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A B S T R A C T

Imbalance of intestinal microbiota has been recognized in aquatic animals infected with various diseases.
However, the signature of intestinal bacteria of the “cotton shrimp-like” disease in the Pacific white shrimp
Litopenaeus vannamei remains unknown. This study investigates the composition, diversity, microbial-mediated
function and interspecies interaction of intestinal microbiota on shrimp with different health status using 16S
rRNA gene high-throughput sequencing. Meanwhile, the growth performance and the mRNA expression of in-
nate immune gene in hepatopancreas were also investigated. The growth performance and the mRNA expression
of innate immune genes (e.g., crustin, toll, and immune deficiency genes) in the hepatopancreas were sig-
nificantly decreased in diseased shrimp compared with healthy shrimp. Bacteria of the family Rickettsiaceae and
genus Tenacibaculum were exclusively enriched and significantly increased in diseased shrimp, respectively,
whereas, the Actinobacteria class dramatically deceased. The diseased shrimp exhibited higher ACE and Chao1
indices and lower complexity of intestinal interspecies interaction than healthy shrimp. Microbial-mediated
functions predicted by PICRUSt showed that 83% KEGG pathway including nutrient absorption and digestion
significantly increased in diseased shrimp. This study provides an overview on the interplay among the “cotton
shrimp-like” disease, intestinal microbiota, growth performance and host immune responses from an ecological
perspective.

1. Introduction

It has been widely recognized that intestine microbiota can promote
host health by acting as a barrier against pathogen invasion and sti-
mulating the host immune response [1,2]. As a result, the intestinal
microbiota dysbiosis in composition, diversity, and microbial-mediated
function is usually associated with host disease [3,4]. However, the
causality of intestinal microbial dysbiosis in diseased shrimp is unclear.
The changes in intestinal microbiota may provide an indication of
signature characteristics in diseased shrimp. The intestinal microbial
signatures of shrimp diseases including white feces syndrome [5], white
spot syndrome [6], hepatopancreatic necrosis disease [7] have been
studied. However, in all these diseases, the pattern of microbiota
changes is inconsistent. For instance, a reduction of bacterial

community diversity was observed in some diseased shrimp [3,5], but
the diversity of intestinal microbial community in other diseased
shrimp is higher than that in healthy ones [8]. As the intestinal mi-
crobiota plays an important role in host health, research on the dys-
biosis of microbiota is gaining popularity to understand the relation-
ships of host health, immunity and disease resistance [9]. At present,
however, the research on the correlation between dysbiosis of intestinal
microbiota and shrimp disease epidemics is still in its infancy.

The “cotton shrimp-like” disease is an emerging shrimp disease in
the aquaculture of Pacific white shrimp. The obvious clinical signs of
“cotton shrimp-like” disease is soft shell, inactivity, slight white opaque
appearance of muscle, empty digestive tract, and hepatopancreas
atrophy. It does not cause mass mortality, but can seriously reduce
shrimp body size, thus lead to yield losses and unmarketable shrimp.
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While, the “cotton shrimp” disease has generally been recognized by
the white opaque appearance of muscle is primarily linked to micro-
sporidian infections [10]. It resulted in mass mortality of shrimp
farming [11]. Because the clinical sign of “cotton shrimp-like” disease is
similar to the “cotton shrimp” disease, local shrimp farmers also call the
“cotton shrimp-like” disease as “cotton shrimp” disease. However, those
two diseases are different. Unfortunately, to date, the pathogen of
“cotton shrimp-like” disease is unknown and the information about
pathological characteristics, immune response is not available.

In this study, 16S rRNA gene high-throughput sequencing was used
to characterize intestinal bacterial signatures of “cotton shrimp-like”
disease. The interplay among “cotton shrimp-like” disease infection,
intestinal bacterial, growth performance, and immune response were
fully discussed. The results provide an initial step towards preventing
and controlling the epidemic of this disease.

2. Materials and methods

2.1. Shrimp collection

Shrimps were collected from a farm in Wenchang, Hainan, China.
The L. vannamei larvae of the same origin were introduced into the
pond on October 8, 2017 with a stocking density of 180,000 individuals
per pond. The size and depth of the pond are approximately 667m2 and
1.5 m, respectively. Shrimp were fed four times per day and the pond
received seawater of 28‰ salinity with a 5% daily water exchange rate.
Diseased shrimp emerged in the 5th pond after 40 days cultivation. The
diseased shrimp showed obvious clinical signs, such as soft shell, in-
activity, slight white opaque appearance of muscle, empty digestive
tract, and atrophic hepatopancreas. According to the clinical signs, the
shrimp were categorized into healthy and diseased group. We collected
sample in the 5th pond after 43 days of first occurrence of the disease.
During these days, diseased shrimp displayed obvious clinical signs as
we described previously. The surface of each shrimp was sterilized with
70% ethanol, and the intestine and hepatopancreas were aseptically
extracted and placed into a 1.5ml sterile centrifuge tube, respectively.
Considering the inter-individual variation of intestinal microbiota, six
shrimps were pooled as one sample, with five samples in total per
group. Sample was collected and immediately stored in liquid nitrogen
before being transferred to the lab for preservation at −80 °C.

2.2. DNA extraction and sequencing

Total bacterial DNA from intestine was extracted using the E.Z.N.A.®

stool DNA Kit (Omega, USA) according to the manufacturer's instruc-
tion. The quality and concentration of the extracted DNA were mea-
sured using a NanoDrop 2000 spectrophotometer (Thermo Fisher
Scientific). The V3–V4 region of the bacteria 16S ribosomal RNA gene
was amplified by PCR using primers 338F (5′ ACTCCTACGGGAGGCA
GCA 3′) and 806R (5′ GGACTACHVGGGTWTCTAAT 3′). Unique bar-
codes were added to each primer to distinguish different PCR products.
PCR was performed in the 25 μL reaction system containing 5 μL of
5× reaction buffer, 5 μL of 5×GC buffer, 2 μL of dNTP (2.50 mM),
1 μL of forward primer (10 μM), 1 μL of reverse primer (10 μM), 2 μL of
DNA template, 8.75 μL of ddH2O, 0.25 μL of Q5® high-fidelity DNA
polymerase (NEB). The PCR conditions were as follows: initial dena-
turation at 98 °C for 2min, followed by 26 cycles of denaturation at
98 °C for 15 s, annealing at 55 °C for 30 s; extension at 72 °C for 30 s,
and final extension at 72 °C for 5min. Purified PCR products were
subjected to Illumina MiSeq PE300 platform (Shanghai Personal
Biotechnology Co., Ltd, China), generating paired-end reads. The se-
quences obtained in this paper are available in SRA with the accession
number SRP192810.

2.3. Growth performance evaluation

Thirty diseased and thirty healthy shrimps were collected to detect
growth performance. Growth performance parameters including body
length, body weight, condition factor, and hepatosomatic index were
determined individually, and the condition factor and hepatosomatic
index were calculated as follows:

Condition factor (%)=body weight (g)/(body length,
cm)3× 100%

Hepatosomatic index (%)=hepatosomatic weight (g)/body weight
(g)× 100%

2.4. Quantitative real-time PCR

Hepatopancreas is an important immune organ in shrimp and plays
a key role by synthesizing immune factors [12]. The expression of
several important innate immunity genes including penaeidin-3a,
crustin, anti-lipopolysaccharide factor (ALF), prophenoloxidase
(ProPO), toll and immune deficiency (IMD) gene in the hepatopancreas
were determined by quantitative real time PCR (qPCR). Total RNA was
extracted from hepatopancreas by using RNA isolater total RNA ex-
traction reagent (Vazyme, China). The NanoDrop 2000 spectro-
photometer (Thermo Scientific) was used to measure the amount of
RNA. Visualization of the 28S/18S ribosomal RNA ratio on a 1%
agarose gel was used to assess the RNA quality for each sample. Total
RNA (1 μg) was used to synthesize the complementary DNA by a Hi-
Script II Q RT SuperMix for qPCR (+gDNA wiper) (Vazyme, China)
according to the manufacturer's instruction. Real-time PCR was con-
ducted in the QuantStudio™ 6 Flex Real-Time PCR system (Thermo
Fisher Scientific). EF-1α was chosen as the internal control to normalize
the data. The primers for the genes penaeidin-3a [13], crustin [14], AIF
[15], ProPO [16], IMD,Toll [17], EF-1α [18] were obtained from pre-
vious studies. The mixture for qPCR contained 10 μL of 2×ChamQ
Universal SYBR qPCR Master Mix (Vazyme, China), 2 μL of cDNA, 1 μL
of forward and reverse primers (5 μM), and 7 μL nuclease-free water.
The program for the qPCR reaction was 95 °C for 30 s, 40 cycles at 95 °C
for 10 s and 60 °C for 30 s. The melting curves for the amplified pro-
ducts were generated to ensure the specificity of assays at the end of
each PCR. Gene expression quantification was calculated using the 2-
ΔCT method. All assays were performed in triplicate.

2.5. Bioinformatics and statistical analysis

The raw paired-end readings were then subjected to a quality-con-
trol procedure using QIIME (versionv1.8.0) [19]. Operational taxo-
nomic units (OTUs) were defined as sequences clustered with a
threshold of 97% similarity using UCLUST [20]. The most abundant
sequence in the OTU was selected as the representative sequence and
then taxonomically assigned in the Greengenes database (release 13.8)
[21]. Alpha diversity indices (Ace, Chao 1, Simpson, and Shannon)
were calculated by QIIME. T-test was used to identify the differentially
abundant phyla Chlorobi and Plactomycetes, then spearman's correlation
analyses were employed to test the correlations between phyla Chlorobi,
Plactomycetes and richness index. Non-metric multidimensional scaling
(NMDS) and analysis of similarity (ANOSIM) were performed to eval-
uate the overall differences in bacterial community structure based on
Bray-Curtis distance metrics in PAST [22]. Venn diagram was con-
structed to identify the shared and unique OTUs. Linear discriminant
analysis (LDA) effect size (LEfSe) was applied to identify statistically
significant taxa (biomarkers) between healthy and diseased shrimp
[23]. The PICRUSt was used to predict the functional profiling of the
intestinal microbiota with high cost performance that uses evolutionary
modeling to predict metagenomes from 16S data and a reference
genome database [24]. Predicted functional pathways were annotated
by using the Kyoto Encyclopedia of Genes and Genomes (KEGG) at le-
vels 1, 2 and 3. Intestinal microbiota interspecies interaction between
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dominant class with abundances in the top 50 were calculated by using
Mothur. Constructing interspecies interaction network for the dominant
class with Rho> 0.6 and P < 0.01. The network properties were cal-
culated and visualized in Gephi [25]. The data are all presented as
means ± standard error (SE). Statistical analysis was performed using
SPSS software 15.0 (IBM, USA), and the t-test was used to analyze
differences between groups. Significance was set at P < 0.05.

3. Results

3.1. Typical clinical signs of “cotton shrimp-like” disease and growth
performance

The diseased shrimp exhibited obvious clinical signs of the “cotton
shrimp-like” disease (Fig. 1A), such as a soft shell, inactivity, slight
white opaque appearance of muscle, empty digestive tract, and atrophic
hepatopancreas. The average weight and length of healthy shrimp were
5.38 ± 0.26 g and 10.23 ± 0.15 cm, respectively. While the average
weight and length of diseased shrimp were 3.55 ± 0.12 g and
9.12 ± 0.11 cm, respectively. Growth performance included body
length, body weight, condition factor, and hepatosomatic index in
diseased shrimp were significantly lower than those in healthy shrimp

(Fig. 1B).

3.2. Innate immune response

Comparing with healthy shrimp, the expression of crustin, IMD, and
Toll were significantly lower in the diseased shrimp than in the healthy
shrimp (Fig. 2B, E, F). indicating that disease markedly reduces the
shrimp immune response. The expression of penaeidin-3a, ALF, and
ProPO were lower in the diseased shrimp than in the healthy shrimp,
but no significant difference was detected (Fig. 2A, C, D).

3.3. Differences in bacterial community composition, diversity and structure

A total of 359,775 high-quality sequences were obtained from ten
samples with an average of 35,978 sequences per sample. The dominant
phyla in all sample were Proteobacteria (49.3%) followed by Tenericutes
(26.5%) and Bacteroidetes (13.5%) (Fig. 3A), their abundance ac-
counting for 89.3% of the total reads. At the family level, Rickettsiaceae
was specifically enriched in the intestine of diseased shrimp (Fig. 3D),
while in the intestine of healthy shrimp, it was no detected. LEfSe
analysis revealed eight and six biomarkers with significantly higher
relative abundance in healthy and diseased shrimp, respectively

Fig. 1. Typical clinical signs of “cotton shrimp-like” disease (A) and growth performance of shrimp (B). (a) empty stomach; (b) hepatopancreas atrophy; (c) empty
intestine; (d) soft shells; (e) diseased shrimp exhibited smaller size then healthy shrimp; (f) body length; (g) body weight; (h) condition factor; (i) Hepatosomatic
index. All values are means ± SEM (n = 30), An asterisk (**) indicates a significant difference (P < 0.01).
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Fig. 2. Relative mRNA expression levels of innate immune gene in hepatopancreas. (A) penaeidin-3a mRNA expression. (B) crustin mRNA expression. (C) Anti
lipopolysaccharide factor (ALF) mRNA expression. (D) prophenoloxidase (proPO) mRNA expression. (E) Immune deficiency (IMD) mRNA expression. (F) Toll mRNA
expression. *P < 0.05, **P < 0.01.

Fig. 3. Differences in bacterial community composition, diversity and structure between healthy and diseased shrimp. (A) Intestinal microbiota composition at the
phylum level. (B) Venn diagram analysis depicting the numbers of shared and unique OTUs healthy and diseased shrimp. (C) Non-metric multidimensional scaling
(NMDS) and analysis of similarity (ANOSIM) were performed to evaluate the overall differences in bacterial community structure based on Bray-Curtis distance. (D)
Intestinal microbiota composition at the family level. (t-test followed by Benjamini-Hochberg false discovery rate correction, *P < 0.05). (E) Bacterial taxa dif-
ferentially displayed in healthy and diseased shrimp intestine identified by LEfSe using a LDA score threshold of> 3.5.
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(Fig. 3E). The α-diversity of healthy shrimp intestinal microbiota was
relatively stable. In contrast, diseased shrimp exhibited a significantly
higher Chao1 and ACE index compared with healthy shrimp (Fig. 4A).
However, there were no significant differences in Shannon and Simpson
index. The relative abundance of phyla Chlorobi and Planctomycetes
were significantly and positively correlated with the Chao1 and ACE
index (Fig. 4B). According to the NMDS of Bray-Curtis distance, the
healthy and diseased shrimp were clearly separated and formed two
distinct clusters owing to the significantly different bacterial commu-
nities, which was further confirmed by the analysis of similarity (AN-
OSIM) test (R=0.412, P=0.007) (Fig. 3C).

3.4. Functional prediction of the intestinal microbiota

Bacterial gene functions were predicted from 16S rRNA sequencing
data by using PICRUSt. Comparing the healthy and diseased shrimp,
KEGG pathways with significant difference were divided into six cate-
gories at KEGG level 1: “Metabolism”, “Genetic Information
Processing”, “Environment Information Processing” “Cellular
Processing”, “Organismal Systems” (Table 1) and “Human Diseases”
(data not shown). Among these pathways, membrane transport and
transporters were the firstly and secondly most abundant KEGG
pathway. Specifically, most part of pathways (83%) significantly in-
creased in diseased shrimp, whereas pathways involved in other glycan
degradation, pyruvate metabolism, membrane transport and transpor-
ters significantly decreased.

3.5. Intestine microbiota interspecies interaction

To evaluate the effect of disease outbreak on interspecies interaction
of the intestine microbiota, the interspecies interaction network was
established. The network was more complex and better connected in
healthy shrimp than in diseased shrimp, as evidenced by more links and
bigger network size (Fig. 5). This pattern was confirmed by topological
properties where the average path of healthy shrimp was higher than
that of diseased shrimp (Table 2). The network of healthy shrimp
consisted of 43 nodes and 134 edges, which were apparently more than
those of the diseased one (38 nodes and 71 edges) (Table 2). Notably,
the percentage of positive/negative correlation of bacterial taxa be-
tween healthy and diseased shrimp was similar (Table 2).

Fig. 4. The α-diversity indices of bacterial community. (A) Box plots depict Shannon, Simpson, ACE and Chao 1 index in intestine microbiota. *P < 0.05. (B) Taxa at
the phylum level with significant difference between healthy and diseased shrimp (t-test, *P < 0.05); Spearman's correlation analyses were applied to the corre-
lations between these taxa and richness indices; P, positive correlation; **P < 0.01.

Table 1
Relative abundance of predicted functions. KEGG level 1 and level 2, as well as
level 3 are listed.

KEGG level KEGG pathway Healthy (%) Diseased (%) p-value

1 Metabolism
2 Enzyme Families 1.655 1.732 0.006
3 Glycosphingolipid

biosynthesis
0.020 0.030 0.023

3 Other glycan degradation 0.088 0.056 0.012
3 Peptidases 1.373 1.452 0.002
3 Primary bile acid

biosynthesis
0.011 0.015 0.049

3 Pyruvate metabolism 1.200 1.177 0.034
3 Beta-Lactam resistance 0.016 0.021 0.018
1 Genetic Information

Processing
2 Transcription 2.288 2.345 0.039
1 Environmental

Information Processing
2 Membrane Transport 12.295 11.661 0.035
2 Signaling Molecules and

Interaction
0.153 0.177 0.007

3 CAM ligands 0.001 0.002 0.009
3 ECM-receptor interaction 0.001 0.002 0.005
3 Transporters 6.204 5.779 0.028
1 Cellular Processes
2 Cell Communication 0.001 0.002 0.001
3 Focal adhesion 0.001 0.002 0.003
3 Lysosome 0.038 0.061 0.022
1 Organismal Systems
2 Digestive System 0.030 0.041 0.014
2 Immune System 0.042 0.051 0.012
3 Antigen processing and

presentation
0.014 0.018 0.020

3 Carbohydrate digestion and
absorption

0.006 0.009 0.025

3 NOD-like receptor signaling
pathway

0.017 0.023 0.021

3 Progesterone-mediated
oocyte maturation

0.014 0.018 0.019

3 Protein digestion and
absorption

0.007 0.014 0.016
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4. Discussion

Based on the condition factor and hepatosomatic index, healthy
shrimp showed better growth performance than diseased shrimp.
Apparent difference in shrimp growth performance can be attributed to
several factors such as dietary nutrition, growth stage of the host, and
environment conditions [26,27]. However, the effect of these variables
could be excluded from this study as these shrimp were from the same
batch and managed under the same husbandry conditions. Thus, the
possible difference in growth performance could be attributed to health
status, particularly to the occurrence of “cotton shrimp-like” disease.
Possible explanation for differential growth performance is that the
diseased shrimp allocate more energy to cope with pathogen infection
and reduce the proportion of energy allocated to growth [28]. This view
is supported by the PICRUSt analysis in our study, the result indicated
that some functional genes related to energy metabolism, digestive
function are activated in diseased shrimp. Furthermore, the gut mi-
crobial interspecies interaction contributes to the role in host digestion
and feed efficiency [29] as the increase of shrimp intestinal interspecies
interaction is positively associated with the enhanced functional po-
tential of the digestive system [30] to facilitate a higher efficiency in
nutrient acquisition. In other studies, overgrown shrimp and obese
children also show a more complex gut bacterial interspecies interac-
tion than that in normal growth individuals [31,32]. Similarly, in our
study the healthy shrimp had more complex intestinal bacterial

interspecies interactions than the diseased shrimp, leading to difference
in growth performance.

Bacterial pathogens, host microbiota, and the immune system in-
teract with each other to influence the overall functionality in shrimp.
Several non-specific immune genes including penaeidin-3a, crustin,
ALF, ProPO, Toll and IMD gene, play important roles against pathogen
infection in shrimp [33]. In our study, the significant reduction in the
expression of those immune genes suggests that the immune system of
diseased shrimp has been severely damaged. Host immunity may work
synergistically with intestinal commensal bacteria to provide resistance
to pathogen colonization [34]. A previous study shows that im-
munosuppressed patients may have disrupted microbiota that facilitate
pathogen colonization in the host [35]. In this regard, we speculate that
low immune response will increase susceptibility to pathogens, and
thus enhance proliferation of pathogens, such as Rickettsiaceae and
Tenacibaculum. As a result, the immune system of the diseased shrimp
can be further damaged by the proliferation of pathogens.

The dominant phylum in the shrimp intestine were Proteobacteria,
Tenericutes and Bacteroidetes in this study, though other studies found
that Proteobacteria is the most abundant phyla in Litopenaeus vannamei
[36,37]. At the family level, Rickettsiaceae was exclusively dominant in
the intestine of diseased shrimp. Many species of Rickettsiaceae are
pathogenic bacteria that might be lethal to shrimp or health dete-
rioration [38]. A previous study has reported that acute phase of the
necrotizing hepatopancreatitis was caused by Rickettsiaceae [39], and
the obvious clinical signs of this disease are a reduction in feeding ac-
tivity, an empty intestine, flaccid muscle and exoskeleton, and atrophy
of hepatopancreas. These are similar to the symptom of the “cotton
shrimp-like” disease. Moreover, in other previous study, it was ob-
served that the abundance of Rickettsiales significantly increased in
diseased shrimp compared with healthy shrimp [40]. Consequently, we
speculate that Rickettsiaceae was most likely to cause the emergence of
“cotton shrimp-like” disease. LEfSe analysis showed that class Actino-
bacteria was a biomarker taxon in the intestine of healthy shrimp with
significant higher abundance compared with diseased shrimp. In con-
trast, the order of Clostridiales was a biomarker taxon in the intestine of
diseased shrimp with significant higher abundance compared with
healthy shrimp. Similarly, this pattern was also detected in the in-
testinal microbiota of Plecoglossus altivelis during Vibrio anguillarum in-
fection [2]. LEfSe analysis showed that the genus Tenacibaculum was

Fig. 5. Interspecies interaction network of intestinal
microbiota for healthy and diseased shrimp. Each
node represents a bacterial OTU. Node colors in-
dicate OTUs affiliated to different major classes. A
blue edge indicates positive interaction, whereas a
red edge indicates negative interaction between two
individual nodes. (For interpretation of the refer-
ences to color in this figure legend, the reader is
referred to the Web version of this article.)

Table 2
Topological properties of intestinal microbiota co-occurrence network.

Healthy Diseased

Node 43 38
Edge 134 71
Average Degree a 6.2 3.7
Diameter 18 1
Graph Density 0.15 0.10
Modularity 0.45 0.70
Average Clustering Coefficient 0.5 1.0
Average Path length 3 1
Positive/negative association (%) 88.81/11.19 88.73/11.27

a Node connectivity. It is the connection strength between nodes. A higher
average degree means a more complex interaction.
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biomarker in diseased shrimp. Some members of Tenacibaculum are
known fish pathogens [41], therefore, this pathogens might contribute
to cause “cotton shrimp-like” disease. The phylum Chlorobi and Planc-
tomycetes were significantly and positively correlated with the Chao1
and ACE index, which indicate that those bacterial might contribute to
the significant increase of bacterial richness in diseased shrimp.

In diseased shrimp, a large proportion of KEGG pathways including
energy metabolism significantly increased. It seems that the up-reg-
ulation of these energy production pathways facilitates energy-depen-
dent detoxification as well as other energy-dependent biological pro-
cesses to help cells to adapt to the changing environment caused by
disease infection [42]. Similarly, functional genes related to metabo-
lism are activated during disease infection in shrimp [43]. Membrane
transport and transporters were the most abundant KEGG pathways in
this study. Since membrane transport and transporters are the largest
known protein families and are widely spread in bacteria, it is possible
that these pathways are in high abundance in the intestinal microbiota
[36]. Bacteria focal adhesion is a virulence factor of bacterial pathogens
causing infection [44]. Similarly, the abundance of genes involved in
focal adhesion remarkably increased in shrimp with the white feces
syndrome [5]. Similarly, in our result the focal adhesion pathways were
significantly enriched in the intestine of diseased shrimp. Furthermore,
KEGG pathways related to the digestive system significantly increased
in diseased shrimp in the present study. As shrimp infected with a
disease showed slow growth due to impaired nutrient intake and ab-
sorption, an increase of digestive activity may enhance nutrient avail-
ability in diseased shrimp. However, PICRUSt is only a means of pre-
dicting bacterial function; thus, further research is required to confirm
the accuracy of bacterial function information by meta-genomic ana-
lysis.

Intestinal microbiota contains a diverse of species interacting with
each other and forms a complex ecological network [45,46]. The
complexity among intestine microbiota can be compromised in diseased
shrimp [4,30]. Our result reveals that the network complexity decreases
in diseased shrimp. This result is supported by the view that decreased
complexity is prone to invasion by external strains [2]. However, the
network complexity increases when a disease occurs [30]. Thus, the
relationship between complexity of bacterial interaction network and
the emergence of a shrimp disease remains unclear, and future research
in this area is needed.

In conclusion, dysbiosis of the composition, diversity, microbial-
mediated function and bacterial interaction in intestinal microbiota is
closely associated with the “cotton shrimp-like” disease. Exclusively
enriched pathogen within family Rickettsiaceae and overgrowth of the
pathogen within genus Tenacibaculum are an indication of low immune
response and might result in the occurrence of “cotton shrimp-like”
disease. Reduction in complexity of interspecies interaction and dis-
turbance of microbial-mediated function are most likely related to poor
growth performance in shrimp with the “cotton shrimp-like” disease
infection. These findings significantly improve our understanding on
the relationship between dysbiosis of microbiota and the occurrence of
“cotton shrimp-like” disease, and provide a guidance for shrimp disease
prevention and control through monitoring and regulation on the
change of microbial community in the intestine.
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