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Abstract: [Objective] Despite the extensive studies about the effects of Bacillus licheniformis 
on the immune response, disease resistance, and nutrition of Penaeus vannamei, little is known 
about the effects on the intestinal and environmental microbial communities of P. vannamei in 
the zero-water exchange aquaculture system. [Methods] The intestinal, seawater, and sediment 
samples were collected from the environment supplemented with B. licheniformis in food or 
water for 16S rRNA gene sequencing and linear discriminant analysis effect size (LEfSe). 
[Results] Adding B. licheniformis had little effect on the growth of P. vannamei, and different 
adding methods had little effect on the intestinal microflora. However, the addition of B. 
licheniformis changed the intestinal microbial community and improved the immunity of P. 
vannamei. [Conclusion] The findings help us to comprehensively understand the changes in 
shrimp intestine and environment after B. licheniformis is added in feed and water in the 
zero-water exchange aquaculture system, thereby providing basic information for choosing the 
right probiotics and addition ways to sustain the health of P. vannamei. 
Keywords: Penaeus vannamei; bacterial function; bacterial community; Bacillus licheniformis; 
zero-water exchange aquaculture system 
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摘   要：【目的】地衣芽孢杆菌(Bacillus licheniformis)对南美白对虾(Penaeus vannamei)免疫反应、

抗病性和营养的影响已被广泛研究，但零水交换养殖系统下地衣芽孢杆菌对对虾肠道和养殖水环

境微生物群落的影响尚不清楚。【方法】通过收集添加地衣芽孢杆菌在饲料或水中后，对虾肠道、

池水和池低沉积物样品，通过 16S rRNA基因测序和线性判别分析(linear discriminant analysis effect 
size, LEfSe)进行微生物分析。【结果】结果表明，添加地衣芽孢杆菌对对虾的生长影响较小。此

外，添加方式的不同对对虾肠道菌群的影响较小。但添加地衣芽孢杆菌可以有效地改变对虾肠道

微生物群落，并改善对虾免疫力。【结论】这些结果有助于全面了解在零水交换养殖系统中，通

过饲料和水添加地衣芽孢杆菌后对虾肠道和环境的变化，从而为选择正确的益生菌以及如何添加

益生菌维持对虾健康提供基础信息。 

关键词：南美白对虾；细菌功能；细菌群落；地衣芽孢杆菌；零水交换养殖系统 

 
 

With the improvement of living standards and 
increasing requirements for nutritional 
diversification[1], people’s demand for fish and 
shrimp has increased year by year[2-3]. Penaeus 
vannamei is native to the Pacific coast of south 
America[4-5]. By virtue of its high nutritional 
value[6], a wide range of salinity adaptation[4], high 
temperature tolerance[7] and strong stress 
resistance, P. vannamei has become a worldwide 
cultured species[8-9]. However, since 2010, the 
production of P. vannamei has been declining[10-11]. 
On the one hand, due to the water quality damage 
caused by environmental pollution, such as 

ammonium and nitrite in water exceeding 
standards[12]. On the other hand, various diseases 
caused by pathogens are gradually increasing, such 
as acute hepatopancreatic necrosis disease 
(AHPND) and white spot syndrome virus[13-14]. 
Therefore, improving the quality of water for 
shrimp culture and the ability of shrimp to resist 
various pathogens are urgent problems to be 
solved in shrimp culture. 

In the aquaculture industry, antibiotics were 
once the first choice for people to deal with 
various diseases[15]. However, with the increase in 
antibiotic use, people have gradually realized the 
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disadvantages caused by the use of antibiotics: 
pathogens can produce drug resistance[16], disrupt 
ecological balance, and produce drug residues in 
aquatic products. Therefore, people began to 
choose a way that can replace antibiotics. 
Probiotics are considered to be one of the good 
substitutes for antibiotics[17-18]. It can improve the 
health of the host by adjusting the balance of the 
host’s intestinal flora, therefore has gradually 
become the alternative to antibiotics[19-20]. Bacillus 
licheniformis is one of the probiotics widely used 
by people. Previous studies showed that Bacillus 
licheniformis can regulate water quality[21], 
promote growth[22], and increase digestive enzyme 
activity[23]. In this study, a strain of Bacillus 
licheniformis selected in the previous study was 
added to feed and water respectively to study its 
effects on the growth and intestinal flora of shrimps. 

In the current experiments on the culture of P. 
vannamei, most of the aquaculture system adopted 
are recirculating aquaculture or water-exchange 
aquaculture system, and this is also the case in 
many studies including probiotics[24]. In the 
process of production, the above aquaculture 
system will cause problems such as the increase of 
cultivation cost[25], and the tense utilization of 
water resources[26]. The zero-water exchange 
aquaculture system means that there is no water 
quality exchange with the outside world during the 
entire aquaculture process, and only the water lost 
due to evaporation is supplemented[26]. Compared 
with the traditional aquaculture system, this 
aquaculture system is not restricted by the region 
and the natural environment, and the water 
resource utilization efficiency is high. It is the 
future standardized aquaculture system[27]. In this 
mode, the influence of probiotics on the 
composition and changes of microorganisms in the 
intestinal and environment of P. vannamei can be 
studied more accurately. 

Therefore, we adopted the zero-water 
exchange aquaculture system and added Bacillus 
licheniformis to feed and water respectively to 
explore its influence on the microbial community 
structure in the intestine and surrounding 

environment of P. vannamei, expecting to find the 
interaction between Bacillus licheniformis and 
related bacteria during the aquaculture process. 

1  Materials and methods 
1.1  Preparation of experimental diets 

The bacteria used in this experiment was 
Bacillus licheniformis, which was selected in the 
intestine of shrimp that accounted for the first 15% 
of the body weight in the shrimp farming ponds in 
the previous study. The strain preserved in the 
laboratory was first activated. The bacterial strains 
were cultured in the 2216E medium for 24 h at 
37 °C. The cells were harvested after the cultures 
were centrifuged (5 000×g, 4 °C, 10 min) and 
washed with sterile sea water. The cells were 
resuspended in sterile sea water before use, and 
sprayed on basal feed at 1×108 colony-forming 
units (CFU)/g. Finally, feed was dried at room 
temperature for 6 h and stored at 4 °C. 
1.2  Determination of ammonia nitrogen 

Concentration of ammonia nitrogen was 
determined by the indophenol blue method. In 
briefly, ammonia-N concentration was measured 
and adjusted every day using HACH ammonia 
reagent (salicylic acid method, reference manual 
operation) and DR/850 portable photometer 
instrument. 
1.3  Experiment set-up 

P. vannamei, weighing (0.54±0.10) g, were 
obtained from an aquaculture farm in a suburb of 
Guangzhou, China. Before the experiment, 
shrimps were breed in standard shrimp culture 
ponds (2.8 m×3.8 m). All shrimps were maintained 
in seawater (salinity, 5‰, pH 8.0±0.2) at 
(25±2) °C with continuous aeration. And fed three 
times per day with commercial shrimp feed, the 
basal diet containing crude protein 40%, crude fat 
8%, ash 18%, and water 12%. 

Each treatment groups are as follows: the AF 
group indicated that the feed supplemented with 
Bacillus licheniformis was fed during the 
experiment; the AW group indicated that Bacillus 
licheniformis was added to the aquaculture water 
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every seven days during the aquaculture process, 
the dosage of Bacillus licheniformis is 2×102 CFU/mL; 
the C group represents was not added the Bacillus 
licheniformis in feed or water. Triplicate samples 
were set up for each treatment. Shrimps were 
randomly assigned to nine buckets (50 cm×38 cm× 
30 cm) of 30 shrimps each. Each bucket contains 
50 L of water. During the experiment, no water 
exchange is performed, only the amount of water 
consumed by evaporation is replenished. The AW 
group and group C were fed commercial feed daily. 
The commercial feed containing crude protein 
40%, crude fat 8%, ash 18%, and water 12%. The 
daily feeding rate was 10% of the body weight. 
Shrimp were fed 3 times a day at 8, 14 h and 20 h, 
respectively. 
1.4  Sample collection 

After the five-week aquaculture experiment 
was over, the shrimp and the environment were 
sampled. Six shrimps were taken from each tank. 
The surface of the shrimp was wiped with 75% 
alcohol and the intestine was aseptically dissected. 
The intestine was put into a 1.5 mL sterile 
centrifuge tube, frozen in liquid nitrogen and 
immediately stored at −80 °C. A disposable 
Pasteur straw was used to collect water samples 
(15 mL) from the surface, middle and bottom of 
the water in the aquaculture bucket. The water 
samples were filtered through the filtration 
membrane and placed in a 15 mL sterile tube, 
which was immediately placed in liquid nitrogen 
for preservation. In the same way, the sediment is 
sucked out from the bottom of the aquaculture 
bucket, transferred into a 1.5 mL centrifuge tube, 
marked and immediately placed in a liquid 
nitrogen tank for preservation. 
1.5  DNA Extraction, amplification, and 
sequencing 

Total microbial DNA was extracted from 27 
samples using the HiPure Soil DNA Kit (Magen) 
according to manufacturer’s protocols. The primer 
pair 341F (CCTACGGGNGGCWGCAG) and 806R 
(GGACTACHVGGGTWTCTAAT) were used to 
amplify the 16S rDNA V3–V4 region of the 
ribosomal RNA gene, and the barcode is an 

eight-nucleotide sequence unique to each sample. 
PCR reactions were performed in triplicate as 
follows: 5 μL of 10× KOD Buffer, 5 μL dNTPs of 
2.5 mmol/L dNTPs, 1.5 μL of each primer (5 μmol/L), 
1 μL KOD Polymerase, 100 ng template DNA and 
ddH2O to a total volume of 50 μL. The PCR 
reactions were performed on the ABI Gene Amp® 
PCR System 9700 (Applied Biosystems, Foster 
City) as follows: 95 °C for 2 min, followed by 27 
cycles of 98 °C for 10 s, 62 °C for 30 s, 68 °C for 
30 s, and a final extension of 68 °C for 10 min. All 
PCR products were detected using 2% agarose gels, 
purified with the AxyPrep DNA Gel Extraction Kit 
(Axygen Biosciences), quantified using ABI 
StepOnePlus Real-Time PCR System (Life 
Technologies). Purified PCR amplicons were 
pooled in equimolar and paired-end sequenced 
(2×250) on an Illumina MiSeq sequencing platform 
at Genedenovo Bioinformatics Technology Co., Ltd., 
to acquire raw data. 
1.6  Processing of sequence data 

The raw reads were filtered using the 
software of FLASH by removing raw reads 
containing more than 10% of unknown nucleotides 
(N) and less than 80% of bases with quality 
(Q-value)>20. Paired-end clean reads were merged 
as raw tags a minimum overlap of 10 bp, and 
remove the merged reads that the mismatch ratio 
in overlapping regions larger than 2%[28]. By this 
method, we obtained effective tags for further 
analysis. 

The effective tags were clustered into 
operational taxonomic units (OTUs) by greengene 
database (version 20 101 006) with Confidence 
Threshold of 0.5 using the software rdp classifier 
(http://rdp.cme.msu.edu/classifier/classifier.jsp)[29]. 
The effective tags were clustered into the same 
OTUs of ≥97% similarity using UPARSE 
pipeline[30]. The abundance of each sample on 
taxonomic level of domain, phylum, class, order, 
family, genus and species were calculated 
according to the taxonomic classification and 
abundance of OTU. All the analyses from 
clustering to alpha (within sample) and beta 
diversity (between samples) was performed with 
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QIIME program[31]. The characterization of 
microbiota features was performed by linear 
discriminant analysis (LDA) effect size (LEfSe) 
method (http://huttenhower.sph. harvard.edu/lefse/). 
1.7  Statistical analysis 

Statistical differences were determined by 
using SPSS software (version 25.0). Numerical 
data was presented as the mean±standard error, 
and between-treatment differences were analyzed 
with a one-way analysis of variance (ANOVA). 
The threshold for statistical significance was set at 
P<0.05. 

2  Results and analysis 
2.1  Changes in water quality during 
culture and the growth of shrimp 

At the end of the five-week culture 
experiment, the concentration of ammonium and 
nitrite in the culture water was measured (Table 1). 
The results showed that there was no significant 
difference in the concentration of ammonium or 
nitrite among the three groups. The growth 
indicators of the three groups of shrimps are 
shown in Table 2. The survival ratio (SR) and 
specific growth rate (SGR) of shrimp showed no 
significant difference between the control and 

Bacillus licheniformis-treated group. 
2.2  Characteristics of 16S rRNA gene 
sequencing 

To determine the microbiota between P. 
vannamei intestine, water and sediment, bacterial 
16S rRNA gene V3–V4 regions were conducted 
(Table 3). In this study, a total tags number of    
2 474 025 of V3–V4 denoised 16S rRNA gene reads 
were obtained from 27 samples, with an average of 
91 630 tags for each sample (the minimum of one 
sample was 85 138 and the maximum was 98 952). 
The rarefaction curves of the samples tended to 
approach the saturation plateau, indicating that the 
gene sequence database was abundant and enough 
for the microbial diversity analysis. Then these 
sequences were classified into the same OTUs 
(operational taxonomic units) at an identity 
threshold of 97% similarity by using Mothur 
(v.1.34.0). The total tags, OTUs, statistical 
estimates of species richness and diversity index 
from each group were showed in Table 3. The 
results showed that Chao indexes were different in 
the IAW group compared with IC group, but not 
different in the water and sediment groups. 
Shannon indexes were different in the SC group 
compared with SAW and SAF group.  

 
Table 1  Effects of different adding methods on the ammonium concentration and nitrite 
Treatments Ammonium concentration (mg/L) Nitrite concentration (mg/L) 

Control 1.4±0.30 0.04±0.05 

Add in water 1.6±0.17 0.07±0.03 

Add in feed 1.6±0.17 0.04±0.05 

Value is the mean±SD of three independent repeats. 
 
Table 2  Effects of different adding methods on the growth of shrimp 
Treatments Control Add in feed Add in feed 

IBW (g) 0.506±0.142 0.584±0.024 0.528±0.175 

FBW (g) 3.201±0.236 2.921±0.524 3.208±0.006 

SGR (%/d) 0.050±0.002 0.046±0.004 0.053±0.009 

SR (%) 89±2.1 94±9.2 87±0.1 

Value is the mean±SD of three independent repeats. IBW: Initial body weight; FBW: Final body weight; SGR: Specific growth 
rate; SR: Survival rate. 
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Table 3  Richness and diversity indexes relative to each sample (OTU cutoff of 0.03) 
Sample Groups Total tags OTUs Chao Ace Shannon Simpson 
Intestine IC 89 953±4 872 699±34a 992.64±31.59a 1 018.23±23.83 5.05±0.56 0.90±0.04a 
 IAW 91 184±1 250 777±29b 1 094.18±38.23b 1 098.04±79.62 5.64±0.19 0.96±0.01b 
 IAF 94 316±5 280 741±29ab 1 035.02±64.39ab 1 052.87±81.89 5.43±0.21 0.93±0.02ab 
Water WC 93 023±5 271 741±53 1 065.52±167.02 1 038.02±140.97 6.19±0.40 0.96±0.02 
 WAW 92 443±3 531 748±45 1 063.12±41.70 1 024.40±40.95 6.12±0.09 0.97±0.00 
 WAF 92 035±3 817 689±85 1 031.26±103.09 1 022.56±46.20 5.88±0.07 0.96±0.00 
Sediment SC 89 272±2 466a 867±26 1 225.12±51.25 1 182.17±27.23 6.50±0.10b 0.97±0.01b 
 SAW 94 528±2 383b 860±42 1 232.31±111.18 1 219.31±104.55 5.62±0.10a 0.94±0.00a 
 SAF 87 921±2 539a 833±56 1 150.53±108.26 1 167.21±77.30 5.32±0.50a 0.92±0.02a 
Value is the mean±SD of three independent repeats. Different letters (a, b) represent a significant difference within groups 
(one-way ANOVA). 
 
2.3  Overall microbiota structures  

OTUs were identified into 23, 20 and 27 
prokaryotic phyla from the 16S rRNA gene 
sequences in intestine, water and sediment. The 
relative abundant phyla in all samples were 
Planctomycetes (36%), Proteobacteria (30%), 
Verrucomicrobia (9%), Actinobacteria (8%), 
Bacteroidetes (7%), Patescibacteria (5%), 
Chloroflexi (2%), Chlamydiales (1%), and others 
(2%) (Figure 1). The species composition of the 
intestine was very similar to that of the sediment, 
with Planctomycetes, Proteobacteria, Verrucomicrobia 
accounting for the top three species, water also has 
the above species, but the proportion is different. 

In order to explore the effect of probiotics 
addition on microbial community, we analyzed 
OTU of different treatment groups in intestine, 
water and sediment, Veen diagram was constructed 
to identify dominant OTUs presented in these 
three groups (Figure 2). The Venn diagram showed 
that there were 322 common OTUs in the 9 groups 
of intestines, representing 31% of the total reads 
(Figure 2A). And there were 374 OTUs shared 
among 9 samples in water, representing 35% of the 
total reads (Figure 2B). There were 398 OTUs 
shared among SC, SAW and SAF, representing 
34% of the total reads in sediment (Figure 2C). 
The Venn diagram also showed that in the intestinal 

 

 
 

Figure 1  The bacterial community in all samples at phylum level. 
 
 
 



 

 

 

梁庆建等 | 微生物学报, 2023, 63(10) 3929 

http://journals.im.ac.cn/actamicrocn 

 

 
 

Figure 2  Comparison of OTUs in intestine (A), 
water (B), and sediment (C) by Venn diagram. 
 
samples, the number of OTU specific to each 
group was significantly different. Moreover, 
different ways of addition have different effects on 
the specific OTU level. This was not found in 
water bodies and sediments. 

At the same time, the OTU of the intestine 
and environment in different treatment groups was 
studied (Figure 3). In the control group, there were 
362 common OTUs in the 9 groups of intestine, 
water and sediment, representing 34.51% of the 
total reads (Figure 3A). In the AW group, there 
were 355 common OTUs in the 9 groups of 
intestine, water and sediment, representing 28.56% 
of the total reads (Figure 3B). There were 325 
OTUs shared among intestine, water and sediment, 
representing 27.61% of the total reads in AF group 
(Figure 3C). 
2.4  Bacterial composition and community 
structure 

The bacterial composition of intestine, water 
and sediment at different samples at phylum and 
genus level were show in Figure 4A. The dominant 
phyla in the nine groups were Planctomycetes, 
Firmicutes, Chloroflexi, Chlamydiae, Verrucomicrobia, 
Proteobacteria, Actinobacteria, Patescibacteria, 

Bacteroidetes, and Acidobacteria.  
In the intestine groups, the dominant phyla 

were Planctomycetes. The abundance of 
Chlamydiae was increased in the IAF group, and 
decreased in the IAW group compared with the 
control group (P<0.05). And in both treatment 
groups that added probiotics, there was decrease in 
Verrucomicrobia abundance, although not 
statistically significant. The dominant phyla in the 
water groups were Proteobacteria. Figure 4A also 
demonstrated Chlamydiae had high abundance in 
the WAF group, and decreased in the WAW group 
compared with the control group (P<0.05). In the 
sediment groups, the dominant phyla were 
Planctomycetes and Proteobacteria. The abundance 
of Planctomycetes was increased in the SAW 
group, and decreased in the SAF group compared 
with the control group (P<0.05). These results 
indicate that there are some differences in 
microbial community between the intestine and 
environment. The abundance of Chlamydiae was 
increased in the group that probiotic was added 
feed, and decreased in the group that probiotic was 
added water, compared with the control group. 
Both the intestine and the water samples showed 
similar trends.  

 

 
 
Figure 3  Comparison of OTUs in control group (A), 
AW group (B), and AF group (C) by Venn diagram. 
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Figure 4  Microbiota composition of bacterial taxa at phylum (A) and genus for intestine (B), water (C), and 
sediment (D). 
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From the Figure 4B–4D, we can see that in the 
intestine, water or sediment samples, the composition 
of the dominant genus of each experimental group is 
different from the control group. Similarly, the 
dominant genus of group of the probiotics added to the 
feed and the water is also relatively different. In the 
intestine samples, the abundance of Planctomicrobium 
was significantly decreased in the IAW group, and 
increased in the IAF group (P<0.05), while the 
abundance of Pir4_lineage was significantly increased 
in the IAW group and IAF group (P<0.05). There is a 
similar trend of the abundance of Planctomicrobium 
in the water samples. In the sediment samples, the 
abundance of Pir4_lineage was significantly decreased 
in the SAF group, and increased in the SAW group 
(P<0.05). The results showed that adding probiotics to 
water and feed had similar changes in intestine and 
water microbial communities at genus level.  

Additionally, samples of the intestine, water 
and sediment tended to cluster together by principal 
coordinates analysis (PCoA) analysis (Figure 5). In 
intestine and environmental samples, the three 
repeated samples in each treatment group were 
close to each other, indicating that the samples were 
similar (Figure 5A–5C). And each treatment group 

shows the phenomenon of individual aggregation. 
At the same time, we also explored the relationship 
between the microbial communities in the intestines, 
water and sediments in different treatment groups. 
Additionally, samples of the intestine, water and 
sediment at the control group tended to cluster 
together by PCoA analysis with PC1=73.40% and 
PC2=15.21% of total variations (Figure 5D), and 
the distance between the different samples is 
relatively close, which further confirms the 
similarity between the bacterial community in the 
shrimp intestine and the surrounding environment. 
In the two groups with probiotics added (Figure 5E, 
5F), it was found that the distance between 
different samples was relatively long, indicating 
that the bacterial community structure in the 
intestinal, water and sediment samples was quite 
different.  
2.5  Functional prediction of the microbiota 

The presumptive functions of the microbiota 
of intestine, water and sediment were illustrated 
using PICRUST. The Kyoto encyclopedia of genes 
and  genomes  (KEGG)  pa thway  ana lys i s 
demonstrated the top 20 pathways for each group 
(Figure 6A). And those pathways associated with  

 

 
Figure 5  Principal coordinates analysis (PCoA) plots based on different samples (A, B, C) and groups (D, E, 
F). A–C stands for intestine, water, and sediment, respectively. D–F stands for control group, AW group, and AF 
group, respectively. 
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Figure 6  Heat map of the presentation of KEGG of the pathways in the 12 samples (A), and comparison of 
altered pathways in intestine (B), water (C) and sediment (D). 
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cellular processes (cell motility, cell growth and 
death), genetic information processing (e.g., 
transport and catabolism, transcription), and 
metabolism (e.g., amino acid metabolism, 
carbohydrate metabolism, xenobiotics biodegradation 
and metabolism, glycan biosynthesis and 
metabolism, etc.). Welch’s t-test results (Figure 
6B–6D) indicated that several predicted pathways 
were significantly enriched (95% confidence 
intervals, P<0.05) in some samples. In the shrimp 
intestine, the immune system was up-regulated in 
IAW and IAF (Figure 6B). In the water, the 
digestive system was up-regulated in WAF, but 
down-regulated in WAW (Figure 6C). In the 
sediment, the lipid metabolism system was 
down-regulated in the SAW and SAF (Figure 6D). 
The data showed that added probiotics enhanced 
the immune pathways in the shrimp intestine, 
whereas in the environment, the digestive system 
and lipid metabolism system were affected. 

3  Discussion  
The shrimp farming has developed rapidly in 

recent years[32-33], but some diseases of the shrimp, 
such as acute hepatopancreatic necrosis syndrome 
(AHPNS)[34] or early mortality syndrome (EMS)[35], 
still plague the farmers. Faced with this problem, 
probiotics are considered a good choice. And 
among them, Bacillus licheniformis has been 
widely used in aquaculture[22,36]. A present report 
showed that Bacillus licheniformis can resistance 
pathogenic microorganisms, and reduce the 
occurrence of diseases[37]; enhance the immune 
function of the animal body[38]; produce a variety 
of digestive enzymes, increase daily gain and feed 
utilization, and reduce production costs[16,39]. 
However, there are few studies on the role of 
Bacillus licheniformis in regulating the balance of 
intestinal flora and its surrounding environment of 
shrimp[19,40-41]. In order to study this problem more 
accurately, we have chosen the zero-water 
exchange aquaculture system, which can reduce 
the impact of external factors on the aquaculture 
system[42-43].  

In aquaculture, Chlamydia is a common 
pathogen in fish, and Chlamydia infection is 
becoming an important pathogenic cause in 
aquaculture[44-45]. Studies show that fish on the 
common skin inflammation diseases are caused by 
Chlamydia, this type of parasitic pathogens in fish 
gills, fins, and body surface skin cells, form large 
inclusion body in cell proliferation after, cause 
cyst cause epithelial cell hypertrophy, nearly 
caused by fish breathing difficulties, metabolic 
disorders, the fatality rate[46-47]. A previous report 
showed that the proportion of Chlamydia in water 
increased significantly with the passage of culture 
time, which was a hidden danger of shrimp 
disease[48-49]. In this study, the proportion of 
Chlamydia added by Bacillus licheniformis to the 
water group decreased significantly, which played 
an important role in reducing the incidence of P. 
vannamei in the zero-water exchange aquaculture 
system. This helps us to reasonably choose the 
method of adding bacteria according to the needs 
of breeding, in order to achieve the purpose of 
saving costs.  

Firmicutes in the intestinal tract of obese 
people has a significant upward trend than that of 
the normal population. When the obese people lose 
weight, the number of Firmicutes in the intestinal 
tract returns to the level of the normal 
population[50]. In the study of the intestinal flora of 
the transgenic carp and wild carp, studies have 
shown that with the expression of the transgenic 
carp, the level of Firmicutes in the intestinal tract 
of the transgenic carp has an upward trend[51]. In 
this experiment, in the two groups added with 
Bacillus licheniformis, the proportion of 
Firmicutes increased, indicating that the addition 
of Bacillus licheniformis will increase the number 
of Firmicutes, which may be Bacillus 
licheniformis promote the growth of animals the 
reason. 

Existing research shows that probiotics may 
play a role by competing with certain pathogenic 
bacteria for adhesion sites and nutrients[45,48-49,52]. 
Therefore, studying the microbial communities 
change in intestines and environment after the 
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addition of probiotics plays an important role in 
understanding the mechanism of probiotics[50]. In 
this study, we found that the addition of Bacillus 
licheniformis had a greater impact on the 
abundance at the level of the bacterial phyla. 
Among them, Chlamydia and Firmicutes had a 
significant impact. In the AF group, the abundance 
of Chlamydia in the intestine and water was 
increased; the trend of Chlamydia in the AW group 
was just the opposite. In addition, in the sediment 
samples, the Planctomycete phylum was 
significantly down-regulated in the AF group, 
while the opposite was true in the AW group. This 
suggests that when Bacillus licheniformis is added 
to feed or water, it may play a role by changing the 
abundance of Chlamydia[53-54].  

Planctomycetes sp. plays key roles in 
biogeochemical transformations of carbon and 
nitrogen cycles because there are specialized for 
the initial breakdown of various highly complex 
polysaccharides[55]. Previous studies have shown 
that Pir4_lineage belongs to Planctomycetes[40,56]. 
In this study, whether it is intestine or water and 
sediment, the genus with significant differences 
mainly concentrated in Planctomicrobium and 
Pir4_lineage. Planctomicrobium has a consistent 
trend in the intestine and water, both of which AF 
increase and AW group decrease. However, 
Pir4_lineage increased in both the AF and AW 
groups in the intestine. And in sediment, 
Pir4_lineage increased in SAW and decreased in 
SAF. These results revealed that the addition of 
Bacillus licheniformis may change the 
decomposition of organic matter by shrimps. We 
also speculate that Bacillus licheniformis may have 
a synergistic effect with Pir4_lineage. In some 
studies, Planctomicrobium and Pir4_lineage have 
been proved to be harmless to the environment[57], 
so this can also show that the water and sediment 
after adding probiotics will not change adversely 
to the environment, which can prevent damage to 
the surrounding environment.  

KEGG results showed that the dominating 
functional categories in three groups were mostly 
related to metabolism and genetic information 

process, such as amino acid metabolism, 
carbohydrate metabolism, energy metabolism, 
replication and repair, and membrane transport. It 
is basically similar to the conclusions of previous 
studies on shrimp intestine and living environment 
microorganisms[58-59], indicating that amino 
acids[60] and carbohydrates may be one of the main 
nutrients digested by intestinal microbiota. 
Additionally, “immune diseases” was enriched in 
probiotic-add group in intestine, this indicating 
that the addition of probiotics may increase the 
immunity of the intestinal flora, and thus improve 
the ability to resist pathogens. This may be the 
microbiological reason why some studies have 
found that the addition of probiotics will increase 
the expression of immune genes in shrimp[61-63]. 
Likewise, the relative abundance of “lipid 
metabolism” in control group was different from 
the probiotic-add group in sediment. And, it is 
possible that the added-probiotics group produced 
less lipid in the sediment, which may be related to 
the previous study that the probiotics added can 
increase the absorption of nutrients in the 
intestine[19,64-65]. 

In this study, we tried to validate the role of 
Bacillus licheniformis in shrimp culture by 
intestinal and surrounding bacterial communities. 
The results showed that under normal conditions, 
there are similarities in the bacterial communities 
of the shrimp intestines and the surrounding 
environment in the zero-water exchange 
aquaculture system. The addition of Bacillus 
licheniformis will greatly change the species 
richness at the phylum and genus level. From the 
functional analysis, we found that the addition of 
probiotics to feed and water changed the related 
pathways, for example, digestive system, but the 
change trend was opposite. And adding probiotics 
in different ways has different effects on the 
microbial community of intestine, water and 
sediment. This study provided an idea for how to 
effectively select the addition method of Bacillus 
licheniformis to improve the intestinal health of 
shrimps and promote the environmentally friendly 
development.  



 

 

 

梁庆建等 | 微生物学报, 2023, 63(10) 3935 

http://journals.im.ac.cn/actamicrocn 

参考文献  

[1] CABELLO FC, GODFREY HP, BUSCHMANN AH, 
DÖLZ HJ. Aquaculture as yet another environmental 
gateway to the development and globalisation of 
antimicrobial resistance[J]. The Lancet Infectious 
Diseases, 2016, 16(7): 127-133.  

[2] HOUSTON RD, BEAN TP, MACQUEEN DJ, 
GUNDAPPA MK, JIN YH, JENKINS TL, SELLY SLC, 
MARTIN SAM, STEVENS JR, SANTOS EM, DAVIE 
A, ROBLEDO D. Harnessing genomics to fast-track 
genetic improvement in aquaculture[J]. Nature 
Reviews Genetics, 2020, 21(7): 389-409.  

[3] CHOI S, SIM W, JANG D, YOON Y, RYU J, OH J, 
WOO JS, KIM YM, LEE Y. Antibiotics in coastal 
aquaculture waters: occurrence and elimination 
efficiency in oxidative water treatment processes[J]. 
Journal of Hazardous Materials, 2020, 396: 122585. 

[4] LI HF, XU C, ZHOU L, DONG YF, SU YJ, WANG XD, 
QIN JG, CHEN LQ, LI EC. Beneficial effects of 
dietary β-glucan on growth and health status of Pacific 
white shrimp Litopenaeus vannamei at low salinity[J]. 
Fish & Shellfish Immunology, 2019, 91: 315-324. 

[5] MUNAENI W, DISNAWATI, YUHANA M, 
SETIAWATI M, BUJANG A, ODE BAYTUL L, 
KURNIAJI A. Buton forest onion extract (Eleutherine 
bulbosa mill.) potential on growth performance of 
vannamei shrimp (Litopenaeus vannamei)[J]. Pakistan 
Journal of Biological Sciences, 2018, 22(1): 15-20. 

[6] VERSCHUERE L, ROMBAUT G, SORGELOOS P, 
VERSTRAETE W. Probiotic bacteria as biological 
control agents in aquaculture[J]. Microbiology and 
Molecular Biology Reviews: MMBR, 2000, 64(4): 
655-671.  

[7] QIU J, WANG WN, WANG LJ, LIU YF, WANG AL. 
Oxidative stress, DNA damage and osmolality in the 
Pacific white shrimp, Litopenaeus vannamei exposed 
to acute low temperature stress[J]. Comparative 
Biochemistry and Physiology Part C: Toxicology & 
Pharmacology, 2011, 154(1): 36-41.  

[8] CHEN SJ, ZHUANG ZX, YIN P, CHEN X, ZHANG 
YM, TIAN LX, NIU J, LIU YJ. Changes in growth 
performance, haematological parameters, 
hepatopancreas histopathology and antioxidant status 
of Pacific white shrimp (Litopenaeus vannamei) fed 
oxidized fish oil: regulation by dietary myo-inositol[J]. 
Fish & Shellfish Immunology, 2019, 88: 53-64.  

[9] DUAN YF, WANG Y, LIU QS, DONG HB, LI H, 

XIONG DL, ZHANG JS. Changes in the intestine 
microbial, digestion and immunity of Litopenaeus 
vannamei in response to dietary resistant starch[J]. 
Scientific Reports, 2019, 9: 6464.  

[10] FLEGEL TW. Historic emergence, impact and current 
status of shrimp pathogens in Asia[J]. Journal of 
Invertebrate Pathology, 2012, 110(2): 166-173.  

[11] JOSHI J, SRISALA J, TRUONG VH, CHEN IT, 
NUANGSAENG B, SUTHIENKUL O, LO CF, 
FLEGEL TW, SRITUNYALUCKSANA K, 
THITAMADEE S. Variation in Vibrio 
parahaemolyticus isolates from a single Thai shrimp 
farm experiencing an outbreak of acute 
hepatopancreatic necrosis disease (AHPND)[J]. 
Aquaculture, 2014, 428/429: 297-302.  

[12] DUAN YF, LIU QS, WANG Y, ZHANG JS, XIONG 
DL. Impairment of the intestine barrier function in 
Litopenaeus vannamei exposed to ammonia and nitrite 
stress[J]. Fish & Shellfish Immunology, 2018, 78: 
279-288.  

[13] SOTO-RODRIGUEZ SA, GOMEZ-GIL B, 
LOZANO-OLVERA R, BETANCOURT-LOZANO M, 
MORALES-COVARRUBIAS MS. Field and 
experimental evidence of Vibrio parahaemolyticus as 
the causative agent of acute hepatopancreatic necrosis 
disease of cultured shrimp (Litopenaeus vannamei) in 
northwestern Mexico[J]. Applied and Environmental 
Microbiology, 2015, 81(5): 1689-1699.  

[14] SHEKHAR MS, KARTHIC K, KUMAR KV, KUMAR 
JA, SWATHI A, HAUTON C, PERUZZA L, VIJAYAN 
KK. Comparative analysis of shrimp (Penaeus 
vannamei) miRNAs expression profiles during WSSV 
infection under experimental conditions and in pond 
culture[J]. Fish & Shellfish Immunology, 2019, 93: 
288-295.  

[15] CHENG GY, HAO HH, XIE SY, WANG X, DAI MH, 
HUANG LL, YUAN ZH. Antibiotic alternatives: the 
substitution of antibiotics in animal husbandry?[J]. 
Frontiers in Microbiology, 2014, 5: 217.  

[16] XIE JJ, LIU QQ, LIAO SY, FANG HH, YIN P, XIE SW, 
TIAN LX, LIU YJ, NIU J. Effects of dietary mixed 
probiotics on growth, non-specific immunity, intestinal 
morphology and microbiota of juvenile Pacific white 
shrimp, Litopenaeus vannamei[J]. Fish & Shellfish 
Immunology, 2019, 90: 456-465.  

[17] SALMINEN S, OUWEHAND A, BENNO Y, LEE YK. 
Probiotics: how should they be defined?[J]. Trends in 
Food Science & Technology, 1999, 10(3): 107-110.  



 

 

 

3936 LIANG Qingjian et al. | Acta Microbiologica Sinica, 2023, 63(10) 

 actamicro@im.ac.cn,  010-64807516 

[18] TREMBLAY A, FATANI A, FORD AL, PIANO A, 
NAGULESAPILLAI V, AUGER J, MACPHERSON 
CW, CHRISTMAN MC, TOMPKINS TA, DAHL WJ. 
Safety and effect of a low- and high-dose multi-strain 
probiotic supplement on microbiota in a general adult 
population: a randomized, double-blind, 
placebo-controlled study[J]. Journal of Dietary 
Supplements, 2021, 18(3): 227-247.  

[19] ZUO ZH, SHANG BJ, SHAO YC, LI WY, SUN JS. 
Screening of intestinal probiotics and the effects of 
feeding probiotics on the growth, immune, digestive 
enzyme activity and intestinal flora of Litopenaeus 
vannamei[J]. Fish & Shellfish Immunology, 2019, 86: 
160-168.  

[20] OUWEHAND AC, SALMINEN SJ. The health effects 
of cultured milk products with viable and non-viable 
bacteria[J]. International Dairy Journal, 1998, 8(9): 
749-758.  

[21] KEWCHAROEN W, SRISAPOOME P. Probiotic 
effects of Bacillus spp. from Pacific white shrimp 
(Litopenaeus vannamei) on water quality and shrimp 
growth, immune responses, and resistance to Vibrio 
parahaemolyticus (AHPND strains)[J]. Fish & 
Shellfish Immunology, 2019, 94: 175-189.  

[22] SHA YJ, WANG L, LIU M, JIANG KY, XIN F, WANG 
BJ. Effects of lactic acid bacteria and the 
corresponding supernatant on the survival, growth 
performance, immune response and disease resistance 
of Litopenaeus vannamei[J]. Aquaculture, 2016, 452: 
28-36.  

[23] BALCÁZAR JL, BLAS ID, RUIZ-ZARZUELA I, 
CUNNINGHAM D, VENDRELL D, MÚZQUIZ JL. 
The role of probiotics in aquaculture[J]. Veterinary 
Microbiology, 2006, 114(3/4): 173-186.  

[24] AMIR I, ZUBERI A, KAMRAN M, IMRAN M, 
MURTAZA MUH. Evaluation of commercial 
application of dietary encapsulated probiotic 
(Geotrichum candidum QAUGC01): effect on growth 
and immunological indices of rohu (Labeo rohita, 
Hamilton 1822) in semi-intensive culture system[J]. 
Fish & Shellfish Immunology, 2019, 95: 464-472.  

[25] HOPKINS JS, SANDIER PA, BROWDY CL. Effect of 
two feed protein levels and feed rate combinations on 
water quality and production of intnsive shrimp ponds 
operated without water exchange[J]. Journal of the 
World Aquaculture Society, 1995, 26(1): 93-97.  

[26] HOPKINS JS, HAMILTON RD, SANDIER PA, 
BROWDY CL, STOKES AD. Effect of water exchange 

rate on production, water quality, effluent 
characteristics and nitrogen budgets of intensive 
shrimp ponds[J]. Journal of the World Aquaculture 
Society, 1993, 24(3): 304-320.  

[27] BURFORD MA, THOMPSON PJ, MCINTOSH RP, 
BAUMAN RH, PEARSON DC. The contribution of 
flocculated material to shrimp (Litopenaeus vannamei) 
nutrition in a high-intensity, zero-exchange system[J]. 
Aquaculture, 2004, 232(1/2/3/4): 525-537.  

[28] MAGOČ T, SALZBERG SL. FLASH: fast length 
adjustment of short reads to improve genome 
assemblies[J]. Bioinformatics, 2011, 27(21): 
2957-2963.  

[29] BOKULICH NA, SUBRAMANIAN S, FAITH JJ, 
GEVERS D, GORDON JI, KNIGHT R, MILLS DA, 
CAPORASO JG. Quality-filtering vastly improves 
diversity estimates from Illumina amplicon 
sequencing[J]. Nature Methods, 2013, 10(1): 57-59.  

[30] EDGAR RC. UPARSE: highly accurate OTU 
sequences from microbial amplicon reads[J]. Nature 
Methods, 2013, 10(10): 996-998.  

[31] CAPORASO JG, KUCZYNSKI J, STOMBAUGH J, 
BITTINGER K, BUSHMAN FD, COSTELLO EK, 
FIERER N, PEÑA AG, GOODRICH JK, GORDON JI, 
HUTTLEY GA, KELLEY ST, KNIGHTS D, KOENIG 
JE, LEY RE, LOZUPONE CA, MCDONALD D, 
MUEGGE BD, PIRRUNG M, REEDER J, et al. 
QIIME allows analysis of high-throughput community 
sequencing data[J]. Nature Methods, 2010, 7(5): 
335-336.  

[32] BOSTOCK J, MCANDREW B, RICHARDS R, 
JAUNCEY K, TELFER T, LORENZEN K, LITTLE D, 
ROSS L, HANDISYDE N, GATWARD I, CORNER R. 
Aquaculture: global status and trends[J]. Philosophical 
Transactions of the Royal Society B: Biological 
Sciences, 2010, 365(1554): 2897-2912.  

[33] SAMSON JS, CHORESCA CH, QUIAZON KMA. 
Selection and screening of bacteria from African 
nightcrawler, Eudrilus eugeniae (Kinberg, 1867) as 
potential probiotics in aquaculture[J]. World Journal of 
Microbiology and Biotechnology, 2020, 36(1): 1-10.  

[34] TRUC LNT, NGOC AT, HONG TTT, THANH TN, 
KIM HH, KIM LP, TRUONG GH, QUOC PT, NGOC 
TNT. Selection of lactic acid bacteria (LAB) 
antagonizing Vibrio parahaemolyticus: the pathogen of 
acute hepatopancreatic necrosis disease (AHPND) in 
whiteleg shrimp (Penaeus vannamei)[J]. Biology, 2019, 
8(4): 91.  



 

 

 

梁庆建等 | 微生物学报, 2023, 63(10) 3937 

http://journals.im.ac.cn/actamicrocn 

[35] VINAY TN, RAY AK, AVUNJE S, THANGARAJ SK, 
KRISHNAPPA H, VISWANATHAN B, REDDY MA, 
VIJAYAN KK, PATIL PK. Vibrio harveyi biofilm as 
immunostimulant candidate for high-health Pacific 
white shrimp, Penaeus vannamei farming[J]. Fish & 
Shellfish Immunology, 2019, 95: 498-505.  

[36] ZHOU XX, WANG YB, LI WF. Effect of probiotic on 
larvae shrimp (Penaeus vannamei) based on water 
quality, survival rate and digestive enzyme activities[J]. 
Aquaculture, 2009, 287(3/4): 349-353.  

[37] MAHDHI A, CHAKROUN I, ESPINOSA-RUIZ C, 
MESSINA CM, ARENA R, MAJDOUB H, 
SANTULLI A, MZOUGHI R, ESTEBAN MA. Dietary 
administration effects of exopolysaccharide from 
potential probiotic strains on immune and antioxidant 
status and nutritional value of European Sea bass 
(Dicentrarchus labrax L.)[J]. Research in Veterinary 
Science, 2020, 131: 51-58.  

[38] HE Z, PAN L, ZHANG M, ZHANG M, HUANG F, 
GAO S. Metagenomic comparison of structure and 
function of microbial community between water, 
effluent and shrimp intestine of higher place 
Litopenaeus vannamei ponds[J]. Journal of Applied 
Microbiology, 2020, 129(2): 243-255.  

[39] WON S, HAMIDOGHLI A, CHOI W, BAE J, JANG 
WJ, LEE S, BAI SC. Evaluation of potential probiotics 
Bacillus subtilis WB60, Pediococcus pentosaceus, and 
Lactococcus lactis on growth performance, immune 
response, gut histology and immune-related genes in 
whiteleg shrimp, Litopenaeus vannamei[J]. 
Microorganisms, 2020, 8(2): 281.  

[40] TEPAAMORNDECH S, CHANTARASAKHA K, 
KINGCHA Y, CHAIYAPECHARA S, PHROMSON M, 
SRIARIYANUN M, KIRSCHKE CP, HUANG LP, 
VISESSANGUAN W. Effects of Bacillus aryabhattai 
TBRC8450 on vibriosis resistance and immune 
enhancement in Pacific white shrimp, Litopenaeus 
vannamei[J]. Fish & Shellfish Immunology, 2019, 86: 
4-13.  

[41] WANG YC, HU SY, CHIU CS, LIU CH. 
Multiple-strain probiotics appear to be more effective 
in improving the growth performance and health status 
of white shrimp, Litopenaeus vannamei, than single 
probiotic strains[J]. Fish & Shellfish Immunology, 
2019, 84: 1050-1058.  

[42] TONG RX, CHEN WB, PAN LQ, ZHANG KQ. Effects 
of feeding level and C/N ratio on water quality, growth 
performance, immune and antioxidant status of 

Litopenaeus vannamei in zero-water exchange 
bioflocs-based outdoor soil culture ponds[J]. Fish & 
Shellfish Immunology, 2020, 101: 126-134.  

[43] SUANTIKA G, LENNY SITUMORANG M, 
SAPUTRA FI, LATIFA ERLANGGA PUTRI S, PUTRI 
SP, ADITIAWATI P, FUKUSAKI E. Metabolite 
profiling of whiteleg shrimp Litopenaeus vannamei 
from super-intensive culture in closed aquaculture 
systems: a recirculating aquaculture system and a 
hybrid zero water discharge-recirculating aquaculture 
system[J]. Metabolomics, 2020, 16(4): 1-11.  

[44] HORVÁTH M, HORVÁTHOVÁ V, HÁJEK P, 
ŠTĚCHOVSKÝ C, HONĚK J, ŠENOLT L, VESELKA 
J. MicroRNA-331 and microRNA-151-3p as biomarkers 
in patients with ST-segment elevation myocardial 
infarction[J]. Scientific Reports, 2020, 10: 5845.  

[45] HOU D, HUANG Z, ZENG S, LIU J, WENG S, HE J. 
Comparative analysis of the bacterial community 
compositions of the shrimp intestine, surrounding 
water and sediment[J]. Journal of Applied 
Microbiology, 2018, 125(3): 792-799.  

[46] SCHMIDT V, GOMEZ-CHIARRI M, ROY C, SMITH 
K, AMARAL-ZETTLER L. Subtle microbiome 
manipulation using probiotics reduces antibiotic- 
associated mortality in fish[J]. mSystems, 2017, 2(6): 
e00133-17.  

[47] LIU ZD, QIUQIAN LL, YAO ZY, WANG X, HUANG 
L, ZHENG JL, WANG K, LI LG, ZHANG DM. Effects 
of a commercial microbial agent on the bacterial 
communities in shrimp culture system[J]. Frontiers in 
Microbiology, 2018, 9: 2430.  

[48] FAN LF, WANG ZL, CHEN MS, QU YX, LI JY, 
ZHOU AG, XIE SL, ZENG F, ZOU JX. Microbiota 
comparison of Pacific white shrimp intestine and 
sediment at freshwater and marine cultured 
environment[J]. Science of the Total Environment, 
2019, 657: 1194-1204.  

[49] HUANG F, PAN LQ, SONG MS, TIAN CC, GAO S. 
Microbiota assemblages of water, sediment, and 
intestine and their associations with environmental 
factors and shrimp physiological health[J]. Applied 
Microbiology and Biotechnology, 2018, 102(19): 
8585-8598.  

[50] MARIAT D, FIRMESSE O, LEVENEZ F, 
GUIMARĂES V, SOKOL H, DORÉ J, CORTHIER G, 
FURET JP. The Firmicutes/Bacteroidetes ratio of the 
human microbiota changes with age[J]. BMC 
Microbiology, 2009, 9(1): 1-6.  



 

 

 

3938 LIANG Qingjian et al. | Acta Microbiologica Sinica, 2023, 63(10) 

 actamicro@im.ac.cn,  010-64807516 

[51] LI XM, YAN QY, XIE SQ, HU W, YU YH, HU ZH. 
Gut microbiota contributes to the growth of 
fast-growing transgenic common carp (Cyprinus 
carpio L.)[J]. PLoS One, 2013, 8(5): e64577.  

[52] CORNEJO-GRANADOS F, LOPEZ-ZAVALA AA, 
GALLARDO-BECERRA L, MENDOZA-VARGAS A, 
SÁNCHEZ F, VICHIDO R, BRIEBA LG, TERESA 
VIANA M, SOTELO-MUNDO RR, OCHOA-LEYVA 
A. Microbiome of Pacific whiteleg shrimp reveals 
differential bacterial community composition between 
wild, aquacultured and AHPND/EMS outbreak 
conditions[J]. Scientific Reports, 2017, 7: 11783.  

[53] NINAWE AS, SELVIN J. Probiotics in shrimp 
aquaculture: avenues and challenges[J]. Critical 
Reviews in Microbiology, 2009, 35(1): 43-66.  

[54] IBRAHEM MD. Evolution of probiotics in aquatic 
world: potential effects, the current status in Egypt and 
recent prospectives[J]. Journal of Advanced Research, 
2015, 6(6): 765-791.  

[55] HOLT CC, BASS D, STENTIFORD GD, GIEZEN 
MVD. Understanding the role of the shrimp gut 
microbiome in health and disease[J]. Journal of 
Invertebrate Pathology, 2021, 186: 107387.  

[56] DU Y, FANG H, SHAO XQ, LIU M, JIANG KY, 
WANG MQ, WANG BJ, WANG L. Exploration of the 
influence of surface proteins on the probiotic activity 
of Lactobacillus pentosus HC-2 in the Litopenaeus 
vannamei midgut via label-free quantitative proteomic 
analysis[J]. Fish & Shellfish Immunology, 2019, 95: 
368-382.  

[57] COTTRELL MT, KIRCHMAN DL. Natural 
assemblages of marine proteobacteria and members of 
the Cytophaga-flavobacter cluster consuming low- and 
high-molecular-weight dissolved organic matter[J]. 
Applied and Environmental Microbiology, 2000, 66(4): 
1692-1697.  

[58] XING MX, HOU ZH, YUAN JB, LIU Y, QU YM, LIU 
B. Taxonomic and functional metagenomic profiling of 
gastrointestinal tract microbiome of the farmed adult 
turbot (Scophthalmus maximus)[J]. FEMS 
Microbiology Ecology, 2013, 86(3): 432-443.  

[59] AUGUSTE M, LASA AD, PALLAVICINI A, GUALDI 
S, VEZZULLI L, CANESI L. Exposure to TiO2 
nanoparticles induces shifts in the microbiota 
composition of Mytilus galloprovincialis 
hemolymph[J]. Science of the Total Environment, 2019, 
670: 129-137.  

[60] CHAIYAPECHARA S, RUNGRASSAMEE W, 
SURIYACHAY I, KUNCHARIN Y, KLANCHUI A, 
KAROONUTHAISIRI N, JIRAVANICHPAISAL P. 
Bacterial community associated with the intestinal 
tract of P. monodon in commercial farms[J]. Microbial 
Ecology, 2012, 63(4): 938-953.  

[61] ZHU QW, ZHANG QC, GU M, ZHANG KW, XIA T, 
ZHANG SY, CHEN WH, YIN HM, YAO H, FAN Y, 
PAN S, XIE HJ, LIU HT, CHENG TY, ZHANG PP, 
ZHANG T, YOU B, YOU YW. MIR106A-5p 
upregulation suppresses autophagy and accelerates 
malignant phenotype in nasopharyngeal carcinoma[J]. 
Autophagy, 2021, 17(7): 1667-1683.  

[62] VERVOORTS J, NEUMANN D, LÜSCHER B. The 
CCNY (cyclin Y)-CDK16 kinase complex: a new 
regulator of autophagy downstream of AMPK[J]. 
Autophagy, 2020, 16(9): 1724-1726.  

[63] CHIEN CC, LIN TY, Chi CC, Liu CH. Probiotic, 
Bacillus subtilis E20 alters the immunity of white 
shrimp, Litopenaeus vannamei via glutamine 
metabolism and hexosamine biosynthetic pathway[J]. 
Fish & Shellfish Immunology, 2020, 98: 176-185.  

[64] DUAN YF, WANG Y, DONG HB, DING X, LIU QS, 
LI H, ZHANG JS, XIONG DL. Changes in the 
intestine microbial, digestive, and immune-related 
genes of Litopenaeus vannamei in response to dietary 
probiotic Clostridium butyricum supplementation[J]. 
Frontiers in Microbiology, 2018, 9: 2191.  

[65] CHAI PC, SONG XL, CHEN GF, XU H, HUANG J. 
Dietary supplementation of probiotic Bacillus PC465 
isolated from the gut of Fenneropenaeus chinensis 
improves the health status and resistance of 
Litopenaeus vannamei against white spot syndrome 
virus[J]. Fish & Shellfish Immunology, 2016, 54: 
602-611.  

 


