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Marine fish larvae are vulnerable during the early life period. The early intervention using
probiotics may be a promising method to improve growth of fish larvae. In this study, a 30-
day feeding trial was conducted to evaluate the effects of early life intervention using
probiotic Clostridium butyricum (CB) on growth performance, intestinal development,
immune response and gut microbiota of large yellow croaker (Larimichthys crocea) larvae.
Four isonitrogenous and isolipidic diets were formulated with the supplementation of four
different levels of CB (5 × 109 CFU g−1), 0.00% (Control), 0.10% (CB1), 0.20% (CB2), and
0.40% (CB3). Results showed that larvae fed diets with CB had significant higher final
length than the control group. Meanwhile, larvae fed the diet with 0.10% CB had
significant higher final weight and specific growth rate (SGR) than the control group.
However, no significant difference in survival rate was observed among dietary treatments.
CB supplementation significantly increased the height of intestinal villus and the length of
intestinal enterocyte. Similarly, CB supplementation significantly increased the expression
of tight zonula occludens-2 (zo-2) and ornithine decarboxylase (odc) than the control
group. Larvae fed the diet with 0.20% CB had significant higher lipase and leucine-
aminopeptidase (LAP) activity than the control group. Moreover, CB supplementation
significantly improved immune enzyme activities than the control group. Sequencing of
bacterial 16S rRNA V4-5 region indicated that dietary CB altered intestinal microbiota
profile and decreased intestinal microbial diversities of larvae. CB supplementation could
effectively increase the abundance of CB, and decrease the abundance of some potential
pathogenic bacteria in larval gut. These results revealed that early life intervention using
0.10–0.20% CB could promote growth of large yellow croaker larvae probably through
org March 2021 | Volume 12 | Article 6407671
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promoting intestinal development, improving immune enzyme activities and modulating
gut microbiota.
Keywords: Clostridium butyricum, marine fish larvae, early life intervention, intestinal development, immune
response, gut microbiota
INTRODUCTION

Marine fish gut tract is not fully developed during the early stage of
life (1). Fish larvae undergo major morphological, cellular and
functional changes of gut tract during the first stage of life (2).
The successful development of gut tract is important for fish larvae
to digest and absorb food (3). Furthermore, gut microbiota is not
fully assembled in marine fish digestive tract during the early stage
of life (4). The microbes that reside in the gut tract have profound
influence on host immune system priming, protection and
development, as well as nutrient supplementation to the host (5,
6). The rate and trajectory of acquisition of gut microbiota have a
considerable impact on later health outcomes (7).

In recent years, many studies have indicated that probiotic
treatment in the early life is necessary for digestive physiology
functions, gastrointestinal tract immune and microbiota
development (8, 9). Clostridium butyricum (CB) is a gram-
positive, obligate anaerobic and endospore-forming probiotic,
which is part of the normal gut bacteria for both mammals and
aquatic animals (10, 11). CB could improve gastrointestinal
function, which has been used for the clinical treatment of
newborn animals (12–14). In recent years, research studies in
regard to CB were carried out in aquatic species, including tilapia
(15), shrimp (16), and prawn (17). However, to our best knowledge,
the role of dietary CB in marine fish larvae is still uncertain.

Large yellow croaker (Larimichthys crocea) is an economic
important marine fish species in south China (18). Similarly to
most marine fish species, large yellow croaker larvae had an
undifferentiated and undeveloped gut and accessory organs (19).
The production of large yellow croaker is often hampered by
high mortality in larval stage (20). Therefore, the present study
was conducted to investigate the effects of early life intervention
using CB on the growth performance, immune response,
intestinal development and gut microbiota of large yellow
croaker (Larimichthys crocea) larvae. By using a marine fish
larvae model, the present study might provide novel insights into
probiotic treatment in early life intervention.
MATERIALS AND METHODS

Animal Ethics
All procedures of this study were conducted on fish, and animal
care was performed strictly followed the Management Rule of
Laboratory Animals (Chinese Order No. 676 of the State
Council, revised 1 March 2017).

Diet Formulation
Large yellow croaker larvae were fed with four isonitrogenous
(52% crude protein) and isolipidic (19% crude lipid) diets, which
org 2
were supplemented with different levels of CB (0.00% as the
control group, 0.10% as CB1 group, 0.20% as CB2 group, and
0.40% as CB3 group) (Supplementary Table 1). The additive CB
was purchased from Vland Biotech Co., Ltd., China, containing
cells at 5 × 109 colony forming units (CFU) g−1. Micro-diet (MD)
was manufactured by micro-bonding technology (20). The
particle size of the formulated diets ranged from 250 to 380
mm for fish larvae between 14 and 24 days after hatch (DAH) and
380–500 mm for fish larvae between 25 and 47 DAH.

Experimental Procedure
The objective animal of this study were purchased from the
Ningde Fufa Fishery Company Limited, Ningde, China, and were
reared at the State Key Laboratory of Large Yellow Croaker,
Ningde, China. All fish larvae in the hatchery were fed with
rotifers, Brachionus plicatilis (0.5–2.0 × 104 individual L−1) from
3 to 7 DAH, Artemia nauplii (1.0–1.5 × 103 individual L−1) from
6 to 11 DAH, and Calanus sinicus from 10 to 14 DAH, and then
the larvae were weaned onto experimental diets. Ten thousand
larvae (17 DAH) were randomly allocated in 12 blue plastic tanks
(water volume 1,000 L) to conduct the experiment. Different
experimental diets were randomly allocated to triplicate groups
of larvae. During the rearing period, water temperature, pH, and
salinity were strictly controlled during the rearing period,
ranging from 22 to 24°C, 7.9 to 8.3, 21 to 24‰, respectively.
The water volume was renewed about 60–150% daily. Larvae
were reared under 16h light:8h dark dial cycle photoperiod. All
the larvae were manually fed to satiation with the experimental
diets seven times daily (6:00, 8:00, 11:00, 14:00, 17:00, 20:00, and
22:00) during the whole experiment period (from 17 DAH to
47 DAH).

Sample and Dissection
Before the experiment was conducted, initial body weight and
body length of 150 randomly collected larvae (17 DAH) were
measured. At the end of the experiment, larvae were fasted for
24 h before sampling. Survival rate was calculated by comparing
the remaining larvae in each tank to the initial number. Final
body weight and final body length of 1,000 larvae randomly
collected from each tank were measured. Thirty larvae were
collected from each tank and preserved in 4% paraformaldehyde
for 24 h and transferred to 75% alcohol for hematoxylin and
eosin (H&E) staining. Ninety larvae from each tank were
dissected on ice to obtain visceral mass, which contains a
crude mixture of pancreas, liver, heart, spleen and intestine, for
immune enzyme activity assay. Pancreatic and intestinal
segments (PS and IS) of sixty larvae were separated on a glass
plate maintained at 0°C under a dissecting microscope for
digestive enzyme activity assay (20). The whole intestine of
sixty larvae from each tank was separated aseptically under a
March 2021 | Volume 12 | Article 640767
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dissecting microscope for the analysis of intestinal microflora
and gene expression assays.

Analytical Methods
Digestive Enzyme Activities Assay
Four stages (22, 27, 37, and 47 DAH) of large yellow croaker
larvae were chosen to reflect digestive enzyme activities during
different growth stages (1). PS and IS (0.1–0.2 g) of 22, 27, 37,
and 47 DAH larvae were weighed and homogenized in 2 ml 0°C
normal saline, followed by centrifuging (2,500g, 10 min), then
the supernatant was collected for further assay. Purified brush
border membranes (BBMs) from homogenate of the intestinal
segment were obtained according to a method described by
published paper (21). Activities of leucine-aminopeptidase
(LAP) were assayed in BBM according to published paper (22).
Trypsin activity was assayed following published paper (23).
Amylase activity was assayed with a-Amylase Assay Kit
(Nanjing Jiancheng Bio-Engineering Institute, China). Lipase
activity was assayed with Lipase Assay Kit (Nanjing Jiancheng
Bio-Engineering Institute, China). Protein was determined by
the Total protein quantitative assay kit (Nanjing Jiancheng Bio-
Engineering Institute, China).

Immune Enzyme Activities Assay
The visceral mass was weighed and homogenized in phosphate-
buffered saline. The proportion of tissue (g) and saline (ml) was
1:9. The homogenate of larvae was then centrifuged (4,000g,
15 min), and the supernatant was collected for the following
assays. Immune enzymes kits (Nanjing Jiancheng Bio-
Engineering Institute, China) were used to evaluate the activity
of acid phosphatase (ACP), alkaline phosphatase (AKP), catalase
(CAT), lysozyme (LZM), and superoxide dismutase (SOD) in the
collected visceral mass.

Intestinal Histology Analysis
The intestinal micromorphology was determined based on the
method described by published paper (19). Briefly, the whole
larvae were washed and dehydrated with gradient alcohol, and
then paraffin-embedded, sectioned, and stained with
hematoxylin and eosin.

cDNA Synthesis and Real-Time Quantitative
Polymerase Chain Reaction
Total RNA was extracted from the whole intestine of larvae using
RNAiso Plus (Takara Biotech, Dalian, China) following the
instructions of the manufacturer, and electrophoresed on a
1.2% denaturing agarose gel to detect the quality (20). And
then extracted RNA was assessed by a Nano Drop®2000
spectrophotometer (Thermo Fisher Scientific, USA) to test the
concentration. Then, RNA reverse was transcribed to cDNA by
Prime Script-RT reagent Kit (Takara, Japan). The real-time
quantitative polymerase chain reaction was carried out in a
quantitative thermal cycler (CFX96TM Real-Time System,
BIO-RAD, USA). The operational approach referred to Zuo
et al. (24). The primer sequences for proliferating cell nuclear
antigen (pcna), tight zonula occludens-1 (zo-1), tight zonula
Frontiers in Immunology | www.frontiersin.org 3
occludens-2 (zo-2), occludin, ornithine decarboxylase (odc),
interleukin-1b (il-1b), interleukin-6 (il-6), interleukin-8 (il-8),
interferon g (ifng), cyclooxygenase-2 (cox-2) and b-actin were
designed and synthesized based on the corresponding sequences
in GenBank and published papers (Supplementary Table 2) (20,
25, 26). The fluorescence data acquired during the extension
phase were normalized to b-actin via 2−DDCT methods (27).

Gut Microbiota Collection and Bacterial Genomic
DNA Extraction
Thirty fresh larvae gut of 47 DAH were mixed and stored at −80°C
until DNA was extracted using the CTAB method (28). 1 ng of
purified gut bacterial DNA was used to sequence and classify as
previously described (29). The 515f/907r primer set amplified V4-5
region of the 16s rRNA gene was used to conduct PCR, using
barcoded primers: Fwd5′-GTGCCAGCMGCCGCGGTAA-3′,
Rev5′-CCGTCAATTCCTTTGAGTTT-3′. Subsequently,
sequencing was performed on an Illumina MiSeq platform,
provided by Beijing Novogene Genomics Technology Co. Ltd.
(China). Complete data were submitted to the NCBI Sequence
Read Archive (SRA) database under accession number
PRJNA686247. FLASH (V1.2.7, http://ccb.jhu.edu/software/
FLASH/) was used to merge the reads from the same original
DNA (30). Uparse software (Uparse v7.0.1001, http://drive5.com/
uparse/) was applied to cluster the unique sequences to acquire
operational taxonomic units (OTUs) according to the similarity of
sequence distance based up to 97% or greater (31). Subsequently,
the representative OTUs were annotated through the RDPClassifier
(Version 2.2, http://sourceforge.net/projects/rdp-classifier/) and
GreenGene database (http://greengenes.lbl.gov/cgi-bin/nph-index.
cgi) (32). QIIME (Quantitative Insights Into Microbial Ecology) V
1.7.0 software package (http://qiime.org/index.html) and the
UPARSE (http://drive5.com/uparse/) pipeline were adopted to
analyze the alpha and beta diversity. Principal component analysis
(PCA) was conducted withMothur and R software packages (http://
www.R-project.org). Linear discriminant analysis (LDA) effect size
(LefSe) analysis was used to identify the different abundant taxa
between the control group and different CB groups (33).

Calculations and Statistical Analysis
The growth parameters were calculated as follows:

Survivalrate( % ) = Nt � 100=Ni

Specificgrowthrate(SGR, %   day−1) = (LnWt − LnWi)� 100=d

Where Nt is final number of larvae in each tank and Ni is
initial number of larvae in each tank at the beginning of the
experiment; Wt and Wi are the final and initial body weights,
respectively; d is the experimental period in days.

Statistical analysis was performed in SPSS 16.0 (SPSS Inc.,
USA). Data from each treatment were subjected to one-way
analysis of variance (ANOVA) followed by Tukey’s multiple-
range test. For statistically significant differences, P <0.05 was
applied. Results were presented as mean ± S.E. (Standard error
of means).
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RESULTS

Early Life Intervention With CB Improved
Growth of Fish Larvae
No significant difference in survival rate was observed among
dietary treatments (P > 0.05) (Table 1), whereas the highest value
was recorded in larvae fed diets with 0.10% CB, followed by
0.20% CB, 0.40% CB and 0.00% CB, respectively. With the
increase of CB level in diets, the growth performance firstly
increased and then decreased. CB supplementation significantly
improved final body length than the control group (P < 0.05)
(Table 1). Meanwhile, larvae fed the diet with 0.10% CB showed
significant higher final body weight and SGR than the control
group (P < 0.05) (Table 1).

Early Life Intervention With CB Improved
Gut Tract Development
Early Life Intervention With CB Improved the
Intestinal Morphology
CB supplementation effectively improved the intestinal
morphology of large yellow croaker larvae (Supplementary
Figure S1). Larvae fed diets with CB had significant higher
villus height and enterocyte height than the control group (P <
0.05) (Table 2). Similarly, significant higher muscular thickness
was observed in fish fed the diet with 0.10% CB than the control
group (P < 0.05) (Table 2).

Early Life Intervention With CB Increased Gene
Expression of zo-2 and odc
The markers for epithelial proliferation and differentiation were
selected (odc, pcna, zo-1, zo-2 and occludin) to compare intestinal
development among larvae fed diets with different levels of CB. CB
supplementation significantly increased mRNA expression of zo-2
Frontiers in Immunology | www.frontiersin.org 4
and odc than the control group (P < 0.05) (Figure 1). However, no
significant difference in mRNA expression of zo-1, occludin, and
pcna was observed among dietary treatments (P > 0.05) (Figure 1).

Early Life Intervention With CB Improved Lipase and
LAP Activities
No significant difference in the activity of trypsin and amylase in
IS and PS was observed among dietary treatments (P > 0.05)
(Table 3). Compared with the control group, 0.20% CB
supplementation not only increased lipase activity of 37 DAH
larvae in PS and IS, but also increased lipase activity of 47 DAH
larvae in IS (P < 0.05) (Table 3). Similarly, 0.20% CB
supplementation significantly increased LAP activity of 47
DAH larvae in BBM than the control group (P < 0.05) (Table 3).
TABLE 1 | Effects of early life intervention using Clostridium butyricum on growth performance of large yellow croaker larvae (Means ± S.E., n = 3)1.

Parameters Experimental diets (CB%)

Control (0.00%) CB1 (0.10%) CB2 (0.20%) CB3 (0.40%)

Initial weight (mg) 3.67 ± 0.11 3.67 ± 0.11 3.67 ± 0.11 3.67 ± 0.11
Final weight (mg) 72.57 ± 2.12b 97.12 ± 2.76a 88.68 ± 5.33ab 88.53 ± 4.41ab

Initial length (mm) 6.43 ± 0.07 6.43 ± 0.07 6.43 ± 0.07 6.43 ± 0.07
Final length (mm) 15.57 ± 0.30b 17.48 ± 0.12a 17.00 ± 0.21a 17.07 ± 0.29a

Survival rate (%) 15.26 ± 1.87 23.20 ± 2.60 20.35 ± 1.77 19.83 ± 2.05
SGR (%/day) 2 9.95 ± 0.10b 10.92 ± 0.09a 10.60 ± 0.21ab 10.60 ± 0.17ab
March 2021 | Volume 12 |
1Data in the same row sharing the same superscript letter are not significantly different as determined by Tukey’s test (P > 0.05).
2SGR, Specific growth rate.
TABLE 2 | Effects of early life intervention using Clostridium butyricum on morphology of the intestine of large yellow croaker larvae (Means ± S.E., n = 3)1.

Parameters Diets (CB%)

Control (0.00%) CB1 (0.10%) CB2 (0.20%) CB3 (0.40%)

Villus height mm 84.30 ± 13.56b 155.29 ± 3.73a 151.45 ± 15.81a 151.16 ± 11.62a

Enterocyte height mm 12.73 ± 1.41b 18.74 ± 0.21a 18.87 ± 1.70a 19.83 ± 1.00a

Muscular thickness mm 14.23 ± 3.10b 27.03 ± 2.90a 20.98 ± 1.83ab 21.99 ± 0.42ab
1Data in the same row sharing the same superscript letter are not significantly different as determined by Tukey’s test (P > 0.05).
FIGURE 1 | Effects of early life intervention using Clostridium butyricum on
zo-1, zo-2, occludin, odc and pcna mRNA expression in whole intestine of
large yellow croaker larvae. Values are means (n = 3), with their standard
errors represented by vertical bars. Bars bearing the same letters were not
significantly different (P > 0.05, Tukey’s test).
Article 640767
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Early Life Intervention With CB Improved
Immune Response
With the increase of CB level in diets, immune enzyme activities firstly
increased and then decreased. CB supplementation significantly
improved LZM activity than the control group (P < 0.05) (Table 4).
Furthermore, 0.10 and 0.20% CB supplementation significantly
increased AKP and CAT activities than the control group (P < 0.05)
Frontiers in Immunology | www.frontiersin.org 5
(Table 4). 0.10% CB supplementation significantly increased ACP
activity than the control group (P < 0.05) (Table 4). However, no
significant difference in the activity of SOD was observed among
dietary treatments (P > 0.05) (Table 4). Similarly, no significant
difference in mRNA expression of inflammatory factors (il-1b, il-6, il-
8, ifng and cox-2) was observed among dietary treatments (P > 0.05)
(Supplementary Figure 2).
TABLE 3 | Effects of early life intervention using Clostridium butyricum on digestive enzyme activity of large yellow croaker larvae (Means ± S.E., n = 3)1.

Parameters Date Experimental diets (CB%)

Control (0.00%) CB1 (0.10%) CB2 (0.20%) CB3 (0.40%)

Lipase2,4 PS4 22 DAH 3.14 ± 0.18 3.16 ± 0.25 3.97 ± 0.35 4.36 ± 0.42
27 DAH 3.87 ± 0.27 3.76 ± 0.16 4.44 ± 0.49 4.77 ± 0.84
37 DAH 4.65 ± 0.14b 3.94 ± 0.51b 7.68 ± 0.13a 3.67 ± 0.55b

47 DAH 2.74 ± 0.16 2.54 ± 0.17 2.96 ± 0.11 2.93 ± 0.02
IS4 22 DAH 1.78 ± 0.07 2.22 ± 0.33 2.43 ± 0.23 2.17 ± 0.11

27 DAH 3.31 ± 0.88 3.49 ± 0.28 3.76 ± 0.25 3.57 ± 0.56
37 DAH 6.06 ± 0.26b 6.32 ± 0.64b 8.56 ± 0.25a 7.39 ± 0.26ab

47 DAH 2.78 ± 0.20b 5.18 ± 0.86ab 6.15 ± 0.85a 5.42 ± 0.82ab

Trypsin3,4 PS 22 DAH 0.99 ± 0.02 1.24 ± 0.11 1.16 ± 0.07 1.31 ± 0.05
27 DAH 2.12 ± 0.18 2.08 ± 0.09 2.19 ± 0.12 2.14 ± 0.20
37 DAH 1.89 ± 0.20 2.06 ± 0.10 2.22 ± 0.33 2.03 ± 0.41
47 DAH 2.33 ± 0.32 2.97 ± 0.40 2.25 ± 0.43 2.09 ± 0.07

IS 22 DAH 3.79 ± 0.87 3.12 ± 0.14 5.34 ± 0.51 4.20 ± 1.08
27 DAH 1.37 ± 0.07 1.45 ± 0.26 1.19 ± 0.06 1.38 ± 0.18
37 DAH 1.84 ± 0.21 1.91 ± 0.12 1.91 ± 0.44 1.74 ± 0.15
47 DAH 6.19 ± 0.63 8.84 ± 0.89 7.20 ± 0.87 5.68 ± 0.13

Amylase3,4 PS 22 DAH 0.21 ± 0.01 0.25 ± 0.04 0.29 ± 0.00 0.23 ± 0.02
27 DAH 0.24 ± 0.02 0.26 ± 0.01 0.27 ± 0.04 0.23 ± 0.03
37 DAH 0.47 ± 0.01 0.43 ± 0.03 0.42 ± 0.01 0.55 ± 0.07
47 DAH 0.50 ± 0.02ab 0.61 ± 0.03a 0.47 ± 0.03b 0.60 ± 0.02a

IS 22 DAH 0.49 ± 0.02 0.46 ± 0.01 0.46 ± 0.01 0.50 ± 0.03
27 DAH 0.37 ± 0.07 0.40 ± 0.06 0.43 ± 0.09 0.41 ± 0.10
37 DAH 0.42 ± 0.03 0.42 ± 0.03 0.58 ± 0.06 0.57 ± 0.07
47 DAH 0.47 ± 0.03 0.44 ± 0.05 0.40 ± 0.01 0.37 ± 0.02

LAP2,4,5 BBM4 22 DAH 7.00 ± 0.90 5.67 ± 0.50 6.55 ± 1.79 7.19 ± 0.36
27 DAH 3.25 ± 0.47 3.82 ± 0.61 3.17 ± 0.36 4.57 ± 0.87
37 DAH 19.29 ± 2.29 14.39 ± 1.41 12.67 ± 1.13 11.61 ± 2.93
47 DAH 43.42 ± 1.76b 52.80 ± 2.58ab 70.24 ± 6.40a 39.71 ± 4.15b
M
arch 2021 | Volume 12 |
1Data in the same row sharing the same superscript letter are not significantly different as determined by Tukey’s test (P > 0.05).
2The units of enzyme activity is U/g protein.
3The unit of enzyme activity is U/mg protein.
4PS, pancreatic segments; IS, intestinal segments; BBM, brush border membrane.
5LAP, leucine-aminopeptidase.
TABLE 4 | Effects of early life intervention using Clostridium butyricum on immune enzyme activity in the visceral mass of large yellow croaker larvae (Means ± S.E., n = 3)1.

Parameters Diets (CB%)

Control (0.00%) CB1 (0.10%) CB2 (0.20%) CB3 (0.40%)

ACP2,4 663.78 ± 69.96b 1179.07 ± 133.34a 1041.85 ± 65.69ab 1054.63 ± 68.31ab

AKP2,4 1014.21 ± 234.90b 2456.50 ± 252.84a 2091.23 ± 127.03a 1876.39 ± 102.76ab

CAT3,4 7.62 ± 3.34b 26.92 ± 4.71a 33.90 ± 2.02a 22.01 ± 1.77ab

LZM3,4 0.60 ± 0.08c 1.32 ± 0.10b 2.09 ± 0.10a 2.12 ± 0.13a

SOD3,4 112.43 ± 9.06 105.23 ± 8.84 96.06 ± 4.40 105.99 ± 11.22
1Data in the same row sharing the same superscript letter are not significantly different as determined by Tukey’s test (P > 0.05).
2The unit of enzyme activity is U/g protein.
3The unit of enzyme activity is U/mg protein.
4ACP, acid phosphatase; AKP, alkaline phosphatase; CAT, catalase; LZM, lysozyme; SOD, superoxide dismutase.
Article 640767

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Yin et al. Clostridium butyricum Improves Intestine Health
Early Life Intervention With CB Altered Gut
Microbiota of Fish Larvae
Structural Changes of Gut Microbiota in Response
to CB Supplementation
After assembled, quality screened and trimmed, a total of
768,414 high quality valid reads was obtained, ranging from
56,190 to 69,519, resulting in identification of 1,850 OTUs with
97% identity from 12 samples (data not shown). The OTUs were
assigned to 326 species, 547 genera, 240 families, 117 orders, 49
class, and 30 phyla (data not shown). For all samples, the rarefied
curves for OTU number tended to approach the saturation
plateau, indicating complete sequencing efforts for all samples
(Supplementary Figure 3).

A Venn diagram showed that 106 OTUs were shared by
group Control, CB1, CB2 and CB3, and the number of unique
OTUs in group Control, CB1, CB2 and CB3 was 312, 104, 80 and
121, respectively (Figure 2A). The alpha diversity index results
indicated that the inclusion of dietary CB led to lower richness of
observed species number in large yellow croaker larvae gut
microbiota (P < 0.05) (Table 5). Alpha diversity including
phylogenetic diversity whole tree (PD whole tree) index and
abundance-based coverage estimator (ACE) index were
markedly decreased in the gut microbiota of larvae in CB
groups (P < 0.05) (Table 5). Meanwhile, larvae fed the diet
Frontiers in Immunology | www.frontiersin.org 6
with 0.20% CB showed significant lower Shannon index in the
gut microbiota (P < 0.05) (Table 5). To analyze the extent of
similarities in microbial communities, PCA was conducted to
determine the beta diversity (Figure 2B). The PCA results
showed that the intestine bacterial in the control group and CB
groups were separated (Figure 2B). Similarly, the gut microbiota
structure from groups CB1, CB2, and CB3 were similar and
clustered within one higher branch, whereas the control group
was distinct from the CB groups and formed another branch
(Figure 2C).

Component Changes of Gut Microbiota in Response
to CB Supplementation
At the phylum level, Proteobacteria, Firmicutes and
Actinobacteria were detected as predominant bacterial phyla in
the intestine of large yellow croaker from all groups (Figure 3A).
At the genus level, Leisingera, Pseudomonas and unidentified
Clostridiales were detected as predominant bacterial genera in
the intestine of large yellow croaker larvae from all groups
(Figure 3B). At the species level, Pseudomonas psychrotolerans,
Clostridium butyricum, Alcaligenes faecalis composed dominant
species of larval gut microbiota communities (Figure 3C).

To compare the differences in gut microbial community
composition between the control group and CB groups, LEfSe
A B C

FIGURE 2 | Effects of early life intervention using Clostridium butyricum on intestinal microbial structure of large yellow croaker larvae (n = 3/group). (A) Venn
diagram; (B) principal component analysis (PCA); (C) unweighted uniFrac distance matrix.
TABLE 5 | Effects of early life intervention using Clostridium butyricum on alpha diversity index of intestinal microbiota of large yellow croaker larvae (Means ± S.E., n = 3)1.

Parameters Richness estimates Diversity estimates

Observed species ACE2 Shannon PD whole tree3 Simpson

Control (0.00%) 882 ± 17a 993.28 ± 9.59a 5.42 ± 0.20a 76.49 ± 0.97a 0.92 ± 0.01
CB1 (0.10%) 550 ± 36b 675.74 ± 45.73b 4.73 ± 0.17ab 52.31 ± 4.51b 0.90 ± 0.01
CB2 (0.20%) 485 ± 23b 608.71 ± 31.99b 3.88 ± 0.22b 46.11 ± 2.84b 0.83 ± 0.04
CB3 (0.40%) 580 ± 37b 714.65 ± 60.65b 4.61 ± 0.42ab 59.56 ± 4.11b 0.88 ± 0.05
March 2021 | Volume 12 | Ar
1Data in the same column sharing the same superscript letter are not significantly different as determined by Tukey’s test (P > 0.05).
2ACE, abundance-based coverage estimator.
3PD whole tree: phylogenetic diversity whole tree.
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analysis was performed (Figure 4). The results revealed that there
were significant differences in taxonomic distribution of intestinal
microbiota communities between the control group and CB groups.
CB supplementation significantly increased the relative abundance
of class Clostridia, order Closrtidiales, family unidentified
Clostridiales, genus unidentified Clostridiales and specie
Frontiers in Immunology | www.frontiersin.org 7
Clostridium butyricum, while decreased the relative abundance of
class Bacilli, family Moraxellaceae and genus Acinetobacter (P <
0.05) (Figures 4A–F). Furthermore, dietary CB at 0.10% level
significantly increased the relative abundance of phylum
Firmicutes, order Vibrionales, family Vibrionaceae, genus
Aliivibrio and specie Aliivibrio fischeri, but significantly decreased
A

B

C

FIGURE 3 | Taxonomy classification of reads at phylum (A), genus (B) and specie (C) taxonomic levels (n = 3/group). Only top 10 most abundant (based on relative
abundance) bacterial phyla, genera and species were shown. Other phyla, genera and species were all assigned as ‘Others’.
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mentation groups (n = 3/group). (A–C) Taxonomic representation of statistically and
. Differences were represented by the color of the most abundant taxa (Green
in CB treatment and yellow indicated no significant difference). (D–F) Histogram of
cording to effect size.
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the relative abundance of phylum Actinobacteria, class unidentified
Actinobacteria, orders Bacillales and Pseudomonadales (P < 0.05)
(Figures 4A, D). Dietary CB at 0.20% level significantly decreased
the relative abundance of phylum Actinobacteria, class unidentified
Actinobacteria, orders Bacillales, Lactobacillales and unidentified
Gammaproteobacteria, family Burkholderiaceae, genus Alcaligenes
and specie Alcaligenes faecalis (P < 0.05) (Figures 4B, E). Dietary
CB at 0.40% level significantly increased the relative abundance of
genera Ralstonia and Nautella and specie Nautella italica (P < 0.05)
(Figures 4C, F).
DISCUSSION

There has been increasing evidence suggesting the maturation of
intestinal tract, immune system and gut microbiota in the early
life is significant for growth and development of marine fish
larvae (34, 35). Early infancy is considered as an ideal window for
gut microbial colonization (36, 37). Therefore, early intervention
using probiotics during the critical period may be a promising
method to enhance growth of fish larvae. In the present study,
appropriate CB supplementation could enhance growth
performance of large yellow croaker larvae, which were
consistent with some previous findings in Miichthys miiuy
(38), Penaeus monodon (39) and Litopenaeus vannamei (40).

The normal development of intestinal tract during the early
life has a considerable impact on later health outcomes (1). The
maturation process of gut tract can be enhanced, stopped or
delayed depending on diet composition (19). In this study, CB
supplementation could enlarge the villus height, enterocyte
height, and muscular thickness of larval gut tract, which was
consisted with some previous studies on tilapia (15), pacific white
shrimp (40) and weaned piglets (41). Furthermore, the
expression of zo-2 and odc was higher in larvae fed diets with
CB than the control group. Odc plays important roles in the
proliferation, migration, and differentiation of cells (42); zo-2
participates in tight junction structural integrity by binding to
the actin cytoskeleton (43). These results suggested that CB could
promote intestinal development of larvae by accelerating the
proliferation of intestinal epithelial and maintaining the integrity
of the intestinal barrier.

Moreover, digestive enzyme activities could be used as an
indicator of development rate, food acceptance and digestive
capacity (1). Previous research has indicated that CB could
improve digestive function through producing a range of
supplemental digestive enzymes (10, 39). In this study, 0.20%
CB supplementation not only increased lipase in PS and IS of 37
DAH larvae, but also increased lipase in IS of 47 DAH larvae,
which were consistent with the previous studies in broiler
chickens (44), piglets (41), Macrobrachium rosenbergii (17) and
Litopenaeus vannamei (40). Furthermore, the onset of BBM
enzymes in intestine was considered as crucial in the
maturation process of the digestive function (45). The present
study found that 0.20% CB supplementation could improve
activities of LAP in BBM, which demonstrated that appropriate
Frontiers in Immunology | www.frontiersin.org 9
dietary CB could promote the transition of larval digestive
functions to adult mode (1).

The immune system during the early life is immature, which
has been considered as a major restriction to healthy growth offish
larvae (46, 47). Probiotics can act as non-specific immune factors
and have a positive effect on host immune system (35, 48) CB
supplementation significantly affected nearly all immune enzyme
activities (ACP, AKP, CAT and LZM), indicating CB
supplementation could improve immune status of larvae.
Intriguingly, no significant differences in the survival rate and
mRNA expression of inflammatory factors were observed among
dietary treatments. Zhao et al. (49) found CB could decrease
cytokine levels (ifn-g, il-1b, il-8, and tnf-a) in intestinal tissues of
chickens with Salmonella infection, but no significant differences
in cytokine levels were observed between CB treatment group and
normal diet group (49). Above all, combining the results of the
present study and current research, we speculated dietary CB
could effectively decrease inflammatory factor level to protect host
from pathogens.

Gut microbiota plays a crucial role in health and well-being of
marine fish starting from hatch (4, 8). The current study
indicated that modulation of intestine microbiota in large
yellow croaker towards potentially more beneficial microbial
community could be achieved through CB supplementation.
The present study showed CB had a strong effect on the
overall structure of intestinal microbiota in larvae. Similarly,
compared with the control group, observed species number, PD
whole tree index and ACE index were lower in the gut of larvae
fed diets with CB supplementation. These results indicated that
CB supplementation could regulate the structure of gut
microbiota and decrease intestinal microbial diversity and
richness, representing the positive effect of CB on gut
microbiota development during the early life of larvae (35, 50).

Moreover, early life intervention using CB supplementation
improved the composition of gut microbiota. CB supplementation
at 0.10 and 0.20% levels significantly decreased the relative
abundance of phylum Actinobacteria, indicating 0.10 and 0.20%
CBmay have amore profound effect on the intestinal community of
larvae than 0.40% CB. Intriguingly, the present study found
CB supplementation could increase the relative abundance of
CB, which indicated larval intestine could be colonized by CB.
Previous research has indicated that CB decreased the number of
pathogens in the host gut tract by creating an oxygen-free
environment, producing prebiotics and generating butyric acid
(10). The present study found that CB significantly down-
regulated the relative abundance of genus Acinetobacter, and CB
at 0.20% significantly decreased the relative abundance of genus
Alcaligenes and specie Alcaligenes faecalis. Acinetobacter was
associated with bacteremia, pulmonary infections, meningitis,
diarrhea, and nosocomial infections (51). And Alcaligenes faecalis
was an opportunistic pathogen, which could be resistant to
common antibiotics and closely related with nosocomial
infections (52). These results revealed that CB could colonize in
the fish larval gut tract, and play an inhibitory effect on
opportunistic pathogens.
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CONCLUSION

This study demonstrated that early life intervention using dietary CB
could improve growth performance of large yellow croaker larvae
probably through promoting intestinal development, improving
immune enzyme activities, and modulating gut microbiota. The
optimal CB (containing cells at 5 × 109 CFU g−1) supplementation
dosage is 0.10–0.20%. Probiotic treatment in early life intervention
may be a promising method to promote the maturation of the
intestinal tract, immune system, and gut microbiota.
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Supplementary Figure 1 | Effects of early life intervention using Clostridium
butyricum onmorphology of the intestine of large yellow croaker larvae (n = 3/group)
(MT, muscular thickness; VH, villus height; EH, Enterocyte height). (A)Control group
(0.00%); (B) CB1 group (0.10%); (C) CB2 group (0.20%); (D) CB3 group (0.40%);
(HE staining; Scale bar = 100 mm).

Supplementary Figure 2 | Effects of early life intervention using Clostridium
butyricum on il-1b, il-6, il-8, ifng and cox-2 mRNA expression in whole intestine of
large yellow croaker larvae. Values are means (n = 3), with their standard errors
represented by vertical bars. Bars bearing the same letters were not significantly
different (P >0.05, Tukey’s test).

Supplementary Figure 3 | Rarefaction curve of gut microbiota of large yellow
croaker larvae (n = 3/group).The rarefied curves for OTU number tended to
approach the saturation plateau.
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