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Responses of the gastrointestinal
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metabolism of pond-cultured
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Protein metabolism can provide energy for various biological activities of organisms.
However, there have been few studies on the succession of gastrointestinal
microbiota structure during the metabolism of protein by the host. In this study,
physiological and biochemical, gRT-PCR, and 16S rDNA high throughput sequencing
methods were used to detect the activity characteristics of proteases and the related
gene expression levels in each gastrointestinal tissue, as well as the distribution
characteristics and succession of the gastrointestinal microbiota structure of pond-
cultured Japanese flounder (Paralichthys olivaceus). The results showed that the
activity of pepsin, trypsin, and chymotrypsin in the pyloric caecum and gut, and the
relative expression levels of the related genes, increased first and then decreased, but
the aspartate aminotransferase (ASP) and alanine aminotransferase (ALA) activity
showed the opposite tendency. These reflected that the nutrient composition of
gastrointestinal tract contents was dynamic, which caused obvious changes to the
alpha diversity and structure of gastrointestinal microbiota. Lactobacillus,
Acinetobacter, Bacteroides, Escherichia-Shigella, Prevotella, the genera represented
by the Lachnospiraceae_NK4A136_group and MND1, Sphingomonas, Alistipes,
Alloprevotella, Enterobacter, Helicobacter, Myroides, Ruminiclostridium, and
Romboutsia were the main gastrointestinal microbiota based on the dominance,
commonality, and colonization. The relative abundance of Lactobacillus and
Acinetobacter in the three gastrointestinal tissues increased first and then
decreased. According to the number of shared and dominant genera, the
consistency of succession of some genera, and the increase in the similarity of
microbiota structure among the three tissues, we inferred that the microbiota was
affected by the gastrointestinal tract nutrient composition. Gastrointestinal microbiota
genes were mainly enriched in the metabolism pathway according to the KEGG
pathway, and the ratio of Firmicutes to Bacteroidetes, the representative of energy
accumulation, followed an at-first increasing and then decreasing trend in each

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fmars.2023.1033094/full
https://www.frontiersin.org/articles/10.3389/fmars.2023.1033094/full
https://www.frontiersin.org/articles/10.3389/fmars.2023.1033094/full
https://www.frontiersin.org/articles/10.3389/fmars.2023.1033094/full
https://www.frontiersin.org/articles/10.3389/fmars.2023.1033094/full
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fmars.2023.1033094&domain=pdf&date_stamp=2023-03-01
mailto:xuyj@ysfri.ac.cn
https://doi.org/10.3389/fmars.2023.1033094
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/marine-science#editorial-board
https://www.frontiersin.org/marine-science#editorial-board
https://doi.org/10.3389/fmars.2023.1033094
https://www.frontiersin.org/journals/marine-science

Jiang et al.

10.3389/fmars.2023.1033094

tissue. This shows that the main gastrointestinal microbiota played a synergistic role in
the energy accumulation of the host. This study will provide a reference for the
development of high-efficiency compound feed formulae and improve feed
efficiency by regulating the gastrointestinal tract microecology for pond-cultured

Japanese flounder.

KEYWORDS

Paralichthys olivaceus, protein metabolism, protease activity, gene expression,
gastrointestinal microbiota

1 Introduction

Protein is one of the most important nutrients for organisms
because it participates in essential physiological processes, such as
the maintenance and repair of damaged tissues and the production
of enzymes, hormones, and antibodies, through the anabolism and
catabolism of protein during growth and reproduction (Tu et al,
2015; Santos et al., 2020a; Santos et al., 2020b). Proteases
are enzymes that specifically break peptide bonds between
amino acids during protein degradation. Pepsin, trypsin, and
chymotrypsin are major proteases derived from pepsinogen,
trypsinogen, and chymotrypsinogen, respectively. Pepsinogen, a
precursor of pepsin, belonging to the aspartic proteinase family, is
activated in the acidic environment of the stomach and converted to
the biologically active pepsin (Foltmann, 1981; Korbova and
Kohout, 1981; Chi et al., 2013; Nazemroaya et al., 2020).
Trypsinogen and chymotrypsinogen, the pancreatic serine
proteases of teleosts, are activated to perform their biologically
active function in the gut (Berger and Schechter, 1970; Psochiou
et al,, 2007; Santos et al., 2020a; Santos et al., 2020b). The synthesis
of pepsinogen, trypsinogen, and chymotrypsinogen is regulated by
the expression of the respective genes (pepsinogen, trypsinogen, and
chymotrypsinogen). The gastrointestinal tract is the center of
nutrient metabolism in a multicellular organism, and food is the
main source of protein. After ingestion, protein nutrients in food
enter the gastrointestinal tract. On receipt of this stimulation, the
organism up-regulates the expression of these genes to promote the
synthesis of proteases, which will degrade protein nutrients into free
amino acids. These amino acids are then transported through the
blood circulation by related transporter proteins and used in
protein anabolism and catabolism (Broer, 2008; Santigosa et al.,
2008; Verri et al., 2017; Wei et al., 2020).

Gastrointestinal tissues with digestive function in cultured fish
mainly include the stomach, pyloric caecum, and gut. In recent
years, the gut microbiota has become a hot research field that has
progressed through the development of molecular biology, omics,
and bioinformatic technologies. Studies have reported trillions of
microorganisms colonizing the gut, and their composition and
activity are closely related to characteristics of the host such as the
species, feeding habits, and physiological stage, and environmental
factors such as diet nutrition, environmental bacteria, and stress (Li
et al,, 2012; Nicholson et al., 2012; Banerjee and Ray, 2017; Dwivedi
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et al,, 2017; Jiang et al., 2019; Walburn et al., 2019; Horlick et al.,
2020; Jiang et al., 2020). Likewise, microbiota colonizing the gut can,
in turn, participate in and influence many of the host’s physiological
activities, including nutrition, energy absorption, immunity, and
especially adaption to extreme environments (Shabat et al., 2016;
Zhang et al, 2016; Legrand et al, 2018). There have been 130
glycoside hydrolases, 22 polysaccharide lyases, and 16 carbohydrate
esterases described in all living organisms, most of which are
encoded by microbial genomes (Cantarel et al., 2009; Flint et al.,
2012). Therefore, microbiota colonizing the gastrointestinal tract can
perform metabolic functions that alter the contents, such as secreting
vitamins, organic acids, amino acids, growth-promoting factors,
digestive enzymes, and other biologically active metabolites, and
participate in host physiological activities. However, the nutrient
composition of gastrointestinal tract contents is constantly changing
during nutrient metabolism, and different gastrointestinal tissues
also contain different nutrient contents that lead to changes in the
structure of gastrointestinal microbiota. In other words, the host
interacts with the gastrointestinal microbiota by changing the
nutrient levels in the gastrointestinal environment.

Japanese flounder (Paralichthys olivaceus) is the economic
species in China. However, there have been few studies published
on changes to the gastrointestinal microbiota structure during
nutrient metabolism in this species. In this study, the
composition and distribution of gastrointestinal microbiota and
trends in protease activities and related gene expression patterns
were investigated, and the effect of the gastrointestinal microbiota
during nutrient metabolism of pond-cultured Japanese flounder
were analyzed. These will provide a reference for the development
of high-efficiency compound feed formulae and the screening of
native probiotics for pond-cultured Japanese flounder.

2 Materials and methods

2.1 Source and aquaculture management
of Japanese flounder

The Japanese flounder used in this experiment were pond-
cultured on a farm in Qingdao, Shandong Province, China. One
Japanese flounder culture pond (35.63°N, 119.89°E) on this farm
was randomly selected as the experimental pond. The size of this
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pond was approximately 6660 m and the average water depth was
3 m. The average body length of the pond-cultured Japanese
flounder was 47.97 + 0.54 c¢cm, and the average weight was
1043.44 + 38.06 g.

The pond-cultured Japanese flounders were usually fed frozen
Ammodytes personatus twice a day (6: 00 and 16: 00), the amount of
which was 3%-5% of the fish’s body weight. The frozen A.
personatus were purchased in large quantities and stored in the
refrigerated warehouse. Before feeding, A. personatus were taken
out of the warehouse and naturally thawed to a certain extent, and
then washed several times with fresh water. During this experiment,
the water conditions were as follows: the temperature was 20-22°C,
the dissolved oxygen was higher than 5 mg/L, and the salinity was
28-31. After starvation for 24 h, the experiment was started. Since
the experiment only involved one complete feeding cycle, the pond-
cultured Japanese flounders were only fed once (6: 00) during
the experiment.

2.2 Collection of samples

On the basis of our previous study, we set the sampling times as
0 h (before feeding), 6 h after ingestion, and 12 h after ingestion. At
each sampling time, nine individuals were randomly selected from
the Japanese flounder culture pond as the sample fish. These
individuals were completely narcotized with MS-222 (Sigma-
Aldrich, St. Louis, MO, USA) to minimize suffering, and the
collection of all fish samples was strictly conducted according to
the regulations from the local government and the Institutional
Animal Care and Use Committee of the Yellow Sea Fisheries
Research Institute, Chinese Academy of Fishery Sciences. The
weight and length of each were measured. After cleaning with
75% alcohol, the blood samples (2 mL) were quickly collected from
the tail vein of each fish with a disposable syringe and placed in the
refrigerator at 4°C for 4 h.

Then, these individuals were dissected and the gastrointestinal
tracts were taken out with sterile scissors and forceps under sterile
conditions. After removing the fatty tissue, blood vessels, and other
tissues from the surface of gastrointestinal tracts and cleaning with
75% alcohol, the samples were squeezed gently to remove any of the
remaining contents in the gastrointestinal tracts. Then, the
gastrointestinal tracts were rinsed with pre-cooled sterile 1.5%
saline three to five times. Each gastrointestinal tract, including the
stomach, pyloric caecum, and gut, was differentiated according to
its structural characteristics, separated with sterilized scissors,
packed in sterile and RNAase-free centrifuge tubes, and stored in
liquid nitrogen.

2.3 Enzymes activity assay and bacterial
DNA extraction

The blood samples were taken out of the refrigerator and
centrifuged for 10 min at 4°C and 4000 r/min. Then the
supernatant (serum) was aspirated. Serum samples from three
individuals were mixed into one sample. The mixed serum
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samples were used to determine the aspartate aminotransferase
(ASP) and alanine aminotransferase (ALA) activities with ELISA
kits (Meilian, Shanghai, China) and RT-6100 (Rayto, Shenzhen,
China) following the manufacturer’s instructions.

Gastrointestinal tissues from three individuals were randomly
selected for the detection of protease activities. Each gastrointestinal
tissue sample was taken out of liquid nitrogen and then thawed
naturally on the ice. A certain amount of tissue was weighed, after
adding the pre-cooled tissue homogenate according to the ratio of 1:
9 (w/v), the T10 Basic S25 tissue homogenizer (IKA, Staufen,
Germany) was used to homogenize the sample, which was
centrifuged at 5000 r/min for 30 min at 4°C. The supernatant was
then collected and used to determine the pepsin, trypsin, and
chymotrypsin activities with ELISA kits (Meilian, Shanghai,
China) and RT-6100, following the manufacturer’s instructions.

The gastrointestinal tissues of another three individuals were
taken out of liquid nitrogen and then ground up with liquid
nitrogen, and the total genomic DNA of the microbiota was
extracted using a DNA Extraction Kit (DNeasy PowerSoil Kit,
Qiagen, Germany) following the manufacturer’s instructions,
respectively. The concentration of DNA was examined with
NanoDrop and agarose gel. The genomic DNA was used as a
template for PCR amplification with the barcoded primers and Tks
Gflex DNA Polymerase (Takara, Japan). For the microbiota
diversity analysis, the V3-V4 variable regions of 16S rDNA were
amplified using PCR with universal primers 343 F (5'-
TACGGRAGGCAGCAG-3’) and 798 R (5'-AGGGTATCTA
ATCCT-3’). The amplicon quality was visualized using gel
electrophoresis, purified with AMPure XP beads (Agencourt,
Beverly, Massachusetts, USA), and amplified for another round of
PCR. After being purified with the AMPure XP beads again, the
final amplicon was quantified. Equal amounts of purified amplicon
were pooled for subsequent sequencing. The paired-end reads (2 x
250 bp) were generated through sequencing.

2.4 Gene expression detection

The total RNA of the gastrointestinal tissues of the final three
individuals was extracted using the RNAiso Plus reagent (TaKaRa,
Dalian, China) according to the manufacturer’s instructions. The
purity and concentration of the RNA were assessed by the
NanoDrop, and the integrity of the RNA was checked by 1%
agarose gel electrophoresis. The first strand of cDNA was
synthesized using the PrimeScriptTM RT reagent kit with gDNA
Eraser (Perfect Real Time) (Takara, Dalian, China) according to the
manufacturer’s instructions. The real-time quantitative polymerase
chain reaction (QRT-PCR) method was used to determine the gene
expression levels of pond-cultured Japanese flounder
gastrointestinal tracts during nutrient metabolism. Primers of the
pepsinogen, trypsinogenl, trypsinogen3, chymotrypsinogenl,
chymotrypsinogen2, and the housekeeping gene (fB-actin) (Kim
et al, 2004) for the qRT-PCR assays are listed in Table 1. The
qRT-PCR was performed with SYBR Green Real-time PCR Master
Mix (TaKaRa, Dalian, China) using the Mastercycler® ep realplex
Real-time PCR System (Eppendorf, Hamburg, Germany). The
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TABLE 1 Primer sequences used in the qRT-PCR assays of pond-cultured Japanese flounder.

Primer name Primer sequence (5'-3') GenBank accession number
Pepsinogen-F ATCAAGCAGAACCTCGTGTCC

AB120129
Pepsinogen-R TACCACCGAAGACCACCTCAC
trypsinogenl-F GTTGTGTCTGCTGCTCACTGCT

AB029750
trypsinogenl-R TGATGTCGTTGTTGATGTTGTAGG
trypsinogen3-F TGTGTGAAAGTCCCCATTCTGT

AB029752
trypsinogen3-R GCCCCAAGAGACGATACCA
chymotrypsinogenl-F GGTGTGGAGTGCCTTCTATCAA

AB029753
chymotrypsinogenl-R CTGCCATCCTGAAGTGAAACC
Chymotrypsinogen2-F CCGTTACTGGGGCAACAAG

AB029754
Chymotrypsinogen2-R CGATTCCGACCAAAGTCCA
P-actin -F ACTACCTCATGAAGATCCTG

AB029337
P-actin -R TTGCTGATCCACATCTGCTG

melting curve was also plotted to confirm the presence of a single
PCR product.

2.5 Statistical analysis

The protease and the metabolic enzyme activities were
calculated according to the standard curve method. The target
gene expression level was normalized to the level of B-actin and
AACT method.

The paired-end reads were then preprocessed using

quantified using the 2

Trimmomatic software (Bolger et al., 2014) to detect and cut off
ambiguous bases (N). We also filtered out low-quality sequences
with an average quality score below 20 using the sliding window
trimming approach. After trimming, the paired-end reads were
assembled using FLASH software (Reyon et al., 2012). The
parameters of the assembly were: 10 bp of minimal overlapping,
200 bp of maximum overlapping, and a 20% maximum mismatch
rate. The sequences underwent further denoising as follows: Reads
with ambiguous, homologous sequences or those below 200 bp in
length were abandoned, reads with 75% of the bases above Q20
were retained, and reads with chimera were detected and removed.
These steps were achieved using QIIME software (Caporaso et al.,
2010) (version 1.8.0). After these treatments, effective tags were
acquired from all samples. Several effective tags were clustered into
operational taxonomic units (OTUs) when their shared sequencing
identity was higher than 97% using Vsearch (v 2.4.2) (Rognes et al.,
2016). Representative sequences of each OTU were selected and
annotated with species using the RDP Classifier (v 2.2) (Edgar,
2013) and Silva database (v 123) (Quast et al., 2013), where the
threshold was higher than 0.7. To control for differences in the
sampling effect, we rarefied each sample to 22,951 sequences (the
minimum sequence amount among all samples) per sample before
calculating the diversity indices. The relative abundance and alpha
and beta diversity analyses were performed based on this
homogenization process. A Kyoto Encyclopedia of Genes and

Frontiers in Marine Science

Genomes (KEGG) pathway analysis was conducted using
Tax4fun (0.3.1).

The K-S test was used to analyze the normal distribution
characteristic of the data. The one-way analysis of variance
(ANOVA) was used to analyze the data with SPSS 17.0, and
Duncan’s test was used to make multiple comparisons of the
differences among the different sampling times in the gene
expression and the changes in the serum indicators during
the whole experiment. The Kruskal-Wallis H test was used to
detect the differences in the values of gastrointestinal microbiota
among the three sampling times. The significance level was set at p <
0.05, and the results are expressed as the mean + SD.

3 Results

3.1 Characteristics of protease and serum
metabolic enzyme activity

The pepsin activity of pond-cultured Japanese flounder
increased first and then decreased during the whole experiment
(Table 2). However, there was no significant difference in the
stomach among the three sampling times (P > 0.05). Trends of
trypsin activities in the pyloric caecum and gut were all first
increasing and then decreasing. The trypsin activity in the pyloric
caecum was significantly higher at 6 h than 12 h after ingestion (P <
0.05); however, there was no significant difference in activity in the
gut among the three sampling times (P > 0.05). Chymotrypsin
activity in the pyloric caecum and gut increased first and then
decreased. Meantime, the chymotrypsin activity in the gut was
significantly higher at 6 h after ingestion than at the other two
sampling times (P < 0.05), however, there was no significant
difference among the three sampling times in the pyloric caecum
(P> 0.05).

The characteristics of serum ASP and ALA activity are shown in
Table 3 during nutrient metabolism of pond-cultured Japanese
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TABLE 2 Protease activities of each gastrointestinal tissue of pond-cultured Japanese flounder (Fresh weight).

Pepsin activity (U/g)

Trypsin activity (U/q)

Chymotrypsin activity (U/g)

0h 53.56 + 1.22 - -
Stomach 6h 54.14 + 1.80 - -

12h 50.65 + 0.75 - -

0h - 10.88 + 0.15 *® 69.47 + 2.40
Pyloric caecum 6h - 11.76 + 0.35 ° 77.50 + 4.30

12h - 10.72 £ 0.23 * 68.43 + 1.08

0h - 11.20 £ 0.22 29.99 + 1.03 °
Gut 6h - 11.59 £ 0.12 34.86 + 0.72 €

12h - 10.64 + 0.39 2794 £1.26°

The superscripts of different lowercase letters in the same column indicated that the values were significantly different among different sampling times (n = 3, P < 0.05).

flounder. The activity of these two metabolic enzymes decreased
first and then increased with digestion and absorption, and the
higher values were obtained at 0 h (95.00 U/L) and 12 h (16.23 U/L),
respectively. Serum ASP and ALA activity were significantly lower
at 6 h than at the other two sampling times (P < 0.05).

3.2 Protease gene expression pattern in
gastrointestinal tissue

The expression characteristics of protease genes, including
pepsinogen, trypsinogenl, trypsinogen3, chymotrypsinogenl, and
chymotrypsinogen2, during nutrient metabolism in gastrointestinal
tissue of each pond-cultured Japanese flounder, are presented in
Figures 1A-I. The relative expression levels of pepsinogen in the
stomach, and trypsinogenl, trypsinogen3, chymotrypsinogenl, and
chymotrypsinogen2 in the pyloric caecum and gut increased first
and then decreased, and the values were significantly higher at 6 h
than at the other two sampling times (P < 0.05).

3.3 Changes to alpha diversity of
gastrointestinal microbiota

During nutrient metabolism, the alpha diversity of microbiota
in each gastrointestinal tissue of pond-cultured Japanese flounder is
presented in Figure 2. The Chao 1 and Shannon indices of
microbiota decreased first and then increased in the stomach, but
the difference among the three sampling times was not significant
(P > 0.05) (Figure 2A). The microbiota in the pyloric caecum
showed gradually increasing trends in the Chaol and Shannon

indices during nutrient metabolism, and the Chaol index was
significantly higher at 12 h than at 0 h (P < 0.05) (Figure 2B).
The changes in the Chaol and Shannon indices of microbiota in the
gut were the same as those in the pyloric caecum, however, there
was no significant difference among the three sampling times (P >
0.05) (Figure 2C).

3.4 Succession of gastrointestinal
microbiota structure

The top 10 phyla (according to the average relative abundances in
the three parallel samples of each gastrointestinal tissue in each
treatment) in each sample are presented in Figure 3A, which
includes Proteobacteria, Firmicutes, Bacteroidetes, Actinobacteria,
and Gemmatimonadetes. The relative abundances of Proteobacteria,
Firmicutes, and Bacteroidetes were all higher than 20%. Meantime, the
ratio of Firmicutes to Bacteroidetes increased first and then decreased
at each sampling time along the gastrointestinal tract. The highest ratio
was shown in the pyloric caecum (Figure 3B). In the same
gastrointestinal tissue, the ratio of Firmicutes to Bacteroidetes
increased first and then decreased with the progress of
nutrient metabolism.

The genus-level compositions of the top 15 microbiota, according
to the average relative abundance of each sample, are shown in
Figure 4. Lactobacillus, the genera represented by
Lachnospiraceae_NK4A136_group, Acinetobacter, Bacteroides,
Escherichia-Shigella, Sphingomonas, and Prevotella were the
dominant and shared genera in the three gastrointestinal tissues
during nutrient metabolism of the pond-cultured Japanese flounder.
These microbiota were also the colonizing microbiota in the

TABLE 3 Characteristics of serum ASP and ALA activities of pond-cultured Japanese flounder.

ASP (U/L) ALA (U/L)
0Oh 95.00 + 320 ° ‘ 16.18 + 0.41 °
6h ‘ 72.80 + 0.38 * ‘ 12.59 + 0.56 *
12h 86.92 + 272" 1623 + 043"

The superscripts of different lowercase letters in the same column indicated that the values were significantly different among different sampling times (n = 3, P < 0.05).
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FIGURE 1

The expression levels of pepsinogen, trypsinogenl, trypsinogen3, chymotrypsinogenl, and chymotrypsinogen2 in the gastrointestinal tissues of
pond-cultured Japanese flounder. (A) pepsinogen in the stomach; (B) trypsinogenl in the pyloric caecum; (C) trypsinogen3 in the pyloric caecum;

(D) chymotrypsinogenl in the pyloric caecum; (E) chymotrypsinogen2 in

(H) chymotrypsinogenl in the gut; (I) chymotrypsinogen?2 in the gut. Different lowercase letters represented that values were significantly different

among different sampling times for each gene (n = 3, P < 0.05).

gastrointestinal tract of pond-cultured Japanese flounder. In the
stomach, the relative abundances of Lactobacillus, the genera
represented by Lachnospiraceae_NK4A136_group, Acinetobacter,
Romboutsia, Helicobacter, and Escherichia-Shigella increased first and
then decreased (Figure 4A). The relative abundances of Bacteroides,
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the pyloric caecum; (F) trypsinogenl in the gut; (G) trypsinogen3 in the gut;

Alistipes, Sphingomonas, Myroides, Pseudomonas, and Haliangium
presented a gradually decreasing trend, while the relative abundance
of the other dominant genera gradually increased in the stomach. In
the pyloric caecum, relative abundances of Lactobacillus, the genera
represented by Lachnospiraceae_ NK4A136_group, Prevotella,
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Acinetobacter, Ruminiclostridium, Enterobacter, and Myroides
increased first and then decreased (Figure 4B). The relative
abundances of Bacteroides, Glycomyces, Fusobacterium, Alloprevotella,
Escherichia-Shigella, and Helicobacter gradually decreased, while the
relative abundances of the other dominant genera showed a gradually
decreasing trend in the pyloric caecum. In the gut, the relative
abundances of Bacteroides, Lactobacillus, the genera represented by
Lachnospiraceae_NK4A136_group, Acinetobacter, Alistipes,
Romboutsia, Sphingomonas, Ruminiclostridium, Helicobacter,
Escherichia-Shigella, Pseudomonas, Enterobacter, and Mpyroides
increased first and then decreased, while the relative abundances of
Prevotella, Glycomyces, and Alloprevotella gradually decreased
(Figure 4C). Apart from Glycomyces in the pyloric caecum, the
relative abundances of dominant genera in each gastrointestinal
tissue did not significantly differ among the three sampling times (P
> 0.05).

3.5 Beta diversity analysis

Nonmetric multidimensional scaling (NMDS) is a data analysis
method that simplifies research objects (samples or variables) in a
multi-dimensional space and low-dimensional space for
positioning, analysis, and classification while retaining the
original relationship between objects. ANOSIM analysis is a
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method for analyzing the overall differences among different
samples. According to the ANOSIM analyses performed in the
study, there were no significant differences in the microbiota
structure among the samples (p > 0.05) (Figure 5), which
indicated that the diversity of the gastrointestinal microbiota was
not significantly correlated with digestion.

The number of genera in each sample was obtained on a
common basis among the three replicates for each sample
(Figure 6). During nutrient metabolism, the number of genera in
each gastrointestinal tissue showed an increasing trend. After
ingestion, the number of unique genera in the pyloric caecum
obviously decreased, and the number of unique genera in the other
samples tended to show a gradual increasing trend.

3.6 Functional characteristics of
gastrointestinal microbiota

According to the relative abundance of dominant KEGG
pathways (an average relative abundance higher than 1%) in each
gastrointestinal tissue at level 1, the metabolism pathway, genetic
information processing, environmental information processing,
and cellular processes were ranked according to the relative
abundance (Figure 7). The relative abundance of cellular
processes in the stomach and environmental information
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The structural characteristics of gastrointestinal microbiota at the phylum level. (A) The top-ten phyla with relative abundance; (B) The ratio of

Firmicutes to Bacteroidetes.

processing and genetic information processing in the pyloric
caecum gradually decreased during nutrient metabolism. The
relative abundance of environmental information processing and
genetic information processing in the stomach and gut increased
first and then decreased during nutrient metabolism. However,
there was no significant difference among the different sampling
times in each gastrointestinal tissue for each dominant KEEG
pathway (P > 0.05).

4 Discussion
4.1 Digestion and metabolism of protein

Proteases, including pepsin, trypsin, and chymotrypsin, are key
enzymes for the digestion of protein nutrients in animals. The
synthesis of these proteases is mainly regulated by related genes. In
this study, all protease activities increased first and then decreased
during the nutrient metabolism of pond-cultured Japanese
flounder. However, there were no significant differences in
pepsin activity, trypsin activity in the gut, or chymotrypsin
activity in the pyloric caecum among the different sampling
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times. Moreover, the expression levels of pepsinogen,
trypsinogenl, trypsinogen3, chymotrypsinogenl, and
chymotrypsinogen2 all significantly changed during nutrient
metabolism. Although these genes can regulate the synthesis of
pepsinogen, trypsinogen, and chymotrypsinogen, the activations
are also related to the specific environment in the gastrointestinal
tract. Some studies have reported that protease activity is affected
by both intrinsic and extrinsic factors, such as the physiological
stage and health status of the organism, nutrient level of the feed,
temperature, and exogenous protease (Liu et al., 2019; Choi et al.,
2020; Hassani et al., 2020; Santos et al., 2020a; Santos et al., 2020Db)..
The feed, living environment, species, and physiological stage
among the Japanese flounder used in this study have no
differences. Interestingly, after being ingested, the organism was
stimulated to up-regulate the expression of protease-related genes,
promoting the synthesis and secretion of protease, and leading to
an increase in protease activity. With the gradual digestion of
protein, the protein nutrient level of the gastrointestinal tract
contents was gradually reduced, and the synthesis and secretion
of protease were reduced, leading to the gradual decline of protease
activity. The constant nutrient level fluctuations in the
gastrointestinal tract meant that the responses of the organism
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FIGURE 4

The dominant (top 15, according to the average relative abundances of the three parallel samples for each gastrointestinal tissue in each treatment)
genera of gastrointestinal microbiota of pond-cultured Japanese flounder. (A) stomach; (B) pyloric caecum; (C) gut. * represented significant
differences for the same genus among the different sampling times (p < 0.05).

also changed dynamically; therefore, there were dynamic changes
in protease-related gene expression and protease activity. This
might have been the key reason for the dynamic changes in
protease activities and related gene expression of pond-culture
Japanese flounder.

ASP and ALA are important amino acid transferases and play
important roles in protein metabolism (de Sousa and Sodek, 2003;

Frontiers in Marine Science

de la Torre et al., 2014). Under normal circumstances, ASP and
ALA activities in serum are low, but when animals are subjected to
malnutrition or stress, serum ASP and ALA activities in serum
increase (Lemaire et al., 1991; Jia et al,, 2021). In this study, the
lowest ASP and ALA activities were recorded at 6 h after ingestion,
which might be related to the abundant nutrition in the
gastrointestinal tract, and ASP and ALA were mostly involved in
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The nonmetric multidimensional scaling (NMDS) analysis.

protein metabolism. Karlsson et al. (2006) reported that free amino
acids concentrations in the plasma of Oncorhynchus mykiss had the
highest values at 6 h after ingestion, which also indicated that there
is a stage of vigorous metabolism during the digestion of feed. This
also revealed the importance of sample collection time in studies
related to physiological characteristics. The study on the activity
characteristics of digestive enzymes and metabolic enzymes will
provide a reference for the development of a high-efficiency formula
feed for large-size Japanese flounder.
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4.2 Structural characteristics of
gastrointestinal microbiota

Numerous studies have reported that feed composition,
nutrient level, and additives could obviously change the structure
and composition of the gut microbiota of cultured animals (Zhao
et al., 2018; Bi et al., 2019; Hassani et al., 2020; Abou-Kassem et al.,
2021). In this study, the pond-cultured Japanese flounder were fed
twice a day according to 3-5% fish body weight and were basically
satiated. Although the cultured fish could catch wild plankton and
small fish, the proportion of these food sources was very small.
Therefore, we did not consider their effect on the structure of the
gastrointestinal microbiota. The feed of the pond-cultured Japanese
flounder, the frozen A. personatus, had been washed several times
with fresh water before being supplied to the fish to minimize the
effects of microbiota carried by the frozen A. personatus on the
gastrointestinal microbiota of the Japanese flounder. The protein
nutrient digestion and metabolism data indicated that the changes
in nutrient substrates in the gastrointestinal tissue led to changes in
the structure and alpha diversity of the microbiota in this study.
Although the differences in relative abundances of dominant genera
were not significant, changes in relative abundances of part genera
were more obvious, such as Bacteroides, Lactobacillus, the genera
represented by Lachnospiraceae NK4A136_group, Acinetobacter,
Prevotella, and Romboutsia. It was reasoned that the changes in
gastrointestinal microbiota were dynamic and complex and
susceptible to change by the nutrient level in gastrointestinal tract
contents. Based on the principles of dominance, commonality, and
colonization, we classified Bacteroides, Lactobacillus, the genera
represented by Lachnospiraceae_NK4A136_group and MNDI,
Acinetobacter, Escherichia-Shigella, Sphingomonas, Prevotella,
Alistipes, Alloprevotella, Enterobacter, Helicobacter, Myroides,

The characteristic of genera numbers in each gastrointestinal tissue of pond-cultured Japanese flounder.
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Ruminiclostridium, and Romboutsia as the main microbiota in the
gastrointestinal tracts of pond-cultured Japanese flounder in
this experiment.

Lactobacillus is generally the potential probiotic in aquaculture,
and it is often provided in combination with Bifidobacterium in feed
to promote the growth performance of the host (Hassani et al.,
2020). Some strains belonging to Bacteroides could synthesize and
secrete polysaccharide A, which has anti-inflammatory properties
(Hiippala et al., 2020). Shao et al. (2020) provided evidence that
Sphingomonas sp. PDD-57b-25 and Acinetobacter towneri isolated
from wastewater had higher ammonia nitrogen, nitrite nitrogen,
and total phosphorus assimilation capacities. The increased relative
abundance of Prevotella in the human gut may improve glucose
metabolism induced by dietary fiber (Kovatcheva-Datchary et al,
2015). Escherichia-Shigella may be detrimental to the response of
patients with a heart valve replacement to anticoagulant therapy
(Wang et al., 2020). However, no studies have been performed on
the pathogenicity of Escherichia-Shigella in fish farming. Some
strains belonging to Ruminiclostridium play an important role in
cellulose degradation (Rettenmaier et al., 2021). Some strains
belonging to Enterobacter, Alistipes, Alloprevotella, and
Helicobacter might be associated with human clinical infection.
However, the relative abundances of these main genera were not
elevated, and there are no relative reports on these genera causing
disease in aquaculture to date. Therefore, these aquaculture
products can be safely and normally eaten.

A study reported that the microbes isolated from field-caught
Drosophila melanogaster promote amino acid harvest to increase
the lifespan of undernourished flies (Yamada et al., 2015). The gut
microbiota can assist the host with the absorption of energy to
maintain normal physiological activities, especially under extreme
environmental conditions (Shabat et al., 2016; Zhang et al., 2016).
The changes in the ratio of Firmicutes to Bacteroidetes, the
representative of energy accumulation (Ley et al., 2006; Cox et al.,
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2015), was higher at 6 h after ingestion than the other sampling
times in this study, indicating that the nutrient metabolism was
strong and energy accumulation was fast at this time. This change
was consistent with the change in the protease activity and the
related gene expression, indicating that, with the change in nutrient
protein level, there was a rapid change in the gastrointestinal
microbiota structure that allowed the host to obtain as much
energy as possible for physiological activities. These also reflected
that the gastrointestinal microbiota cooperated with the host for
protein nutrition metabolism. Moreover, most gastrointestinal
microbiota mainly participated in the metabolism pathway to
supply the energy for pond-cultured Japanese flounder, which
might be related to the rapid growth and development of the fish.
The relative abundances of dominant genera colonizing the
gastrointestinal tract remained high during the protein
metabolism of pond-cultured Japanese flounder, which indicated
that the main colonizing genera were the same genera participating
in the host’s physiological activities. It is possible that the same kind
of fish ingesting the same feed for a certain time in the same ocean
has led to a high similarity in gastrointestinal microbiota structures
among fish. A study reported that short-term dietary changes can
obviously affect the composition of gut microbiota (David et al.,
2014). These all indicate that feed has an important influence on the
structural characteristics of the gastrointestinal microbiota. The
relevant study on the gastrointestinal microbiota will help in the
screening of the native and functional probiotics for large-size
Japanese flounder.

5 Conclusions

In summary, the changes in protease activities, related gene
expression, and serum metabolic enzyme activities indicated that
the protein metabolism of pond-cultured Japanese flounder was
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normal. The nutritional composition of the gastrointestinal tract
contents underwent dynamic changes during this process, which
led to the succession in the gastrointestinal microbiota structure.
According to the principles of dominance, commonality, and
colonization, Bacteroides, Lactobacillus, the genera represented by
Lachnospiraceae_NK4A136_group and MNDI1, Acinetobacter,
Escherichia-Shigella, Sphingomonas, Prevotella, Alistipes,
Alloprevotella, Enterobacter, Helicobacter, Myroides,
Ruminiclostridium, and Romboutsia were classified as the main
microbiota. Based on the changes in the ratio of Firmicutes to
Bacteroidetes and the KEGG pathway analysis of gastrointestinal
microbiota, we conclude that the main colonizing microbiota seems
to have major synergistic effects on the protein metabolism of pond-
cultured Japanese flounder.
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