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A B S T R A C T

Recent studies have revealed the beneficial effects of stachyose on intestinal histology and digestive function of
fish. However, a comprehensive understanding of stachyose's impact on intestinal health of fish remains unclear,
limiting its use in aqua-feed. In the present study, a 12-week feeding trial was conducted to investigate the effects
of dietary stachyose on intestinal microbiota and mucosal barrier function of turbot (S. maximus L). Three
isonitrogenous and isolipidic experimental diets were formulated to contain 0%, 1.25% and 5% stachyose, re-
spectively. Sequencing of bacterial 16s rRNA V4 region indicated that dietary stachyose altered the intestinal
adherent microbiota profile, which was supported by the diet-cluster of PCA, PCoA, beta diversity heatmap and
phylogenetic tree. LEfSe and MetaStat analysis indicated that both 1.25% and 5% dietary stachyose significantly
elevated the abundance of intestinal cellulose-degrading bacteria. However, the higher level of stachyose (5%)
increased the abundance of intestinal beneficial bacteria as well as that of potential pathogenic bacteria.
Moreover, 1.25% dietary stachyose significantly up-regulated the genes expression of occludin, claudin-3, and
ZO-1, and down-regulated the gene expression of claudin-like in the intestine (P < 0.05). Dietary stachyose at
5% significantly increased mucin-2 secretion and the gene expression of ZO-1, while significantly decreased the
gene expression of claudin-like in the intestine (P < 0.05). Collectively, our study showed that dietary sta-
chyose supplementation could favorably modulate the profile of intestinal microbiota and enhance the intestinal
mucosal barrier function in juvenile turbot. Stachyose showed promising potential of being used as prebiotic in
diet for enhancing the intestinal health of turbot.

1. Introduction

As an oligosaccharide, stachyose has been used as prebiotics in
human and mammal food industry, and it has been reported to be able
to promote the growth of specific gut bacteria species and improve the
intestinal health (Mussatto and Mancilha, 2007; Li et al., 2013; Li, T.,
et al., 2017; Pacifici et al., 2017). Studies concerning the effects of
stachyose on fish performances are limited. In some cases, contra-
dictory results even existed (Cai, 2006; Cai et al., 2012; Hu et al., 2015).
Some recent studies in fish have suggested the potential prebiotic
properties of stachyose. Moderate levels of stachyose in diets improved
the intestinal development and digestive capability (Mi et al., 2011;
Sørensen et al., 2011; Hu et al., 2015). Nevertheless, these studies

mainly focused on the gut histological structures and digestive function,
whereas more expanded effects of stachyose on intestinal health-related
properties is less investigated in fish.

Both the homeostasis of intestinal bacteria and the integrity of in-
testinal mucosal barrier function are important components of gut
health (Maloy and Powrie, 2011). In the healthy state, the intestinal
bacteria can exert a series of beneficial effects on the intestinal health of
the host, such as providing nutrients and energy to the host via the
fermentation of non-digestible dietary components, influencing the
development of intestinal mucosal and protecting the gut from invasive
pathogens (Sekirov et al., 2010; Flint et al., 2012; de Medina et al.,
2014; Liu et al., 2016). Meanwhile, the intact intestinal mucosa pro-
vides an essential barrier against harmful substances and pathogens
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from the external environment. Its function is built mainly upon the
epithelial layer which constitutes a physical barrier (de Medina et al.,
2014; König et al., 2016), and mucus secreted from epithelial goblet
cells provides protection for the epithelium layer(Maloy and Powrie,
2011; Sahlmann et al., 2013). Tight junctions (TJs) proteins between
intestinal epithelial cells which include members of the Claudin family,
Occludin family and Zonula occludens 1 (ZO-1) are also indispensable
in the maintenance of barrier integrity and function (Turner, 2009;
Jutfelt, 2011). Among the various factors that regulate intestinal bac-
terial community and barrier function, dietary ingredients were found
to play an vital role in influencing gut microbial composition and
modifying expression and localization of TJ proteins (Clemente et al.,
2003; Drago et al., 2006; Ulluwishewa et al., 2011; Luo et al., 2014;
Ringø et al., 2016; Schmidt et al., 2016; Huyben et al., 2017; Li, Y.,
et al., 2017; Zhou et al., 2017).However, no information has been re-
ported about the effects of dietary stachyose on these two aspects of
intestinal health in fish.

To further investigate the expanded effects of dietary stachyose on
fish intestinal health, the present study evaluated the effects of a low
(1.25%) or high (5%) dose of stachyose on the intestinal microbiota
profile and mucosal barrier integrity in turbot, which are both an im-
portant fish species for aquaculture industry and a good model marine
fish for academic research. The results will gain novel insight into the
nutritive property of stachyose.

2. Materials and methods

2.1. Ethics statement

Procedures for animal care and handling in the present study were
approved by the Institutional Animal Care and Use Committee of Ocean
University of China.

2.2. Experimental diets design

The present experiment is an extension of our precious study (Hu
et al., 2015), which was designed to evaluate the effects of dietary
stachyose, an oligosaccharide often regarded as an anti-nutritional
factor (ANF), on the growth performance and intestinal health of
turbot. Among all oligosaccharides, stachyose is one of the most pre-
dominant ANFs in plant ingredients, and the content of stachyose in
soybean meal is around 5%. In our previous experimental design, five
isonitrogenous and isolipidic diets were formulated to contain 0,
0.625%, 1.25%, 2.5% and 5% stachyose respectively, which is equal to
the content of stachyose in fish diets when 12.5%, 25%, 50% and 100%
soybean meal was used in the diet of turbot. Based on the results our
precious study, three diets were chosen in the present experiment to
contain 0% (FM) (As the Control group), 1.25% (S-1.25) and 5% (S-5)
stachyose, respectively (Table 1).

The feed was made, packed and stored following the standard
procedures of our lab. Briefly, dietary ingredients were ground into fine
powder through 320 μm mesh. All ingredients were thoroughly mixed
with fish oil, then water was added to produce stiff dough. The dough
was then pelleted with an experimental single-screw feed mill. After
being pelleted, the feeds were dried in a ventilated oven at 45 °C for
about 12 h and then stored in a freezer at −20 °C (Xu et al., 2010).

2.3. Feeding trial

Juvenile turbot (Scophthalmus maximus L.) were obtained from a
commercial farm in Laizhou, China. Prior to the start of the experiment,
fish were acclimated to a commercial diet (Great Seven Bio-Tech Co.
Ltd., Qingdao, China) for two weeks. Then the fish were fasted for 24 h
and weighed. A total of 270 fish (initial weight 4.63 ± 0.01 g) were
randomly distributed to 9 cylindrical fiberglass tanks (200L) in an in-
door rearing system with flowing sea water. Each experimental diet was

randomly assigned to three tanks. The feeding trial lasted for 12 weeks.
During the feeding period, fish were slowly hand-fed to apparent sa-
tiation twice daily (7:30 and 19:30). The rearing conditions followed
those in our previous studies (Hu et al., 2015).

2.4. Sample collection

At the end of the feeding trial, six hours after the last feeding, fish
were anesthetized with eugenol (1:10,000) (purity 99%, Shanghai
Reagent Corp, Shanghai, China), and then counted and weighed. For
the analysis of intestinal microbiota, the surface of one randomly se-
lected fish per tank (three fish per treatment) was sterilized by tampon
with 70% alcohol, then the abdominal cavity of fish was opened; the
whole intestine was removed, opened, and cleared of intestinal content
carefully, by using sterile scissors and bistoury, around alcohol flame.
The whole intestinal mucosa layer of these three fish per treatment
were carefully scraped from foregut region to hindgut region using
sterile rubber spatula, then transferred to 2 mL sterile tubes (Axygen,
America). To analyze intestinal gene expression the whole intestinal
mucosa layer from other six randomly selected fish per tank were col-
lected following the procedure described above, then transferred to
1.5 mL RNase-free tubes (Axygen, America). All the above mentioned
samples were immediately stored at liquid nitrogen before further
processing.

2.5. Intestinal microbiota DNA extraction and sequencing

Genomic DNA sample was extracted from the whole intestinal
mucosa layer of one fish per tank using a QiAamp DNA stool Mini Kit
(Qiagen, Germany) on super clean bench around alcohol flame with
some modifications as we previous described. Briefly, the intestinal
mucosa layer samples were transferred from −80 °C to ice for a short
while, then carefully transferred to a 5 mL sterile tube containing suf-
ficient InhibitEX buffer (proportional to the tissue weight). The tube
was subjected to vortex at maximum speed for 1 min, and 1 mL of the
homogenate was used for the downstream DNA extraction according to

Table 1
Formulation and proximate composition of the experimental diets (% dry matter).

Ingredients (%) FM S-1.25 S-5

Menhaden fish meala 67.00 67.00 67.00
α-Starcha 16.00 16.00 16.00
Menhaden fish oila 3.50 3.50 3.50
Soybean lecithina 0.50 0.50 0.50
Choline chloride 0.30 0.30 0.30
Vitamin premixb 1.00 1.00 1.00
Mineral premixc 0.50 0.50 0.50
Ca(H2PO3)2 0.50 0.50 0.50
Y2O3 0.05 0.05 0.05
Stachyosed 0 1.37 5.47
Microcrystalline cellulose 10.65 9.28 5.18

Analyzed nutrients compositions (dry matter basis)
Crude protein 48.45 48.33 47.99
Crude lipid 9.40 9.02 9.14
Ash 8.41 8.23 8.64

Abbreviations: FM, fish meal diet; S-1.25: 1.25% stachyose diet; S-5: 5% stachyose diet.
a Menhaden fish meal, α-starch, menhaden fish oil and soybean lecithin were obtained

from Great Seven Bio-tech (Shandong, China). Menhaden fish meal: crude protein 74%
dry matter, crude lipid 9.7% dry matter.

b Vitamin premix (mg/kg diet): thiamin, 25; riboflavin (80%), 45; pyridoxine HCl, 20;
vitamin B12, 10; vitamin K3, 10; inositol, 800; pantothenic acid, 60; niacin acid, 200; folic
acid, 20; biotin (2%), 60; retinyl acetate, 32; cholecalciferol, 5; α-tocopherol, 240;
ethoxyquin 3; ascorbic acid 2000; Microcrystalline Cellulose, 6470.

c Mineral premix (mg/kg diet): MgSO4·7H2O, 1200; CuSO4·5H2O, 10; FeSO4·H2O, 80;
ZnSO4·H2O, 50; MnSO4·H2O, 45; CoCl2·6H2O (1%), 50; Ca(IO3)2 (1%), 60; Na2SeO3 (1%),
20; Zeolite, 3485.

d 91.45% stachyose, Xi'an Rongsheng Bio Technology Co., Ltd.
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the manufacturer's instructions (Li, Y., et al., 2017). The quantity and
purity of the DNA were assessed using a Nano-Drop®ND-1000 spec-
trophotometer (Nano-Drop Technologies, Wilmington, DE, USA). The
integrity of the extracted genomic DNA was determined by electro-
phoresis on a 1.2% (w/v) agarose gel. Each sample had only one single
and bright strip around 20,000 bp on the gel and the 260/280 nm ab-
sorbance ratios of all samples were 1.8–2.0, and ratios were similar and
stable, indicating a satisfactory purity of the DNA samples. According to
the concentration, DNA was diluted to 1 ng/μL using sterile water.

To determine the diversity and composition of bacterial commu-
nities, PCR amplifications were conducted with the 515f/806r primer
set that amplifies the V4 region of the 16S rRNA gene of gut microbiota.
The reactions were carried out in 30 μL sample volume using 15 μL of
Phusion® High-Fidelity PCR Master Mix (New England Biolabs), 0.2 μM
of forward and reverse primers, 10 ng template DNA, and nuclease-free
water. The PCR was ran as follows: 98 °C for 1 min, followed by
30 cycles of denaturation at 98 °C for 10 s, annealing at 50 °C for 30 s,
and extension at 72 °C for 60 s, after which a final extension at 72 °C for
5 min was applied. The quantity and purity of the PCR product were
assessed by Beijing Novogene Genomics Technology Co. Ltd. (China).
Sequencing was conducted on an Illumina MiSeq platform according to
the manufacturer's recommendations, provided by Beijing Novogene
Genomics Technology Co. Ltd. (China). Complete data were submitted
to the NCBI Short Read Archive under accession no.SRR3497398,
SRR3497400-SRR3497403, SRR3497405-SRR3497408.

2.6. RNA extraction and qPCR

The total RNA was extracted (three intestinal samples per tank and
three tanks per treatment) using Trizol Reagent (Invitrogen, USA) and
electrophoresed on a 1.2% denaturing agarose gel to evaluate the in-
tegrity followed by concentration determination with Nano-Drop®ND-
1000 (Nano-Drop Technologies, Wilmington, DE, USA). The 260/
280 nm absorbance ratios of all samples were close to 2.0, and ratios
were similar and stable, indicating a satisfactory purity of the RNA
samples. Then, RNA was reversed transcribed to cDNA by PrimeScript®
RT reagent Kit with gDNA Eraser (Perfect Real Time, Takara, Japan)
following the manufacturer's instructions.

Quantitative real-time PCR primers (Table 2) were used in the
qPCR. The qPCR assays were carried out in a quantitative thermal cy-
cler (Mastercycler eprealplex, Eppendorf, Germany) in a final volume of
25 μL containing 12.5 μL of 2 × SYBR Green Real-time PCR Master Mix
[SYBR® Premix Ex Taq™ (Tli RNaseH Plus)] (TaKaRa, Japan), 0.5 μL
(10 μM) of each forward and reverse primer, 1 μL of 100 ng/μL com-
plementary DNA template and 10.5 μL of dH2O, according to (Li et al.,
2017). PCR conditions began with 2 min at 95 °C, followed by 35 cycles
of 15 s at 95 °C, 15 s at 58 °C, and 20 s at 72 °C. A melting curve analysis
(1.85 °C increment/min from 58 °C to 95 °C) was performed after each
amplification phase to confirm amplification of one product only. The
gene expression stability of reference gene β-ACTIN within FM, S-1.25
and S-5 groups was assessed and β-ACTIN was used as internal controls.
Each sample was run in triplicate. The expression levels of these genes
were calculated by 2−ΔΔCT method, and the value stood for n-fold
difference relative to the calibrator (Livak and Schmittgen, 2001).

2.7. Data statistical analysis

Data of gene expression was tested for normality and variance
homogeneity using the Shapiro − Wilk W goodness of fit test and the
Bartlett test, respectively. These data was subjected to one-way analysis
of variance (ANOVA) using SPSS 16.0 for windows. When overall dif-
ferences are significant (P < 0.05), Tukey's test is used to compare the
means among individual treatments. Results are presented as means
with S.E. (standard error).

2.8. Microbiota sequence data analysis

Sequencing reads was assigned to each sample according to the
unique barcode of each sample. FLASH software (v. 1.2.7) was used to
merge Pairs of reads from the original DNA fragments into raw tags
(Magoč and Salzberg, 2011). Sequences were then analyzed with the
QIIME software package (v1.7.0); quality filtering of these raw tags
were then performed under specific filtering conditions to obtain the
high-quality clean tags (Bokulich et al., 2013) according to the QIIME
(v1.7.0) quality controlled process (Caporaso et al., 2010). UCHIME
algorithm was used to detect and remove chimera sequences, thus ob-
taining the effective tags (Edgar et al., 2011).The tags were then clus-
tered to OTU (operational taxonomic unit) using Uparse software
(v7.0.1001) based on 97% sequence similarity (Edgar, 2013). Re-
presentative sequence for each OTU was screened for further annota-
tion using the GreenGene Database (DeSantis et al., 2006). Alpha di-
versity (Chao1 index, observed species number, Shannon index, Good's
coverage, Simpson and ACE) and beta diversity (PCA and PCoA) ana-
lysis were calculated with QIIME (v1.7.0) and displayed with R soft-
ware (v2.15.3). Tukey's test and wilcox's test were used to test statistical
difference of α diversity and β diversity between treatments. To assess
the changes in microbial community structure brought by dietary sta-
chyose, differentially abundant taxa between the control group and the
treatment groups were identified by the LEfSe analysis (linear dis-
criminant analysis effect size) (Segata et al., 2011) and Metastats ana-
lysis (White et al., 2009).

3. Results

3.1. Intestinal microbiota

After assembled, quality screened and trimmed, a total of 184,678
high quality valid reads was obtained, ranging from 12,454 to 30,165,
resulting in identification of 2511 OTUs with 97% identity from 9
samples in FM, S-1.25 and S-5 groups. The OTUs were assigned to 355
genera, 267 families, 195 orders, 113 class, and 41 phyla. For all
samples, the rarefied curves for observed species number tended to
approach the saturation plateau, indicating complete sequencing efforts
for all samples (Supplementary Fig. S1).

A Venn diagram showed that 366 OTUs were shared by groups FM,
S-1.25 and S-5, and the number of unique OTUs in group FM, S-1.25
and S-5 was 149, 423 and 735, respectively (Fig. 1). The alpha diversity
indexes results indicated that the inclusion of dietary (1.25% and 5%)
stachyose led to higher richness of OTU number in turbot intestinal

Table 2
Primers used in quantitative real-time PCR (qRT-PCR).

Target genes Forward primer (5′-3′) Reverse primer (5′-3′) AE SAV Accession number

Claudin-3 GCCAGATGCAGTGTAAGGTC CCGTCCAGGAGACAGGGAT 0.91 0.01 KU238180
Claudin-like ATGTGGAGGGTGTCTGCC CTGGAGGTCGCCACTGAG 1 −0.02 KU238181
Occludin ACTGGCATTCTTCATCGC GGTACAGATTCTGGCACATC 1.01 0.02 KU238182
ZO1_transcript variant 1 AGAGAACCTGTCACTGATAGATGC CTGTCGGAATTGTTGCCTGATG 0.95 0.03 KU238184
Muc-2 GTTGGTGCAGCCGCATAG CACTGGACGCTGGGAATG 0.95 −0.01 KU238186
β-ACTIN GCTGTCTTCCCTTCTATCGTCG TCCATGTCATCCCAGTTGGTC 0.97 AY008305.1

Abbreviations: AE: the primer amplification efficiencies; SAV: the absolute ΔCT values {Genes CT – β-actin CT} of the slopes.
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microbiota (P < 0.05). Alpha-diversity including Chao1 index and
ACE index were markedly increased in the gut microbiota of fish in S-
1.25 group (P < 0.05) (Table 3).

At phylum level, Proteobacteria, Firmicutes and Bacteroidetes were
detected as predominant bacterial phyla in the intestine of turbot from
all groups (Fig.2A). At genus level, Halomonas, Lactobacillus, Ni-
trosopumilus, Escherichia, Acinetobacter, Shewanella, Cetobacterium, Bac-
teroides, Edwardsiella and Loktanella composed the top ten dominant
genera of turbot intestinal microbiota communities (Fig. 2B).

The PCA, PCoA, beta diversity heatmap and phylogenetic tree based
on Weighted UniFrac distances and Unweighted UniFrac distances were
used to compare the similarity in the microbial community composition
of 9 specimens (Supplementary Fig. S2). The PCA results showed that
samples clustered together according to the diets with a clear separa-
tion between them, indicating dietary stachyose had a strong effect on
the overall structure of intestinal microbiota in turbot (Fig. 3).

To compare the differences in gut microbial community composi-
tion between fish fed diets FM, S-1.25 and S-5, linear discriminant
analysis (LDA) effect size (LEfSe) was performed. The results revealed
that there were significant differences in taxonomic distribution of in-
testinal microbiota communities between FM and stachyose supple-
mented groups (Supplementary Fig.S3.5A-5D). Dietary stachyose at
1.25% significantly increased the relative abundance of class
Clostridiales, genera Clostridia and Halomonas, but the abundance of
orders Rhodobacterales and Vibronales, families Rhodobacteraceae and
Vibronaceae, genus Loktanella decreased significantly (P < 0.05).
Dietary stachyose at 5% significantly increased the relative abundance
of phyla Actinobacteria, Firmicute and Proteobacteria, classes

Clostridia and Gammaproteobacteria, orders Oceanospirillales,
Enterobacteriales, Pseudomonadales, Alteromonadales and
Actinomycetales, families Halomonadaceae, Enterobacteriaceae,
Ruminococcaceae, Moraxellaceae, Psedomonadaceae and
Shewanllaceae, genera Acinetobacter, Halomonas, Shewanella,
Edwardsiella, Clostridia and S. algae while decreased the relative abun-
dance of phyla Crenarchaeota, Fusobacteria, classes Thaumarchaeota,
Fusobacteriia, orders Fusobacteriales, Rhodobacterales, Vibrionales,
families Fusobacteriaceae, Rhodobacteraceae, Vibrionaceae, genera
Cetobacterium, Loktanella and C. somerae (P < 0.05).

Additional MetaStat analysis on genus and species level between
different groups showed significant differences in bacterial commu-
nities. The inclusion of 1.25% stachyose in diet significantly
(P < 0.05) increased the relative abundance of Clostridium, Blautia and
Lachnospira (Fig.4A, Supplementary Table 1). The addition of 5%
dietary stachyose significantly (P < 0.05) increased the relative
abundance of core genus from the Proteobacteria (Halomonas, Acine-
tobacter and Shewanella), meanwhile, the significantly higher abun-
dance of gennus Clostridium, Streptococcus, Ruminococcus, Pediococcus,
Enterococcus, Lactococcus, Bacillus and Carnobacterium were also ob-
served (Fig.4B,C). In particular, significant increases in abundance of
potential pathogenic Mycobacterium, Shewanella algae, Prevotella copri,
Haemophilus parainfluenzae, Lactococcus garvieae, Acinetobacter lwoffii,
Escherichia coli and Clostridium perfringens were also observed in group
S-5 (Fig.4D, Supplementary Table 2).

3.2. Expression of intestinal Muc-2 gene and tight junction related genes

The inclusion of 5% dietary stachyose significantly up-regulated the
gene expression of Muc-2 in the intestine compared with group FM
(Table 4). The gene expressions of tight junction proteins in the intes-
tine were affected by dietary stachyose. Diet S-1.25 significantly up-
regulated the gene expression of Occludin, Claudin-3, ZO1_transcript
variant 1, whereas down-regulated Claudin-like's gene expression in
turbot intestine (Table 4). The gene expression of ZO1_tv1 in the in-
testine was significantly up-regulated while the gene expression of
Claudin-like was significantly down-regulated by 5% dietary stachyose
when compared with group FM (Table 4).

4. Discussion

The present study represents the first analysis of alterations in the
intestinal bacterial profiles of turbot by dietary stachyose. In contrast
with previous studies on mammals that only quantified the effect of
dietary stachyose on certain intestinal bacterial species (such as
Bifidobacteria and Lactobacill) (Zhou et al., 2014; Li, T., et al., 2017;
Pacifici et al., 2017), the present study assessed the overall intestinal
bacterial community of juvenile turbot in response to dietary stachyose.
Compared with FM treatment, higher OTU numbers were observed in
the gut of turbot fed diets with stachyose supplementation. Meanwhile,
the bacterial communities formed different clusters. FM and S-1.25
clusters were relatively coherent, while S-5 cluster was clearly sepa-
rated from the FM and S-1.25 clusters. Furthermore, the abundance-
dominating phyla Proteobacteria and Firmicutes also showed a sig-
nificant increase in group S-5, indicating 5% dietary stachyose may
have a more profound effect on the intestinal community of turbot than

Fig. 1. Venn diagram of unique and shared OTUs.
Every circle in Venn diagram represents one group; the value from the overlapping part of
different circles represents the shared OTUs between groups, and the value from the non-
overlapping part of one circle represents the unique OTUs of that group.

Table 3
Alpha diversity index of intestinal microbiota of experimental turbot.

Sample name Richness estimates Diversity estimates

OTUs Chao1 ACE Shannon Simpson

FM 779 ± 85 a 1029 ± 58 a 1054 ± 89 a 6.13 ± 1.01 0.88 ± 0.10
S-1.25 1514 ± 43 b 1503 ± 110 b 1600 ± 71 b 7.01 ± 0.74 0.91 ± 0.04
S-5 1284 ± 61 b 1308 ± 42 ab 1337 ± 15 ab 7.79 ± 0.21 0.98 ± 0.01

P. Yang et al. Aquaculture 486 (2018) 98–106

101



1.25% dietary stachyose.
Overall, the observation that the predominant phyla in the intestinal

mucosa belonged to Proteobacteria and Firmicutes was in accordance
with previous studies on turbot intestinal microbiome (Xing et al.,
2013; Bai et al., 2017; Li, Y., et al., 2017). At genus level, Halomonas,
Nitrosopumilu and Lactobacillus were the most abundant genera in all
groups, which was also consistent with previous studies which showed
that Halomonas was dominant in carnivorous fish (Liu et al., 2016;
Zhang et al., 2017) and that Lactic acid bacteria (mainly Lactobacillus) is
the components of gut microflora in both freshwater and marine fish
although their abundance are host-dependent (Izvekova et al., 2007;
Givens et al., 2015; Gajardo et al., 2016). Despite an overall similarity,
the abundance of Proteobacteria and the profile of main genus in dif-
ferent studies with turbot varied. While previous studies reported re-
lative abundance of Proteobacteria of 78.8%–90.6% in turbot intestine
(Bai et al., 2017; Li, Y., et al., 2017), the present study showed a rela-
tively low abundance of this phyla, that was 37.54%. Moreover, in the
work by Xing et al. (2013), Vibrio and Photobacterium were found to be
the most dominating genera in turbot intestine. A strong distinction in
composition and abundance of gut microbiota do occur within a species

in various studies (Givens et al., 2015; Sullam et al., 2015; Forberg
et al., 2016; Liu et al., 2016), perhaps attributed to the difference in fish
source, size, diet, rearing environment and sequencing method.

It is reported that intestinal bacteria can serve the host in two ways:
they can represent a nutrient source and/or contribute with enzymes
that may improve host digestion (Ray et al., 2012; Clements et al.,
2014). Krogdahl et al. (2005) demonstrated that stachyose is non-di-
gestible in fish gut due to the absence of α-galactosidases. Therefore,
stachyose digestion depends on the exogenous cellulose. In addition,
Saha and Ray (1998) found that the gut cellulase activity was largely
contributed by the gut microbiota. As it has been suggested, Clostridium
and Bacillus were important cellulose-degrading bacteria (Silva et al.,
2007; Liu et al., 2016); Blautia, Lachnospira and Ruminococcus were
recognized as SCFA-producing genera and the most probable candi-
dates for fermentation of carbohydrates (Biddle et al., 2013; De Filippis
et al., 2015; Panasevich et al., 2015). In the present study, the abun-
dance of these generas showed a significant increase in stachyose
supplemented groups, with Blautia, Lachnospira and Clostridium in-
creased in group S-1.25, and Clostridium, Ruminococcus and Bacillus
increased in group S-5. Halomonas, Acinetobacter and Pseudomonas,

Fig. 2. Taxonomy classification of reads at phylum (A) and genus (B) taxonomic levels.
Only top 10 most abundant (Based on relative abundance) bacterial phyla and genera were shown in the figures. Other phyla and genera were all assigned as ‘Others’.

Fig. 3. Beta diversity of intestinal microbiota of juvenile turbot.
Principal Component Analysis (PCA) against PC1 versus PC2 axes
based on OTUs.
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which were suggested to be enzyme-producing microbiota in fish in-
testine, displayed a significant increase in abundance in group S-5.
Meanwhile, Halomonas was also identified as one of the most pre-
dominant cultivated protease-producing bacteria (Tsuchiya et al., 2008;
Ray et al., 2012). Our previous studies found that 1.25% and 5% dietary
stachyose had positive effects on growth performance and significantly
increased the intestinal caseinolytic activity in turbot (Hu et al., 2015).
Sørensen et al. (2011) indicated in their study that the increased ac-
tivity of maltase was mediated either directly or indirectly via an in-
crease in SCFA production by intestinal bacteria's degradation of
dietary stachyose. Although the functions of enzymes and SCFA

produced by gut microbiota are not exactly known, it is possible that
the enzyme-producing bacteria and SCFA they produced mentioned
above might work in coordination with intestinal digestive enzyme
system, thus involving in stachyose and protein digestion in turbot.

Oligosaccharides could serve as live microbial food supplements
and beneficially affect the host by selectively stimulating the growth of
salutary bacteria in the large intestine of humans (Qiang et al., 2009).
Lactic acid bacteria (LAB) are among the generally recognized bene-
ficial species with various health-promoting functions in fish (Ringø
and Gatesoupe, 1998; Rastall and Maitin, 2002; Suzer et al., 2008; Dalié
et al., 2010; Pan et al., 2017). In the present study, LAB belonging to the
genera Enterococcus, Lactococcus, Streptococcus, Pediococcus and Carno-
bacterium displayed a significant increase in group S-5. This result
suggested that stachyose could profitably regulate the intestinal mi-
crobiota in turbot, which is consistent with previous studies in mam-
mals which showed that dietary stachyose could effectively increase the
proportion of beneficial intestinal bacteria Bifidobacterium and Lacto-
bacillus, thereby enhancing the intestinal health of host (Li, T., et al.,
2013, 2017; Pacifici et al., 2017). Interestingly, in contrast with the
inhibitory effects of stachyose on pathogenic bacteria in these studies,
the present study found that 5% dietary stachyose increased the
abundance of several recognized potential pathogenic bacteria

Fig. 4. MetaStat analysis of intestinal microbiota communities of juvenile turbot.
(A): The significantly up-regulated abundance genus in group S-1.25 compared with group FM. (B) and (C): The genus with significantly up-regulated abundance in group S-5. (D): The
significant increase in abundance of potential pathogen in group S-5.

Table 4
Effects of 1.25% and 5% dietary stachyose on gene expressions of intestinal Muc-2 and
tight junction-related proteins.

Diet FM S-1.25 S-5

Muc-2 1.00 ± 0.15 a 0.94 ± 0.07 a 1.73 ± 0.08 b

Occludin 1.00 ± 0.09 a 1.59 ± 0.14 b 1.19 ± 0.14 ab

Tricellulin 1.00 ± 0.18 0.94 ± 0.12 0.99 ± 0.19
Claudin-3 1.00 ± 0.14 a 1.90 ± 0.12 b 0.80 ± 0.14 a

Claudin-like 1.00 ± 0.06c 0.76 ± 0.01 b 0.48 ± 0.07 a

ZO-1 transcript variant 1 1.00 ± 0.07 a 1.29 ± 0.05 b 1.38 ± 0.06 b
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(Mycobacterium, Shewanella algae, Prevotella copri, Haemophilus parain-
fluenzae, Lactococcus garvieae, Acinetobacter lwoffii, Escherichia coli and
Clostridium perfringens) (Chen et al., 2002; Hau and Gralnick, 2007;
Jacobs et al., 2009; Denizot et al., 2012; Huddam et al., 2013; Scher
et al., 2013; Barreau and Hugot, 2014; Merrifield and Ringo, 2014;
Saitoh et al., 2015; Meyburgh et al., 2017). An imbalance between
commensal bacteria with pathogenic potential and beneficial potential
may interrupt intestinal homeostasis and have a role in intestinal dis-
eases (Maranduba et al., 2015). Our previous studies showed that nei-
ther growth performance nor intestinal histology was affected by 5%
dietary stachyose in turbot (Hu et al., 2015), indicating the adaptive
capacity of the endogenous microbial communities may somehow keep
a balanced microorganism environment in the intestinal tract during
our feeding period. Further studies are needed to assess whether longer
feeding trial with high levels of stachyose has adverse effects on the
intestinal health of turbot.

The mucus layer covering the intestinal epithelium and TJs (such as
Claudins, Occludin and Zo-1) between adjacent epithelial cells
strengthens the mechanical epithelial barrier, thus playing a crucial role
for the maintenance of barrier integrity and function (McGuckin et al.,
2009; Ulluwishewa et al., 2011). Muc-2, as a composition of mucus
layer, is important in the protection against bacterial infections and
inflammation. In the present study, an increased gene expression of
mucin-2 was observed in group S-5. This result was in accordance with
previous studies on other prebiotics such as galacto-oligosaccharides
and fructooligosaccharides which also showed to be able to increase the
mucin content in the intestinal mucosa (Tsukahara et al., 2003;
Leforestier et al., 2009). It was reported that the commensal intestinal
microbiota played pivotal roles in the maintenance of mucus layer.
Furthermore, studies have demonstrated that genes encoding mucins
were directly regulated by probiotics and their products (Mattar et al.,
2002; Caballero-Franco et al., 2007; Hamer et al., 2008; van Vliet et al.,
2010; Engevik et al., 2016). As stated above, 5% dietary stachyose up-
regulated the abundance of some lactic acid bacteria. These observa-
tions indicated that the gene expression of Muc-2 might be up-regulated
by the increased abundance of probiotics, but further studies are
needed to make a conclusive statement.

Several studies have supported the barrier-forming roles of ZO-1,
occludin and claudin-3 in fish (Duffy et al., 2011; Chasiotis et al., 2012;
Wen et al., 2014). Furthermore, the up-regulation of ZO-1 and occludin
expression had been shown to attenuate the loss of intestinal barrier
function in mice (Sun et al., 2008). In the present study, increases in
gene expression of barrier-forming tight junction proteins in the intes-
tine of turbot were observed in groups S-1.25 and S-5, suggesting that
dietary stachyose (1.25% and 5%) benefited the intestinal mucosal
barrier function. However, the decreased gene expression of claudin-
like was also found in groups S-1.25 and S-5. Claudin-like have been
found to be essential in septate junctions for the epithelial barrier
function in Drosophila and Caenorhabditis elegans, but its functions re-
mains unclear in fish (Behr et al., 2003; Anderson and Van Itallie, 2008;
Mukendi et al., 2016). Notably, besides the barrier tighten claudin
proteins, claudins such as claudin-2,−10, and−15 were recognized as
pore-forming proteins in previous studies with salmonids (Tipsmark
et al., 2010; Sundell and Sundh, 2012; Kosińska and Andlauer, 2013).
In addition, our previous studies have shown the improvement of turbot
intestinal structure by dietary stachyose (Hu et al., 2015). Therefore,
we hypothesized that claudin-like might play a pore-forming function
in turbot intestine, and its decreased gene expression found in the
present study further supported the tightening effects of stachyose on
turbot intestinal TJ barrier.

5. Conclusion

In conclusion, the present results suggested that 1.25% and 5%
dietary stachyose could exert promoting effects on intestinal cellulose-
degrading bacteria and gene expressions of barrier-forming tight

junction proteins, and thus improve the digestion of stachyose and
enhance the mucosal barrier function in the intestine of juvenile turbot.
Notably, 5% dietary stachyose greatly modified the composition of in-
testinal microbiota community with an increase in abundance of both
beneficial and potential pathogenic bacteria. Therefore, stachyose
showed promising potential as a dietary supplement to enhance the
intestinal health of turbot, but the promoting effect of 5% dietary sta-
chyose on growth of some potential pathogenic bacteria in the intestine
should not be ignored under a long feeding period.
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