0.11 0.16 0.21
A
100 ) B
100 —
80 —
80—
3 %
8 60 ® Proteobacts é
s " Fi'fmicm:s o 8 60 u Psychrobact:
- 2 g 5 =
B ® Cyanobacteria_Chloroplast € .
< Deinococcus—Thermus _a ® Brochothrix
) ® Chiorofiexi < Acinetobacter
= 40 - ® Planctomycetes ) ® Ralstonia
ﬁ [ Fibroba_cteres 2 40— W Lactobacillus
) unclassified_Bacteria E m Acidovorax
o Other ° Phenylobacterium
@ Other
20 —
20—
0~
@’b \§° é‘o 0’\ 0-—-

Figure 1. Community composition and dominant species analysis.

Only the top 10 microbial communities are plotted in terms of relative abundance. A: Histogram of intestinal microbiota distribution at the phylum level. B: Histogram of intestinal

microbiota distribution at the genus level.

3.2.5. KEY SPECIES AND FUNCTIONAL PREDICTION

Due to the comparison of the potential effects, the distri-
bution characteristics of key species among Ma, Mb, and
Mc were further surveyed (Figure 4A). Ternary plots of key
species across three probiotic groups showed that unclas-
sified_Acidovorax,  Propioniferax_sp._P7, Paracoccus_rhi-
zosphaerae, unclassified Ralstonia, Camellia oleifera, and
Arthrobacter_sp. GWS-BW-H45M contributed and enriched
Ma, Pseudomonas_psychrophila and unclassified PMMR]1
contributed and enriched Mc, Shewanella baltica, She-
wanella_glacialipiscicola and Pseudomonas_sp. X—-al0 con-
tributed and enriched Mb.

The functional prediction analysis based on KEGG data-
base is reported in Table 4. The analysis of functional clas-
sification prediction based on KEGG (level 2) showed that
environmental information processing-membrane trans-
port was the most abundant pathway in all experimental
groups. Of these, metabolism-related functions were en-
riched in Ma compared with other groups, and they mainly
belonged to the transcription factors, arginine, and proline
metabolism (Figure 4B).
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3.3. INTESTINAL MORPHOLOGY

The muscular thickness, intestinal villus length, and in-
testinal villus height were analyzed based on the intestinal
morphology section (Figure 5). The muscular thickness did
not show a significant difference in all experimental groups
(P > 0.05) (Table 5). However, the intestinal villus length
in the Ma, Mb, and Mc group was significantly higher than
in the C1 group (P < 0.05). By comparing with C1 and Mb
groups, the intestinal villus height in the Ma and Mc groups
was significantly lower (P < 0.05).

3.4. CHALLENGE EXPERIMENT

The Aeromonas salmonicida challenge experiment in juve-
nile turbot after 36 days of feeding was conducted to exam-
ine the immunity performance. The cumulative mortality
rate of the Ma group was 35% and 100% in the C1, Mb, and
Mc groups. Moreover, in this challenging experiment, fish
fed with the Ma diet began to die on the 8th day, but fish fed
with other groups’ diets began to die on the 15t day. The de-
ceased fish exhibited symptoms indicative of erythematous
ulcers between the fins, an enlarged abdomen, and a red

345


https://ija.scholasticahq.com/article/141103-comparison-of-the-potential-effects-of-three-compound-probiotics-on-growth-intestinal-microbiota-intestinal-morphology-and-immunity-of-juvenile-tur/attachment/290012.png

Comparison of the potential effects of three compound probiotics on juvenile turbot

A 02
-
Ma
0.1 i
A
®
o~
: Ma
0.04
3 B
<§ Mc
a ci
Mb
-0.1
-0.2
-0.3 -0.2 -0.1 00 01 02
PcoA1 (46.09%)
8 Upset-Venn -
-
[
-,

Figure 2. Diversity and OTU analysis.

A: Principal coordinates analysis (PCoA) based on Bray-Curtis dissimilarities. B: Upset Veen demonstrates the distribution numbers of shared and unique OTUs of juvenile turbot in

different experimental groups.

anus by morphological observation. The anatomical exam-
ination revealed the presence of ascites, congestion of the
liver, swollen intestines, enlarged spleen, necrotic kidneys,
and milky pus within the body.29 The symptoms exhibited
by the fish are consistent with those reported in the after-
math of A. salmonicida infection. Consequently, it was pos-
sible to ascertain that the mortalities of the fish were due
to A. salmonicida infections. Thus, feeding with Ma signifi-
cantly improved the survival of A. salmonicid infected juve-
nile turbot than C1, Mb, and Mc.

4. DISCUSSION

In recent years, the inclusion of multiple probiotics has
gained interest. The advantage of using multiple-strain
preparations is that they may further improve the overall
beneficial effect of the probiotic formulation and are active
against a wider range of conditions and species.2! However,
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fewer studies have been conducted on the use of compound
probiotics in turbot applications. Therefore, this study was
conducted to investigate the effect of different dietary com-
pound probiotics on growth, intestinal microbiota, intesti-
nal morphology, and immunity of juvenile turbots.

In this experiment, 30-day-old juvenile fish were chosen
as the experiment subjects, and at this age, the fish were
already able to feed on the basic diet. Studies have shown
that the development of the digestive-absorptive system of
turbot is basically complete by the age of 60-70 days, and
the morphology and function of the digestive-absorptive
system are close to those of adult fish.22 Thus, to ensure
the effectiveness of the experiment, the experimental pe-
riod was set at 36 days.

Our results showed that at the end of the 36-day feeding
trial, the body weight and length of the treatment group re-
ceiving the probiotic complexes were increased compared
to the control group, while there was a significant differ-
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Figure 3. The networks of co-occurring bacterial OTUs between probiotics and control group at the phylum level.

The red edge indicates a positive interaction between two individual nodes, and the blue edge indicates a negative interaction.

Table 3. Topological properties of co-occurring bacterial networks obtained between the Control group and

probiotic groups

Network metrics Control group? Probiotic groupsb
Number of nodes 63 68
Number of edges 2,016 847

Number of positive correlations 58.53% 58.80%
Number of negative correlations 41.47% 41.20%
Average path length (APL) 1 1

Graph Density 1.032 0.372

Network diameter 1 1
Average clustering coefficient (avgCC) 0.993 0.887
Average degree (avgK) 64 24.912
Modularity (M) 0 1.536
Average Weighted Degree 19,841 6,765

aC1 group.
b The probiotic group is composed of Ma, Mb, Mc group.

ence between the probiotic groups in terms of body weight
and length, which was higher in Ma group than in other
probiotic groups. Thus, our results not only showed that the
probiotic complex had a positive effect on promoting the
growth of turbot but also indicated that there were differ-
ences in the effects of different combinations of probiotics
on the hosts.

The intestine plays a crucial role in digestion and de-
fense.23 The Intestine microbiota has been identified as
a significant regulator of host metabolism and immunity,
making it an essential component of gut health.5 Previous
studies had reported that the composition of the intestinal
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microbiota of aquatic organisms is mainly regulated by the
environment and diet. The intestinal microbiota compo-
sition is closely related to the health of the host, which
can improve host performance by promoting nutrient ab-
sorption, stimulating immune responses, and resisting dis-
ease.24

Thus, it is important to compare the potential effects of
different probiotics on host intestinal microbiota, intestinal
morphology, and immunity.

Significant divergence in intestinal microbiota was
found in these groups. Ma group significantly improved the
richness and diversity of the intestinal microbial commu-
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Figure 4. Key species and functional prediction.

Metabolism

A: Ternary plots of key species across three probiotic groups. The Size of each point represents the relative abundance of key species. Position is determined by the contribution of
three probiotic groups to the total relative abundance, proximity to that vertex indicates enrichment of that key species in that probiotic group. The colors of the circles correspond
to key species. B: Heatmaps of PICRUSt2-inferred functions. Intensity represents the Z score normalized predicted relative abundance of pathways.

nity and promoted the stability of the intestinal micro-
bial community, whereas Mb and Mc showed lower impact
and efficiency. Likewise, rainbow trout diet supplemented
with lactic acid bacteria could significantly improve the
richness and diversity of the intestinal microbial commu-
nity.25 In addition, compared with the C1 group, Ma could
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significantly improve the relative abundance of Firmicutes
and Bacteroidota at the phylum level. Whereas the promo-
tion effect of Mb and Mc on these bacteria was not ideal.
There is evidence that the bacteria belonging to Firmicutes
and Bacteroidota have been applied as probiotics due to
their capacity for metabolism promotion.26 At the genus

348


https://ija.scholasticahq.com/article/141103-comparison-of-the-potential-effects-of-three-compound-probiotics-on-growth-intestinal-microbiota-intestinal-morphology-and-immunity-of-juvenile-tur/attachment/290015.png

Comparison of the potential effects of three compound probiotics on juvenile turbot

Table 4. Functional prediction on KEGG database in different experimental groups

KEGG pathway C1 Ma Mb Mc
metabolism_amino acid metabolism 2411074 709501 1096712 1527182
metabolism_biosynthesis of other secondary metabolites 125264 46419 64848 82790
human diseases_cancers 40534 12274 18371 26217
metabolism_carbohydrate metabolism 1876822 614074 901472 1233964
human diseases_cardiovascular diseases 5017 1774 2338 3192
cellular processes_cell growth and death 87868 33340 44939 59297
cellular processes_cell motility 675534 188235 311843 410704
unclassified_cellular processes and signaling 1072937 269130 468451 670808
organismal systems_circulatory system 15842 4412 7139 9521
organismal systems_digestive system 3418 1744 2130 2362
organismal systems_endocrine system 69735 24581 34558 43620
metabolism_energy metabolism 1075004 349701 517575 703273
organismal systems_environmental adaptation 29758 9003 13724 18886
metabolism_enzyme families 385948 114198 179007 247419
organismal systems_excretory system 3269 1796 2108 2229
genetic information processing_folding, sorting and degradation 506676 150746 233340 327987
unclassified_genetic information processing 499786 156763 237801 332283
metabolism_glycan biosynthesis and metabolism 410838 117990 189191 269044
organismal systems_immune system 13706 3802 6003 8763
human diseases_immune system diseases 10764 2957 4794 6697
human diseases_infectious diseases 123151 28228 52062 76070
metabolism_lipid metabolism 922998 261639 412783 576705
environmental information processing_membrane transport 2470801 774085 1162858 1628359
human diseases_metabolic diseases 11699 4249 6114 8299
unclassified_metabolism 603737 162968 271478 378821
metabolism_metabolism of cofactors and vitamins 858782 266899 404042 561015
metabolism_metabolism of other amino acids 452271 135410 207796 285328
metabolism_metabolism of terpenoids and polyketides 486170 146569 220640 307583
organismal systems_nervous system 24729 5036 9801 14143
human diseases_neurodegenerative diseases 106499 31382 47851 66642
metabolism_nucleotide metabolism 599534 197021 288624 401886
unclassified_poorly characterized 1280820 339454 565394 801390
genetic information processing_replication and repair 1332915 436763 639345 887249
environmental information processing_signal transduction 580595 149379 257623 353672
environmental informatio?n;z‘;?;:;zi:g_signaIing molecules and 36675 10262 16723 22033
genetic information processing_transcription 496759 141775 227770 317742
genetic information processing_translation 880972 276421 411221 577989
cellular processes_transport and catabolism 72945 23031 34212 45813
metabolism_xenobiotics biodegradation and metabolism 794057 251568 375143 498943

level, Ma dietary supplementation significantly reduced the
relative abundance of pathogenic bacteria, such as She-
wanellaceae and Pseudomonadaceae. In recent years, a large
number of studies have been reported on the infection of
marine-farmed animals by Shewanellaceae and Pseudomon-
adaceae®”-28, Meanwhile, compared to the other group, the
relative abundance of Lactobacillus was also higher in the
Ma group. Studies have shown that Lactobacillus supple-
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mentation could improve the growth and disease resistance
of fish and was recommended for commercial aquaculture
production systems.2? Moreover, the key species of the Ma
group also confirmed this view, such as unclassified Aci-
dovorax,30 Propioniferax_sp. P7,3! Camellia_oleifera,32 and
Arthrobacter sp.33 These findings further indicate that pro-
biotic feeding can increase the abundance of potential pro-
biotics in the intestinal of juvenile turbot to promote host
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Figure 5. The hindgut tract sections photomicrographs of juvenile turbot in different experimental groups.

(H.E. staining; Scale bar: 100 pm). tM: muscular thickness, IVH: hindgut villus length, hMH: hindgut microvilli height.

Table 5. The morphological analysis of hindgut structure of juvenile turbot in different experimental groups?

Index C1 Ma Mb Mc
muscular thickness (um) 117.12+8.29 95.52+12.46 117.74+11.72 111.37+8.05
hindgut villus length (um) 358.25+24.01 515.65+48.87P 496.57+43.27P 510.32+42.68P
hindgut villus height (um) 667.22+88.05 396.48+43.48P 598.58+71.62 322.65+32.04P

2 Values are presented as means=SE. There were three replicates in each group (three turbots per replicate).

b Significantly different compared to the value of the C1 group using ANOVA test (P < 0.05).

health. Meanwhile, the count of potential probiotics en-
riched in Ma was more than Mb and Mc group. Network
analysis provides a comprehensive understanding of the in-
teractions, composition, and assemblage patterns of fish
microbial communities, reflecting the ecological processes
of fish microbial communities.3* Results showed that the
networks between the probiotic and control group were sig-
nificantly different and non-randomized, which is consis-
tent with the topological features of a small-world and in-
trinsic modular architecture. It is worth noting that the
strong interactions between intra- and inter-phylum taxa
were found in the probiotic group which indicates the ben-
eficial effect of the stability of the microbial community
by probiotics feeding. Interestingly, according to the KEGG
pathways abundance from high to low order in all the ex-
perimental groups, processing-membrane transport was
the most abundant pathway, followed by the metabo-
lism_amino acid metabolism pathways and the metabo-
lism-carbohydrate metabolism pathways, which suggested
that these pathways may be related to immunity and stress
resistance of turbot, further study is needed in the future.
The histological information of the intestinal tract can
effectively evaluate the digestive capacity and potential
health status of fish fed with different dietary ingredients
(Yarahmadi et al. 2011). Among them, the length of the
intestinal villus, the height of intestinal villus, and the
thickness of muscular are important indicators for judging
intestinal absorption capacity and health.23 In this exper-
iment, both Ma, Mb, and Mc had a positive effect on the
hindgut villus length of juvenile turbot, indicating that
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these three commercial probiotic products used in this ex-
periment can improve intestinal absorption capacity and
intestinal health by increasing the length of the intestinal
villus. However, the hindgut villus height in the current
study was significantly decreased in the Ma and Mb group,
which was contrary to the trend of intestinal villus length.
The main reason for this phenomenon may be that the
change in intestinal villus height is related to the intestinal
diameter, according to a previous study.23

A. salmonicida is one of the most harmful fish pathogens
in aquaculture worldwide.3> Previous research showed that
acute infection of turbot with A. salmonides usually led to
fatal diseases, while chronic infection showed multifocal
granulomatous dermatitis.3¢ Studies have demonstrated
that probiotics can reduce the mortality of fish infected by
pathogens. For example, higher survival rates were exhib-
ited in the Carassius auratus immunized with recombinant
Lactobacillus casei after challenge with A. veronii.3” Com-
pared to the control group, Siniperca chuatsi fed the diet
supplemented with Lactococcus lactis had lower mortality
rates.3® Similarly, in the current study, after challenge test
with A. salmonicida, the cumulative mortality rate in the Ma
group was 35%, while in the C1, Mb, and Mc group, the cu-
mulative mortality rate was 100%, and fish fed with Ma diet
began to die on the 8th day, but fish fed with other groups’
diet began to die on the 1st day. This result was consis-
tent with the result of intestinal microbiota. It showed that
turbot-fed the Ma supplemented group can directly affect
intestinal microorganisms and act on microbial products,
host products, or food components so as to regulate the
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host immune system and reduce the cumulative mortality
rate after infection, with better effects than the Mb and Mc

group.
5. CONCLUSIONS

In summary, this experiment confirmed the importance of
dietary probiotics supplementation in stimulating growth
performance, intestinal morphology, intestinal microbiota,
and immunity of juvenile turbot (S. maximus). Considering
the effects of dietary probiotics’ types and levels on in-
testinal morphology, intestinal microbiota, and immunity.
The findings indicate Ma was the better optimum product
supplemented to the juvenile turbot diet through improv-
ing the abundance of potential probiotics in the intestinal
and the survival rates under A. salmonicida infection. In the
next step, the mechanism of action of the probiotic will
be analyzed from the perspective of transcriptomics and
metabolomics. Meanwhile, the effect on the probiotic effect
of the strains was explored in terms of changing the fre-
quency of feeding and the concentration of the additions.
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