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Abstract

The gut microbial communities interact with the host immunity and physiological functions. In this study, we investigated
the bacterial composition in Litopenaeus vannamei shrimp’s gut and rearing water under different host (developmental stage:
juvenile and adult; health status: healthy and diseased) and environmental factors (temperature 25 °C and 28 °C; and light
intensity: low and high). The PCoA analysis showed that all water samples were clustered together in a quarter, whereas the
gut samples spread among three quarters. In terms of functional bacteria, gut samples of adult shrimp, healthy adult shrimp,
adult shrimp raised at 28 °C, and juvenile shrimp under high light intensity exhibited a higher abundance of Vibrionaceae
compared to each other opposite group. Gut samples of juvenile shrimp, infected adult shrimp, juvenile shrimp with low light
intensity, and adult shrimp with a water temperature of 25 °C showed a higher abundance of Pseudoaltromonadaceae bacteria
compared to each other opposite group. Gut samples of juvenile shrimp, healthy adult shrimp, adult shrimp raised at a water
temperature of 28 °C, and juvenile shrimp with high light intensity showed the higher abundance of Firmicutes/Bacteroidota
ratio compared to each other opposite group. Our results showed that L. vannamei juveniles are more sensitive to bacterial
infections; besides, water temperature of 28 °C and high light intensity groups were both important conditions improving
the shrimp gut bacterial composition under industrial indoor farming systems.

Key points

® Bacteria diversity was higher among shrimp intestinal microbiota compared to the rearing water.

e Shrimp juveniles are more sensitive to bacterial infection compared to adults.

e Water temperature of 28 °C and high light intensity are recommended conditions for white shrimp aquaculture.

Keywords Gut microbiota - Litopenaeus vannamei - Indoor shrimp farming - Developmental stages - Environment

Introduction

Over the last two decades, the aquaculture sector has been
increasingly recognized as the main driving force for food
supply and an essential contribution to global food security.
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By now, global aquaculture production has reached a record
of 122.6 million tons, of which 71% were from aquatic ani-
mals and worth 264.8 billion USD (FAO 2022). In fact,
shrimp has historically been the major coastal cultured
species and the most heavily traded aquatic commodity in
the world, due to their high economical and nutritional val-
ues (Lebel et al. 2010; Fan et al. 2019). In 2020, shrimp
was the main exported species accounting for 16.4% of the
total aquatic products in value terms (FAO 2022), where
China produced 20.6% of shrimp species in the coastal and
inland production areas, and much of the shrimp are raised
using outdoor earthen ponds. With rapid development of
the shrimp aquaculture around the world, infectious dis-
eases caused by various microorganisms (such as bacteria
or fungi), viruses, protozoa, and a small amount of parasites
have become the most common challenge in shrimp-farming
industry and have resulted in a huge economic loss (Thitam-
adee et al. 2016; Xiong et al. 2016; Holt et al. 2021).

Recently, the FAO has proposed a vision of Blue Trans-
formation, promoting innovative approaches that expand the
contribution of aquatic foods to global food security, through
affordable, highly nutritious, and healthy values. To achieve
this goal, further farming technical innovations are indispen-
sable (FAO 2022). Farming models and technologies have
been developed along with social economy development in
shrimp-producing countries, where several intensive shrimp-
farming models with a high stocking density and productiv-
ity drive the rapid growth of shrimp aquaculture industry
(Chang et al. 2020; Joffre et al. 2018; Jory 2018). In com-
parison with traditional outdoor earthen pond aquaculture,
indoor farming systems open the opportunity for a constant
year-round production in locations with seasonal tempera-
ture fluctuations (Martins et al. 2010; Ray et al. 2017). These
farming models include a flow-through system (FTS) and
a recirculating aquaculture system (RAS), which are both
recognized as clean and bio-secure systems with low risk of
disease infection, and exhibiting low chemicals and heavy
metal accumulation (Poppick 2018; Naylor et al. 2021; Tim-
mons et al. 2018).

In recent years, an industrial indoor shrimp-farming
(IISF) model developed for aquaculture on the Pacific white
shrimp Litopenaeus vannamei has gained much attention,
being adopted widely in northern China, especially in
coastal area of the Shandong province, due to their high pro-
duction yield, over 10 kg/m*/cycle with a more stable water
quality (Chang et al. 2020). There are mainly two types of
IISF models in northern China, based on their roof thermal
preservation property of farming facilities in winter. In one
type, the roof is covered with a plastic sheet allowing light
penetration and consequently increasing room temperature;
it is a popular warming method in central and southern areas
of China. In the other type, the roof is covered with a thick
glass-wool acting as a thermal insulator and preventing the
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light penetration, being a popular warming method in the
northern colder areas of China. FTS has been used in the
majority of IISF to maintain the water quality, while RAS
was adopted as well, but in fewer shrimp farms (Chang et al.
2020). However, with the increase of stocking density, the
onset of disease under intensive shrimp farming often causes
significant economic losses, which represent an obstacle in
the sustainable development of culture models including
IISF (Cornejo-Granados et al. 2017; Li 2020; Xiong et al.
2016; Yao et al. 2022).

Animals have evolved jointly with associated com-
munities of microorganisms (such as in the guts), and
they together are recognized as “super-organisms.” Many
research reports suggested that certain microorganisms
could protect aquatic animals from infection and that the
gut microbiota also play an important role in the pheno-
typic plasticity of host (Chen et al. 2017; El-Sayed 2021).
Considering the comprehensive impact of gut microbiota
on the health of aquatic animal hosts, including digestion,
reproductive ability, and overall immunity (Butt and Volkoff
2019), it is common in aquaculture to regulate the microbial
community in aquatic organisms and use them as “beneficial
partners” to overcome the challenges in aquaculture as well
(Holt et al. 2021). Moreover, the gut bacteria that exhibit
positive results for aquatic organisms can also serve as probi-
otics, preventing and protecting hosts from infection caused
by pathogenic microorganisms (Yukgehnaish et al. 2020).
In addition, bacterial communities are one of the main fac-
tors in an aquaculture ecosystem, which impact on nutri-
ent cycling (Abraham et al. 2004), water quality regulation
(John et al. 2020), and pathogens’ abundance (Rungrassa-
mee et al. 2016). In aquaculture systems, environmental bac-
teria interact with the cultured gut bacteria species through
the difference in bacterial abundance between the host and
environment (Cuellar-Gempeler and Leibold 2018; Giatsis
et al. 2014). Pathogenic bacteria associated with aquatic
animal infections were detected in shrimp L. vannamei gut
and rearing water, including Vibrio, Pseudomonas, and
Flavobacterium (Hou et al. 2018). In fact, extensive stud-
ies have shown that dynamic changes in abiotic conditions,
such as water temperature, pH, salinity, and inorganic nitro-
gen among other factors, modify the composition of rearing
water microbial communities (Fan et al. 2019; Li et al. 2017,
Zhang et al. 2014), which strongly change the structure of
gut microbiota, and subsequently the host health and growth
performance in shrimp (Dai et al. 2017; Xiong et al. 2017,
2014). In this context, the manipulation of environmental
conditions might improve the shrimp intestinal microbial
community, which in turn decreases the infectious bacte-
rial abundance, avoiding antibiotic use/abuse in aquaculture
systems and enhancing host resistance against pathogenic
bacteria by improving intestinal barrier function (Kamada
et al. 2013) and immune response (Ubeda et al. 2017).
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Until now, there are numerous reports on bacterial com-
munities’ composition in the rearing water and shrimp guts
in outdoor farming models, but little is known about the
bacterial communities under the industrial indoor farming
models (Huang et al. 2021; Xiong et al. 2018; Zeng et al.
2017; Zhang et al. 2019). Therefore, in the present study,
we used high-throughput Illumina sequencing technology
(Illumina, San Diego, CA, USA) to investigate the 16S
rRNA genes of the shrimp L. vannamei guts and rearing
water bacterial communities in [ISF models. We analyzed
the microbial communities’ composition in shrimp guts
and rearing water from six farms adopting two typical
models of indoor systems. We hypothesized that bacterial
composition analysis, under different environmental con-
ditions, could reveal the relationship between shrimp guts
and rearing water microbial communities in most popular
indoor farming models. This could also provide a theoreti-
cal basis for biosecurity control in the industrial indoor
shrimp farming.

Materials and methods
Sampling and experimental design

To investigate the effect of different host and environmental
factors on the gut microbial composition of L. vannamei
shrimp and rearing water, samples of shrimp and rearing
water were collected from six aquafarms in northern China
during January to March 2021 to represent different areas of
shrimp-farming and water source. Two farms are located in
Dongying city (D), Shandong province, two farms in Rizhao
city (R), Shandong province, one farm in Weihai city (W),
Shandong province, and one farm in Lianyungang city (L),
Jiangsu province. The farming model included two types of
cover materials for the production units. In D1, D2, and W
farm locations, the cover material was a thick glass-wool
cover decreasing the natural light penetration in the produc-
tion unit. In R1, R2, and L farm locations, the cover mate-
rial was a transparent plastic sheet increasing the natural
light penetration to the production units (Fig. 1a). All farms
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Fig.1 Shrimp gut microbial communities are separable by farm-
ing location and development stage. a Sampling locations from the
selected industrial indoor farms for L. vannamei culture in China. b
Number of OTUs in the shrimp L. vannamei gut and water samples
both at the juvenile and adult stage. ¢ Principal coordinate analysis
(PCoA) of the shrimp L. vannamei gut and water microbiota com-
position at OTU level based on Bray—Curtis distances. The meaning
of characters in labels is as follows: The first character is the abbre-
viation of farm location, D1 and D2 represent two farms in Dongy-

0
PC1 (16.74%)

ing city of Shandong province, R1 and R2 represent two farms in
Rizhao city of Shandong province, W represents a farm in Weihai
city of Shandong province, and L represents a farm in Lianyungang
city of Jiangsu province. The second character is the abbreviation of
shrimp stage, and J represents juvenile while A represents adult. The
third character is abbreviation of sample item, G and W represent gut
and water, respectively. NS, not significant; *p <0.05; **p<0.01;
*#%p <0.001
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followed a similar management during the culture period.
The collected adult shrimps showed infection 10 days before
the sampling time at the W farm location, so adult shrimps
and water samples were not collected. In addition, in the D2
farm location, diseased adult shrimps included Enterocyto-
zoon hepatopenaei (EHP), decapod iridescent virus (DIV1),
and convert mortality nodavirus (CMNYV).

The grouping for comparison analysis depended on the
change in the targeted factor, and the similarity in other
factors that were not targeted (Table S1 and Table S2).
The comparison groups were as follows: (1) developmen-
tal stages, D1 farm location was chosen both for adult and
juvenile shrimps with similar temperature, health, and light
intensity; (2) health status, D1 and D2 farm locations were
chosen for healthy and diseased adult shrimps with simi-
lar light and temperature conditions; (3) light intensity, R1
and D1 farm locations were chosen for low and high light
intensities under similar conditions of juvenile shrimps and
healthy juvenile shrimps and temperature; and (4) tempera-
ture level, R1 and R2 farm locations were chosen for tem-
perature levels of 25 °C and 28 °C, respectively, with similar
conditions of healthy adult shrimps and high light intensity.

The number of shrimp farming production tanks in D1,
D2, W, R1, R2, and L are 400, 480, 80, 60, 200, and 160,
respectively, and each tank area ranged from 30 to 50 m>.
Three tanks were randomly selected from each farm location
with a triple water sampling, where each tank was repre-
sented by one sampling water. At least 10 gut samples for
the juveniles or 4 gut samples for the adults raised in the
same tank were pooled in a bid to provide sufficient samples
for sequencing analysis. For juvenile shrimp, the number of
pooled gut samples was 9 (from 110 individuals), 9 (from 52
individuals), 9 (from 75 individuals), 9 (from 45 individu-
als), and 8 (from 69 individuals) at D1, D2, W, R1, and R2
farm locations, respectively. For adult shrimp, the number of
pooled gut samples was 6 (from 26 individuals), 9 (from 36
individuals), 8 (from 36 individuals), 7 (from 22 individu-
als), and 3 (from 19 individuals) at D1, D2, R1, R2, and L
farm locations, respectively.

After wiping the body surface of both juvenile and adult
shrimp with 70% ethanol, the shrimp midgut was removed
with sterile forceps and placed in a 2 ml sterile lyophiliza-
tion tube, placed in liquid nitrogen, and then transferred to
a refrigerator at — 80 °C for storage until analysis. A sam-
pler with a volume of 500 mL was used to collect water
samples at a depth of 50 cm in three different locations
within each culture tank. One hundred milliliter of the rear-
ing water sample was immediately filtered through by a
0.22-pm glass fiber filter membrane. Filtered membranes
were transferred to a laboratory in Shanghai Majorbio Bio-
Pharm Technology Co., Ltd., China, and extracted with a
phenol—chloroform-isoanmyl alcohol method, succeeded
by an ethanol precipitation. The remaining rearing water

@ Springer

samples were filtered through a 0.22-pm GF/C Whatman
glass fiber filter (Whatman, Maidstone, UK), and the filtrates
were stored at —20 °C until analyzation for total ammonia,
nitrite, nitrate, and soluble reactive phosphate, using a con-
tinuous flow injection analyzing system (Skalar SAN**
System, Skalar Analytical, Breda, The Netherlands). The
light intensity was measured using a D4385-01 Digital Lux
Meter (Aladdin Industrial Corporation, Shanghai, China).
The temperature (+ 1 °C), pH, salinity (ppt), and dissolved
oxygen (DO) values of rearing water were measured, using a
portable YSI 556 Professional Plus multiprobe water quality
meter (YSI Inc., Yellow Springs, OH, USA), and recorded
at the same time for each bacterial sampling. Water quality
information is found in Table S1 and S2.

DNA extraction, amplification, and sequencing

Genomic DNA was extracted from the gut (77 samples) and
rearing water samples (30 samples) using the PowerFecal®
and PowerWater® DNA isolation kits (QIAGEN Sciences,
Germantown, MD, USA), respectively, according to the
manufacturer’s instructions. The extracted genomic DNA
was checked by 1% agarose gel electrophoresis and DNA
concentration, and purities were determined, with a Nan-
oDrop 2000 UV-vis spectrophotometer (Thermo Scientific,
Wilmington, NC, USA). The hypervariable region V3-V4
of the bacterial 16S rRNA genes was amplified with primer
pairs 338F (5'-ACTCCTACGGGAGGCAGCAG-3') and
806R (5'-GGACTACHVGGGTWTCTAAT-3') by an ABI
GeneAmp® 9700 PCR thermocycler (ABI, Foster City, CA,
USA). The PCR product was extracted from a 2% agarose
gel and purified using the AxyPrep DNA Gel Extraction
Kit (Axygen Biosciences, Union City, CA, USA) accord-
ing to the manufacturer’s instructions and quantified using
Quantus™ Fluorometer (Promega, Madison, WI, USA).
Purified amplicons were pooled in equimolar and paired-end
sequenced on an [llumina MiSeq PE300 platform/NovaSeq
PE250 platform (Illumina, San Diego, CA, USA), according
to the standard protocols by Majorbio Bio-Pharm Technol-
ogy Co. Ltd. (Shanghai, China). Then, sequencing librar-
ies were constructed for high-throughput sequencing on the
online platform of Majorbio Cloud Platform (www.major
bio.com) (Shanghai Majorbio Bio-Pharm Technology Co.,
Ltd.). All raw data were deposited in the NCBI sequence
read archive (SRA accession number: PRINA1012318).

Statistical analysis

The raw 16S rRNA gene sequencing reads were demulti-
plexed, quality-filtered by fastp version 0.20.0 (Chen et al.
2018), and merged by FLASH version 1.2.7 (Mago¢ and
Salzberg 2011). Operational taxonomic unit (OTU) clus-
tering analysis and species taxonomy were performed after
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differentiating the samples. The software platform Usearch
(vsesion 7.0.1 http: //drive5.com/uparse/) was used for OTU
delineation of all sequences, and bioinformatic statistical
analysis of OTUs was performed at 97% similarity level.
The RDP Classifier version 2.2 (Wang et al. 2007) was used
to perform taxonomic analysis of the OTU representative
sequences at 97% similarity level. Alpha diversity indices of
gut and water column bacterial communities were analyzed
using Mothur software (version v.1.30.2 https://mothur.org/
wiki/calculators/). The Welch’s ¢ test was used to compare
the alpha diversity indices of gut bacterial communities in
shrimp, to reveal the differences among life stages and each
living environment. The OTUs with 97% similarity were
selected, and the Shannon indexes were calculated under dif-
ferent random sampling using Mothur software, and Shan-
non—Wiener curves were produced using R language tools
(Wickham and Wickham 2007). The generation of abun-
dance tables at each taxonomic level and the calculation of
beta diversity distance were implemented by Qiime (v1.9.1
http://qiime.org/install/index.html). Principal coordinate
analysis (PCoA) was constructed based on Bray—Curtis or
weighted Unifrac using ordination method in R v3.3.1 to
visualize the distances between groups (Team RC 2014).
These analysis methods refer to the research of Ren et al.
(2022), and the data visualization was done by R language
tools (Wickham and Wickham 2007). Water quality and
bacterial community diversity index data were analyzed by
the one-way ANOVA using GraphPad Prism8.0 statistical
software (GraphPad Software, Boston, MA, USA). If signifi-
cances of differences (p < 0.05) might have been identified,
Duncan’s multiple range tests were used to determine the
differences between experimental treatments. SourceTracker
analysis was performed to evaluate the contribution (i.e.,
proportion) of the rearing water to the shrimp gut bacterial
community, based on a Bayesian algorithm (Knights et al.
2011). The beta nearest taxon index (BNTI) is generated by a
null model test of the phylogenetic f-diversity index # mean
nearest-taxon distance (BMNTD), and Raup-Crick metric
(RCbray) is generated by a null model test of the Bray—Cur-
tis taxonomic B-diversity index (Stegen et al. 2013).

Results

Diversity of bacterial communities in gut
and rearing water

A total of 5,363,283 effective sequences were obtained
from all samples. The number of effective bases was
2,229,913,618, and the average length was 415 bp. There
were 4016 OTUs from 77 shrimp gut samples and 2137
OTUs from 30 water samples. Quantitative sequencing

data were randomly selected, and the Shannon index dilu-
tion curve was constructed according to the number of
OTUs that can be represented (Fig. S1). With the increase
of the number of reads sampled, the curve tended to be
gentle gradually, indicating that the amount of sequenc-
ing data can reflect the vast majority of microbial diver-
sity information in the sample, which can better cover the
diversity of the microbial community, and the results of
microbial community analysis are reasonable.

Comparing the OTU counts of the shrimp gut and cor-
responding rearing water from all sampling sites, a trend
was found, resulting in OTU counts of shrimp gut being
slightly lower than that of rearing water. There were no
significant differences in either gut and rearing water sam-
ples during the juvenile and adult shrimp stages, except for
the rearing water sample during adult stage at the R1 site
location (Fig. 1b).

Measures of within-sample diversity (a-diversity)
revealed an overall decreased diversity gradient from the
rearing water to the shrimp gut, although only the Shan-
non indices at adult period in D1, the Ace indices at both
juveniles and adults in D2, and at adults in R1, the Chaol
indices at adult period in D1, at both juvenile and adult
period in D2, at adult period in R1, and at adult period in
W, were significantly different (p <0.05) (Fig. S2). The
Chaol and Ace indices are commonly used to reflect the
species richness within bacterial community. Relative
lower indices of gut bacteria were found in the juvenile
stage in D2 (Chaol =272.0+29.7; Ace=266.0 +52.4)
and W (Chaol =260.2 +15.0; Ace =292.7 + 12.8), where
serious diseases occurred in adult shrimps.

The principal coordinate analyses (PCoAs) based on
the Bray—Curtis distance were performed to investigate
patterns of separation between microbial communi-
ties. We have found a clear separation between bacterial
communities in shrimp gut and rearing water (p =0.001,
R?=0.6824) (Fig. 1c), and the consistency of rearing water
bacteria was markedly higher than that of the gut bacterial
community. In the PCoAs of the total microbial commu-
nity, the IISF type and farm location separate across the
first principal coordinate (PC1), indicating that the largest
source of variation in microbial communities of shrimp’s
gut is the IISF type. It was the main factor influencing the
assembly of gut bacteria, with a 16.74% explanation of
variance. Moreover, the diversity of gut bacteria of shrimp
raised in W was similar to that in D1 and D2, where the
farming model has low light intensity, while the diversity
of gut bacteria of shrimp raised in L was similar to that
in R1 and R2, where the farming model has high light
intensity (Fig. 1¢). However, rearing water samples across
different farming models were clustered in one quarter in
PCoA analysis (Fig. 1c and Fig. S3).
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Shrimp gut bacterial composition

In order to reveal the progression of shrimp gut bacte-
rial communities during their grow-out period in the IISF
model, we selected 65 samples of D1, D2, R1, and R2
including both juvenile and adult shrimp and performed
PCoAs based on the Bray—Curtis distance. The results
showed that the gut bacterial community was distrib-
uted along the PC2 axis from juvenile to adult shrimp
with an explanation of 12.4%, for farms with complete
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Fig.2 Shrimp gut microbial communites differ between the juvenile
and adult stage. a Principal coordinate analysis (PCoA) of shrimp L.
vannamei gut microbiota composition analysis based on Bray—Curtis
distances (OTU level). b Bacterial community composition of juve-
nile and adult shrimp L. vannamei gut at phylum level. ¢ Diversity
indices of gut bacterial communities in juvenile and adult shrimp.
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Simpson index

Chao index

culture cycles. Additionally, geographical location of
farms was still the main factor contributing to the sepa-
ration of gut bacterial communities with an explanation
of 21.7% (Fig. 2a). Comparison of the variation in gut
diversity between juvenile and adult shrimp showed that
only the adult shrimp microbial diversity was significantly
higher than that of juvenile shrimp in R1; in the other
areas, although the adult shrimp gut microbial diversity
was higher than in juvenile shrimp, the differences were
not significant (Fig. 2a, c).
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W Bacteroidota
W Actinobacteriota
W Firmicutes
1 Verrucomicrobiota
W Patescibacteria
Others
04—
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is the abbreviation of farm location, D1 and D2 represent two farms
in Dongying city, R1 and R2 represent two farms in Rizhao city. The
second character is the abbreviation of shrimp stage, and J represents
juvenile while A represents adult. The third character is abbreviation
of sample item, and G represents shrimp gut. NS, not significant;
*p<0.05; #*p <0.01; ***p <0.001
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Proteobacteria was found as the first dominant phylum
(45.68%), followed by Actinobacteria (26.36%), Bacteroides
(17.5%), Firmicutes (7.10%), and Patescibacteria (1.12%)
in the gut of juvenile shrimp in the IISF model, and cor-
responding adult shrimp showed a similar dominant phyla
pattern with higher Proteobacteria and Bacteroidota, but
lower Actinobacteria and Firmicutes (Fig. 2b, Fig. S4a,
Fig. S5). At the family level, Rhodobacteraceae and Fla-
vobacteriaceae were the dominant families both for the
juveniles and adults, whereas adults showed a higher abun-
dance in comparison with the juveniles (Fig. S4b, Fig. S5,
and Fig. S6a). It is worth noting that shrimp gut at an adult
stage harbored a higher abundance of Vibrionaceae, but a
lower abundance of Mycoplasmataceae and Mycobacte-
riaceae than at a juvenile stage. At the genus level, a higher
abundance of unclassified_f Rhodobacteraceae and lower
abundance of Ruegeria and Mycobacterium in adult gut were
observed compared to juvenile gut, although there were a
large number of unclassified genera (Fig. S4c, Fig. S6b).

Source tracking of shrimp gut bacteria

Source tracking analysis showed that the proportion of adult
shrimp gut microbiota sourced from rearing water was 33%,
49%, 5%, and 14% in farm of D1, D2, R1, and R2, respec-
tively (Fig. S7). The average proportion level was higher in
the Dongying area than in the Rizhao area, and contribution
from rearing water microbiota varied with bacterial species
and shrimp age (Fig. S5 and Fig. S6). Then, the samples
from Dongying area (D1 and D2), where the culture facilities
for IISF models are relatively better and the rearing water
condition are more stable than those in Rizhao area, were
selected for further source tracking analysis. It was found
that the proportion of rearing water mutual sources of bac-
terial communities in D1 and D2 was low (8.12~15.39%),
while the shrimp gut mutual sources of bacterial communi-
ties in D1 and D2 was relatively high (24.61 ~55.64%). At
D1, the proportion of gut bacteria originated from rearing

(a)

27.00%

water was increased from 7.33% at juvenile stage to 20.34%
at adult stage; the proportion increased (20.34%). On the
contrary, it decreased significantly from 69.04 to 4.26% at
D2 (Fig. 3). This result indicated that there were different
incorporation rates of bacteria in rearing water from dif-
ferent farming site. The relative contributions of determin-
istic and stochastic processes to the bacterial community
assembly were further analyzed using a null model based on
BNTI. The results showed that stochastic processes played
a more important role than deterministic processes in the
bacterial community assembly processes of rearing water.
However, the relative importance of deterministic processes
has been found in the gut bacterial community of both the
juvenile and adult shrimp at D2, since they had a BNTI and
RCbray value less than —2 and — 0.95, respectively, among
inter-group samples (Fig. S8). For the assessment of the
correlation of shrimp gut bacterial community and rear-
ing water quality, the canonical correlation analysis (CAA)
was performed using a CCA program in vegan packages of
R software. It was found that the total ammonia nitrogen
(TAN) level in water showed the highest value for gut micro-
biota at the juvenile stage, and salinity and nitrate content at
the adult stage (Fig. S9).

Environmental factors impact gut bacterial diversity

To further investigate the correlation of shrimp gut bacterial
community formation with various environmental factors
or host health, we divided the whole sample into several
comparison groups based on the matched farming conditions
such as light intensity, temperature fluctuation, and disease
occurrence. As to the gut bacterial diversity, shrimp raised
at 25 °C showed a relatively higher OUT level. The Ace
indices of gut bacterial community in shrimp raised at 28 °C,
low light intensity, or infected with pathogens were signifi-
cantly lower than those in shrimp raised at 25 °C, high light
intensity, or without any infection, respectively (Table 1).

(b)

24.61%

——— 7| D2JG
DIJG 55.64%
= : o | 2
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Fig.3 Source tracking between individual shrimp and rearing water
at D1 and D2. It was estimated within a Bayesian framework in
SourceTracker at shrimp juvenile (a) or adult (b) stages, respectively.

D1 and D2 represent two farms in Dongying city, J and A represent
juvenile and adult shrimp, respectively, G represents gut, and W rep-
resents rearing water
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Table 1 Bacterial community

‘ Nt . ) Investigated factors/factor ~ OTUs Shannon Simpson Ace Chaol
diversity indices in L. vannamei levels
shrimp gut
Age Juvenile 269+4la 3.27+0.39a 0.07+0.0la 350.28+54.23a 321.47+78.16a
Adult 190+30a 2.81+0.6la 0.12+0.04a 293.27+87.21a 249.19+101.51a
Health status ~ Healthy  190+30a 2.81+0.6la 0.12+0.04a 293.27+87.21a 249.19+101.51a
Diseased 192+5a  2.80+0.10a 0.10+0.0la 156.99+36.36b 145.55+34.63a
Light intensity High 249+65a 2.75+0.38a 0.20+0.07a 426.90+72.33a 371.30+15.68a
Low 269+41a 3.27+0.39a 0.07+0.0la 350.28+54.23b 321.47+78.16a
Temperature 25°C 436+28a 3.27+0.16a 0.09+0.02a 362.26+26.00a 363.18+27.21a
28 °C 382+22b 2.55+0.26a 0.16+0.07a 315.13+77.06b 299.36+70.96b

Data with different superscripts letter within each column indicate significant differences among groups

Light intensity impact gut bacterial composition

At the phylum level, the intestine of juvenile shrimps raised
under low light intensity showed Proteobacteria as the
dominant phylum (45.68%), in addition to Actinobacteriota
(26.36%) and Bacteroidota (17.50%), exhibiting different
bacterial abundances. The intestine of shrimps raised under
high light intensity showed the Proteobacteria as the domi-
nant phylum (50.34%), in addition to Bacteroidota (21.29%)
and Firmicutes (9.61%) with different bacterial abundances
(Fig. 4a and Fig. S10). It was observed that the intestine of
juvenile shrimps raised under low light intensity showed a
higher bacterial abundance of Actinobacteriota and a lower
bacterial abundance of Proteobacteria and Bacteroidota,
compared to those under high light intensity.

At the family level, the intestine of juvenile shrimps
raised under low light intensity showed Rhodobacteraceae
as the dominant family (29.52%), in addition to the Fla-
vobacteriaceae (15.95%) and Mycobacteriaceae (10.58%)
with different bacterial abundances. The intestine of juvenile
shrimps raised under high light intensity showed Rhodobac-
teraceae as the dominant family (34.31%), in addition to
Flavobacteriaceae (20.87%) with different bacterial abun-
dances (Fig. 4b and Fig. S10). It was observed that the intes-
tine of shrimps raised under low light intensity showed a
higher bacterial abundance of Pseudoalteromonadaceae and
Vibrionaceae and a lower bacterial abundance of Rhodo-
bacteraceae and Flavobacteriaceae, compared to the intes-
tine of juvenile shrimps raised under high light intensity. In
fact, only Mycobacteriaceae and Microbacteriaceae were
detected in the intestine of juvenile shrimp under low light
intensity, while Shewanellaceae and Mycoplasmataceae
were detected only in the intestine of shrimp grown under
high light intensity.

At the genus level, the intestine of juvenile shrimps
from tanks with low light intensity showed Mycobacterium
as the dominant genus (10.58%), in addition to Ruegeria
(10.07%) with different bacterial abundances. The intestine
of juvenile shrimps from tanks with high light intensity

@ Springer

showed the unclassified_f Rhodobacteraceae as the domi-
nant genus (24.01%), in addition to unclassified_f _Flavo-
bacteriaceae (19.44%) with different bacterial abundances
(Fig. 4c). It was observed that the intestine of juvenile
shrimps raised under low light intensity showed a higher
bacterial abundance of Ruegeria and Vibrio, and a lower
bacterial abundance of unclassified_f_Rhodobacteraceae
and unclassified_f_Flavobacteriaceae compared to those
under high light intensity. Mycobacterium, Bacillus, and
Pseudoalteromonas occur only in the intestine of juvenile
shrimp raised under low light intensity, while Shewanella
and Psychrobacter were detected only in the intestine of
juvenile shrimp raised under high light intensity.

Water temperature impacts gut bacterial
composition

At the phylum level, the intestine of the adult shrimp group
raised at a water temperature of 25 °C showed Proteobac-
teria as the dominant phylum (45.83%), in addition to Act-
inobacteriota (24.06%), with different bacterial abundances.
The intestine of adult shrimps raised at 28 °C showed Pro-
teobacteria as the dominant phylum (59.51%), in addition to
Bacteroidota (21.31%), with different bacterial abundances
(Fig. 5a). It was observed that the intestine of shrimps raised
at 28 °C showed a higher bacterial abundance of Proteobac-
teria and Bacteroidota and a lower bacterial abundance of
Actinobacteriota and Firmicutes, compared to the intestine
of adult shrimp raised at 25 °C.

At the family level, the intestine of adult shrimp raised
at 25 °C showed Rhizobiaceae as the dominant family
(21.44%), in addition to the norank_o_PeM15 (12.11%),
with different bacterial abundances. The intestine of adult
shrimp raised at 28 °C showed Rhodobacteraceae as the
dominant family (41.41%), in addition to Flavobacteriaceae
(19.21%) and Vibrionaceae (8.31%), with different bacte-
rial abundances (Fig. 5b). It is observed that the intestine
of adult shrimp raised at 28 °C showed a higher bacterial
abundance of Rhodobacteraceae, Flavobacteriaceae, and
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Fig.4 Gut bacterial community composition at phylum (a), family (b), and genus (c) levels for the L. vannamei shrimp raised under different
light intensities. D1_J_G represents low light intensity A group, and R1_J_G represent high light intensity group

Vibrionaceae, and a lower bacterial abundance of Rhizobi-
aceae and Microbacteriaceae, compared to the intestine of
adult shrimp raised at 25 °C. In fact, Mycobacteriaceae was
only detected in the shrimp of the 25 °C group.

At the genus level, the intestine of adult shrimp raised
at 25 °C showed the unclassified_f__Rhizobiaceae as
a dominant genus (20.89%). The intestine of the 28 °C
group showed the unclassified_f__Rhodobacteraceae as
the dominant genus (25.18%), in addition to Spongiimonas

(13.44%), with different bacterial abundances (Fig. 5c).
It was observed that the intestine of adult shrimp
raised at 28 °C showed a higher bacterial abundance of
unclassified_f__Rhodobacteraceae and Vibrio seudorue-
geria, and a lower bacterial abundance of unclassified_f _
Flavobacteriaceae and norank_f__Mycoplasmataceae,
compared to the adult shrimp of the 25 °C group. In fact,
Mycobacterium and Photobacterium were only detected in
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the shrimp of the 25 °C group, and Pseudoruegeria was  (20.35%), with different bacterial abundances. The intes-

only detected at the adult shrimp group raised at 28 °C. tine of adult shrimp with infection showed Proteobacteria
as the dominant phylum (57.19%), in addition to Bacteroides

Shrimp health status impacts gut bacterial (30.93%), with different bacterial abundances (Fig. 6a).

composition At the family level, the intestine of healthy adult

shrimp showed Rhodobacteraceae as the dominant family
At the phylum level, the intestine of healthy adult shrimp (37.91%), in addition to Flavobacteriaceae (19.33%) and
showed Proteobacteria as the dominant phylum (52.02%), Demegquinaceae (13.09%), with different bacterial abun-
in addition to Actinobacteria (22.14%) and Bacteroides dances. The intestine of adult shrimp with infection showed
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Flavobacteriaceae as the dominant family (29.09%), in
addition to Rhodobacteraceae (25.03%) and Psychromona-
daceae (18.85%) (Fig. 6b). At the genus level, the intestine
of healthy adult shrimp showed the unclassified_f _Rhodo-
bacteraceae as the dominant genus (18.89%), in addition
to Demequina (13.09%), unclassified_f _Flavobacteriacea
(12.97%), and norank_f _Rhodobacteraceae (11.16%), with
different bacterial abundances. The intestine of adult shrimp
with infection showed norank_f_Psychromonadaceae as the
dominant genus (18.85%), in addition to unclassified_f_Rho-
dobacteraceae (13.78%), unclassified_f_Flavobacteriacea

(11.69%), and Sungkyunkwania (11.37%), with different
bacterial abundances (Fig. 6¢).

Specific functional bacteria in shrimp gut

Shifts in intestinal microbiota could indicate the health
status of a host. The intestine of juvenile shrimp showed a
higher Pseudoalteromonadaceae abundance and a higher
Firmicutes/Bacteroidota ratio (F/B), compared to adult
shrimp, while the intestine of adult shrimp showed a higher
abundance of Vibrionaceae. Healthy adult shrimp showed a
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higher Vibrionaceae abundance and a higher F/B ratio, com-
pared to infected adult shrimp, while the intestine of infected
adult shrimp showed a higher abundance of Pseudoaltero-
monadaceae compared to the healthy ones. In adult shrimp
cultured at 28 °C, a higher Vibrionaceae abundance and a
lower F/B ratio were observed compared to the intestine
of adult shrimp with water temperature of 25 °C (Table 2).

In addition, the abundance of Pseudoalteromonadaceae
and F/B ratio in the intestine of the juvenile shrimp group
grown under low light intensity were higher than those of
juvenile shrimps grown under high light intensity (Table 2).

Discussion

Gut bacterial community is called an “extra organ” in the
host regarding their beneficial effects on digestive efficiency,
organism’s health, and organism’s immunity (Ai et al. 2018;
Ge et al. 2018). Considering the importance of gut micro-
biota in animal health and nutrition, manipulation of ben-
eficial microbial communities in shrimp gut may provide a
solution for the improvement of production performance and
resistance to pathogens (Landsman et al. 2019a). However,
the processes of formation and the progression of shrimp
gut microbiota communities are really sophisticated pro-
cesses, and no dominant driving factors have been found
along shrimp growth period, since both the host genetics
and environmental conditions, such as water temperature,
salinity, sulfide concentration, practice mode, and disease
as well have shown their effects (Holt et al. 2021; Lands-
man et al. 2019a; 2019b; Xiong et al. 2014; 2018; 2019).
In fact, previous reports have shown that shrimp juveniles
are more sensitive to the bacterial change compared to the
adult individuals (Xiong et al. 2018; Yan et al. 2016). In our
study, health status, light condition, and temperature levels
were more positively effective factors on the host microbial
composition compared to the age factor.

Previous studies revealed that bacterial communities
exhibit a significant difference between shrimp gut and

rearing water (Cornejo-Granados et al. 2017; Hou et al.
2018; Zhao et al. 2018). In our study, PCoA analysis showed
that all water samples from different environmental condi-
tions were nearly clustered and distanced from the distrib-
uted shrimp gut samples, implying a high dissimilarity
between water and gut microbiota composition. This could
be explained by the low microbial selective pressure between
shrimp gut and rearing water environments (Tepaamorndech
et al. 2020), in addition to the host modulates its own gut
bacterial composition. Conversely, host gut and rearing
water samples showed a similar distribution in the PCoA
analysis in the outdoor pond system (Xiong et al. 2019),
which could be attributed to the effect of natural environ-
mental conditions, since these conditions were differed
along production periods. In our study, the indoor farming
conditions excluded the effect of the changeable environ-
mental factors under outdoor farming conditions; this high-
lights the effect of developmental stage and health status on
the gut microbial composition under controlled environmen-
tal conditions.

Proteobacteria are highly diverse and have been widely
presented in aquatic invertebrate guts, usually being domi-
nant components of bacterial community in crustaceans
(Holt et al. 2021). It has been reported that Alphaproteo-
bacteria dominated the stomach of healthy L. vannamei
shrimp, while Gammaproteobacteria dominated the gut
of both L. vannamei and Penaeus monodon shrimp (Holt
et al. 2021). Our results have also shown that Alphapro-
teobacteria is the dominant class and the relative percent-
age of the Gammaproteobacteria class is higher than 10%.
Furthermore, the shrimp developmental stage changes the
gut microbiota composition (Cornejo-Granados et al. 2018;
Zeng et al. 2017), while different growth stages show a core
microbiota composition in zebrafish (Roeselers et al. 2011).
A few bacterial families including Rhodobacteraceae, Fla-
vobacteriaceae, and Demequinaceae showed a change in
bacterial abundances along with the age change (Zhang et al.
2021). Consistent with the abovementioned, in our results,
Rhodobacteraceae and Flavobacteriaceae have also been

Table 2 The abundance of four functional bacteria in the L. vannamei shrimp gut

Investigated factor level Habitat Bacterial abundance (%)
Bacteroidota (B)  Firmicutes (F) Vibrionaceae Pseudoalteromonadaceae F/B ratio

Juvenile low light 28 °C Gut 17.5 7.1 0 1.77 40.5
Juvenile high light 28 °C Gut 21.29 9.61 0.38 0 22
Healthy adult High light 28 °C ~ Gut 20.35 2.84 6.54 0 13.9
Diseased adult high light 28 °C ~ Gut 30.93 0.23 0.95 4.30 0.74

25 °C adult high light Gut 13.41 11.34 7.17 0 84.5

28 °C adult high light Gut 21.31 8.78 8.31 0 41.2
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found to be dominant in juvenile and adult shrimp individu-
als, while the abundance of these two bacteria was higher in
adult shrimp compared to juvenile individuals. Rhodobac-
teraceae and Flavobacteriaceae may be potential core gut
microbes in the gut of the L. vannamei shrimp.

Gut microbiota plays a key role in host health status by
maintaining the function of the intestinal barrier as it is a
main gate to the internal tissues (Cabello 2006; Clemente
et al. 2012; Frank et al. 2007). Bacterial diversity plays an
important role in a bacterial community function, since low
diversity may lead to an increased opportunity of disease
occurrence (Jones and Lennon 2010).

The intestinal bacteria are in constant competition on
nutrient and space. The abundance level of each species
is shaped by their active metabolism and active antago-
nism. After stress exposure (for example, inflammation or
antibiotic treatment), the pathogens adapted quickly with
possible negative effect on host health status (Sorbara and
Pamer 2019). The healthy microbiota uses some strategies
to overcome the pathogenic abundance. They metabolize
the bile salts into secondary bile salts which they have nega-
tive effect on the pathogenic bacterial growth. The micro-
biota ferments dietary fibers producing short-chain fatty
acids which modulate the intestinal pH and subsequently
the physical structure of intestinal wall as it is the main gate
for pathogens to the internal organs (Sorbara and Pamer
2019). On the other side, the pathogens target the microbiota
through their secreted bacteriocin proteins. At higher level of
pathogenic abundance, the secreted amount of bacterial viru-
lence factors can drive a host inflammatory response. This
response releases nitrates and oxygen molecules into the gut
lumen forming an oxidative environment. In this environ-
ment, novel metabolites are formed including tetrathionate.
Those released (O, and NO;) and new formed molecules are
used in pathogens’ respiration pathways as electron accep-
tors (Sorbara and Pamer 2019).

Xiong et al. (2015) used Illumina sequencing to com-
pare the diversity of the gut of healthy and diseased in L.
vannamei shrimp, and found that the bacterial phylogenetic
diversity and a-diversity of the gut of diseased shrimp were
lower than those of healthy shrimp. The results of the pre-
sent study are consistent with those results, indicating that
bacterial diversity has an important regulatory role in the
intestine of cultured shrimp. In our study, the Chaol and Ace
index values were relatively low in diseased adult shrimp
guts in several farm locations, which is consistent with the
above studies and illustrates the significant regulatory role
of bacterial diversity in the gut of cultured animals.

Healthy shrimps show a dominance of the Rhodobac-
teraceae family, whereas diseased shrimps show a domi-
nance of Pseudoalteromonadaceae and Flavobacteriaceae
families (Quinn et al. 2013; Thitamadee et al. 2016; Xiong
et al. 2015). In our study, shrimp showed the same dominant

bacterial families regarding shrimp health status. Rhodobac-
teraceae might be considered as probiotic bacteria in shrimp
(Li et al. 2018; Liu et al. 2019), since their antimicrobial
substances allow to resist the infectious bacteria (D'Alvise
et al. 2014), as well as promoting the effect of produced
vitamins and other nutrients (Sonnenschein et al. 2017). In
the case of the Pseudoalteromonadaceae family, it has been
known as an opportunistic pathogen in shrimp (Thitamadee
et al. 2016; Xiong et al. 2015).

Light condition can exert an influence on the shrimp
physiological status directly by affecting feeding and growth
rates, and indirectly by affecting oxygen consumption and
oxygen production by planktonic bacteria in the water col-
umn (Baloi et al. 2013; Fleckenstein et al. 2019; Khoa et al.
2020). Microalgae produce inhibitory compounds affecting
the pathogens’ activities (Molina-Cardenas and Sinchez-
Saavedra 2017). Algae also disturb bacterial quorum sens-
ing communication (acyl-homoserine lactones) weakening
their ability to form bacterial biofilm, and subsequently less
colonizing ability of acyl-homoserine lactones regulates the
virulence of many pathogenic bacteria (Natrah et al. 2011).
In parallel, the bacteria induce microalgal growth by produc-
ing vitamins, idole-3acetic-acid, and other inorganic nutri-
ents (Molina-Cardenas and Sanchez-Saavedra 2017).

In our study, the gut of shrimps from tanks with high light
intensity had an increased abundance of Vibrionaceae. This
could be explained by the effect of different diets and/or
different shrimp genetic makeups among tanks (Landsman
et al. 2019a,b), since host phylogeny could determine the
bacterial composition in the gut (Roeselers et al. 2011; Sul-
lam et al. 2012). However, the salinity of the water column is
not exactly the same under high and low light intensity con-
ditions. Thus, it is also possible that differences in salinity
might have an additional effect on the bacterial composition,
since in the black tiger shrimp (Penaeus monodon) gut, the
rearing water microbial composition changed under differ-
ent salinity levels (Chaiyapechara et al. 2022). Accordingly,
future studies are required to clarify the effect of light inten-
sity and salinity interaction on the microbial composition in
shrimps’ gut and rearing water.

Temperature affects intestine sensitivity to certain patho-
genic bacteria, e.g., high temperature increases Vibrionaceae
abundance in L. vannamei intestine (Al-Masqari et al. 2022).
Consistently, in the present study, Vibrionaceae abundance
was higher at 28 °C compared to 25 °C. In terms of “func-
tional bacteria,” as they are recognized by their effect in
aquaculture literature, Vibrionaceae are associated with
different biological functions (Yu et al. 2018), whereas Fir-
micutes are negatively associated with the number of patho-
genic bacteria (Mulder et al. 2009). In fact, the Firmicutes
(F) and Bacteroides (B) are involved in fermentation activ-
ity (Gillilland et al. 2012), and these bacteria modify fatty
acid uptake in zebrafish (Semova et al. 2012). In humans,
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Firmicutes are associated with energy metabolism (Fan
and Li 2019), and F/B is associated with disease sensitiv-
ity (Mariat et al. 2009). The results of our present study
show that gut samples of adult shrimp, healthy adult shrimp,
adult shrimp raised at 28 °C, and juvenile shrimp raised
under high light intensity showed a higher abundance of
Vibrionaceae and a lower abundance of Pseudoaltromona-
daceae bacteria, compared to juvenile shrimp, diseased adult
shrimp, adult shrimp raised at 25 °C, and juvenile shrimp
raised under low light intensity. Additionally, gut samples
of juvenile shrimp, healthy adult shrimp, adult shrimp at 25
°C, and juvenile shrimp under low light intensity showed a
higher F/B ratio compared to adult shrimp, diseased adult
shrimp, adult shrimp at 28 °C, and juvenile shrimp under
high light intensity. For the comparison of Firmicutes bac-
teria, the abundance of this bacterium was higher in the gut
samples under independent treatments in juvenile shrimp,
high light intensity, and 28 °C groups. Previous findings
suggest that an increase in Firmicutes bacteria is beneficial
to the host, as it implies that there are fewer pathogenic bac-
teria in the organism; however, an increase in F/B values
may be associated with obesity (Grigor'eva 2021). Based
on the above, it can be assumed that juvenile shrimps are
more sensitive to bacterial infection, and that a temperature
of 28 °C and high light intensity environmental conditions
may be more beneficial worthy of reference in the aquatic
farming production.

The bacterial diversity was lower in rearing water, com-
pared to the gut microbial community of L. vannamei in
the industrial indoor farming systems. The gut microbial
composition was influenced by the developmental stage,
host health status, light intensity, and rearing water tem-
perature. Juveniles were more sensitive to the infectious
bacteria, while rearing water temperature of 28 °C and high
light intensity conditions were major factors improving the
shrimp intestinal bacterial composition. Indoor systems
can be improved by regulating light level, temperature, and
a continuous monitoring of the microbiota both in rear-
ing water and in gut. Since many sequences are obtained
from samples, maybe a good possibility is to focus on the
sequencing analysis in Rhodobacteraceae family (as pro-
biotic bacteria), Pseudoalteromonasceae family (as an
opportunistic pathogen in shrimp), and Firmicutes (associ-
ated with pathogenic bacteria) as a simple tool to evaluate
“farm health.” These findings suggest a decrease in the use
of chemicals and antibiotics against infections in shrimp
aquaculture systems for cleaner production. Future stud-
ies are required to consider the effects of shrimp genetics,
dietary composition, and shrimp physiological status on the
gut microbial composition.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00253-024-13046-0.

@ Springer

Acknowledgements We would like to thank our lab members Ying
Zhang, Shengyi Yuan, Zhonghang Liu, Wei Wang, and Shuangyong
Zhang, and the owners of the six shrimp farms for their assistance on
sample collection. We also thank the anonymous reviewers for their
professional insights and suggestions.

Author contribution M L: data curation and investigation. A G: writ-
ing—review and editing and investigation. DQ C: data curation. JT L:
funding acquisition. YY H: methodology. LS L G: writing—review and
editing. F D: writing—review and editing. ZQ C: conceptualization,
funding acquisition, and writing—review and editing.

Funding This work was financially supported by the National Key
R&D Program of China (2023YFD2401002), the earmarked fund
for China Agriculture Research System (CARS-48), and the Central
Public-Interest Scientific Institution Basal Research Fund, CAFS (No.
2023TD50).

Data availability Data will be made available on request.

Declarations

Ethics approval The experiments were conducted strictly under the
research protocols approved by the Institutional Animal Care and Use
Committee, Yellow Sea Fisheries Research Institute, Chinese Academy
of Fishery Sciences.

Conflict of interest The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Abraham TJ, Ghosh S, Nagesh TS, Sasmal D (2004) Distribution of
bacteria involved in nitrogen and sulphur cycles in shrimp culture
systems of West Bengal India. Aquaculture 239(1-4):275-288.
https://doi.org/10.1016/j.aquaculture.2004.06.023

Ai XM, Ho LC, Han LL, Lu JJ, Yue X, Yang NY (2018) The role
of splenectomy in lipid metabolism and atherosclerosis (AS).
Lipids Health Dis 17:186-193. https://doi.org/10.1186/
$12944-018-0841-2

Al-Masqari ZA, Guo HP, Wang RY, Yan HZ, Dong PS, Wang GS,
Zhang DM (2022) Effects of high temperature on water qual-
ity, growth performance, enzyme activity and the gut bacterial
community of shrimp (Lifopenaeus vannamei). Aquacult Res
53(9):3283-3296. https://doi.org/10.1111/are.15836

Baloi M, Arantes R, Schveitzer R, Magnotti C, Vinatea L (2013) Per-
formance of Pacific white shrimp Litopenaeus vannamei raised


https://doi.org/10.1007/s00253-024-13046-0
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.aquaculture.2004.06.023
https://doi.org/10.1186/s12944-018-0841-2
https://doi.org/10.1186/s12944-018-0841-2
https://doi.org/10.1111/are.15836

Applied Microbiology and Biotechnology ~ (2024) 108:225

Page 150f 17 225

in biofloc systems with varying levels of light exposure. Aquacult
Eng 52:39-44. https://doi.org/10.1016/j.aquaeng.2012.07.003

Butt RL, Volkoff H (2019) Gut microbiota and energy homeostasis in
fish. Front Endocrinol (lausanne) 10:9

Cabello FC (2006) Heavy use of prophylactic antibiotics in aquacul-
ture: a growing problem for human and animal health and for the
environment. Environ Microbiol 8(7):1137-1144. https://doi.org/
10.1111/j.1462-2920.2006.01054.x

Chaiyapechara S, Uengwetwanit T, Arayamethakorn S, Bunphimpapha
P, Phromson M, Jangsutthivorawat W, Tala S, Karoonuthaisiri N,
Rungrassamee W (2022) Understanding the host-microbe-envi-
ronment interactions: intestinal microbiota and transcriptomes of
black tiger shrimp Penaeus monodon at different salinity levels.
Aquaculture 546:737371-737388. https://doi.org/10.1016/j.aquac
ulture.2021.737371

Chang ZQ, Neori A, He YY, Li JT, Qiao L, Preston SI, Liu P, LiJ
(2020) Development and current state of seawater shrimp farm-
ing, with an emphasis on integrated multi-trophic pond aquacul-
ture farms, in China—a review. Rev Aquacult 12(4):2544-2558.
https://doi.org/10.1111/raq.12457

Chen C, Chen P, Weng FC, Shaw GT (2017) Wang D (2017) Habitat
and indigenous gut microbes contribute to the plasticity of gut
microbiome in oriental river prawn during rapid environmental
change. PLoS ONE 12(7):e181427. https://doi.org/10.1371/journ
al.pone.0181427.eCollection

Chen S, Zhou Y, Chen Y, Gu J (2018) Fastp: an ultra-fast all-in-one
FASTQ preprocessor. Bioinformatics 34:1884-1890. https://doi.
org/10.1093/bioinformatics/bty560

Clemente JC, Ursell LK, Parfrey LW, Knight R (2012) The impact
of the gut microbiota on human health: an integrative view. Cell
148(6):1258-1270. https://doi.org/10.1016/j.cell.2012.01.035

Cornejo-Granados F, Lopez-Zavala AA, Gallardo-Becerra L, Men-
doza-Vargas A, Sanchez F, Vichido R, Brieba LG, Viana MT,
Sotelo-Mundo RR, Ochoa-Leyva A (2017) Microbiome of Pacific
Whiteleg shrimp reveals differential bacterial community compo-
sition between Wild, Aquacultured and AHPND/EMS outbreak
conditions. Sci Rep 7(1):11783-11797. https://doi.org/10.1038/
s41598-017-11805-w

Cornejo-Granados F, Gallardo-Becerra L, Leonardo-Reza M, Ochoa-
Romo JP, Ochoa-Leyva A (2018) A meta-analysis reveals the
environmental and host factors shaping the structure and function
of the shrimp microbiota. Peer J 6(8):5382-5406. https://doi.org/
10.7717/peerj.5382

Cuellar-Gempeler C, Leibold MA (2018) Multiple colonist pools shape
fiddler crab-associated bacterial communities. ISME J 12(3):825-
837. https://doi.org/10.1038/s41396-017-0014-8

D’Alvise PW, Magdenoska O, Melchiorsen J, Nielsen KF, Gram L
(2014) Biofilm formation and antibiotic production in Ruegeria
mobilis are influenced by intracellular concentrations of cyclic
dimeric guanosinmonophosphate. Environ Microbiol 16(5):1252—
1266. https://doi.org/10.1111/1462-2920.12265

Dai WF, Yu WN, Zhang JJ, Zhu JY, Tao Z, Xiong JB (2017) The gut
eukaryotic microbiota influences the growth performance among
cohabitating shrimp. Appl Microbiol Biotechnol 101(16):6447—
6457. https://doi.org/10.1007/s00253-017-8388-0

El-Sayed AM (2021) Use of biofloc technology in shrimp aquaculture:
a comprehensive review, with emphasis on the last decade. Rev
Aquacult 13:676-705. https://doi.org/10.1111/raq.12494

Fan L, Li QX (2019) Characteristics of intestinal microbiota in the
Pacific white shrimp Litopenaeus vannamei differing growth
performances in the marine cultured environment. Aquaculture
505:450-461. https://doi.org/10.1016/j.aquaculture.2019.02.075

Fan LF, Wang ZL, Chen MS, Qu YX, Li JY, Zhou AG, Xie SL,
Zeng F, Zou JX (2019) Microbiota comparison of Pacific white
shrimp intestine and sediment at freshwater and marine cultured

environment. Sci Total Environ 657:1194—1204. https://doi.org/
10.1016/j.scitotenv.2018.12.069

FAO (2022) The state of world fisheries and aquaculture 2022. FAO,
Rome

Fleckenstein LJ, Tierney TW, Fisk JC, Ray AJ (2019) Effects of sup-
plemental LED lighting on water quality and Pacific white shrimp
(Litopenaeus vannamei) performance in intensive recirculating
systems. Aquaculture 504:219-226. https://doi.org/10.1016/j.
aquaculture.2019.01.066

Frank DN, Amand ALS, Feldman RA, Boedeker EC, Harpaz N, Pace NR
(2007) Molecular-phylogenetic characterization of microbial com-
munity imbalances in human inflammatory bowel diseases. PNAS
104(34):13780-13785. https://doi.org/10.1073/pnas.0706625104

Ge QQ, LiJ, Li JT, Wang JJ, Li ZD (2018) Immune response of Exo-
palaemon carinicauda infected with an AHPND-causing strain
of Vibrio parahaemolyticus. Fish Shellfish Immunol 74:223-234.
https://doi.org/10.1016/.fsi.2017.12.042

Giatsis C, Sipkema D, Smidt H, Verreth J, Verdegem M (2014) The
colonization dynamics of the gut microbiota in tilapia larvae.
PLoS ONE 9(7):103641-103655. https://doi.org/10.1371/journ
al.pone.0103641

Gillilland MG, Young VB, Huffnagle GB (2012) Gastrointestinal
microbial ecology with perspectives on health and disease. In:
Johnson LR, Ghishan FK, Kaunitz JD, Merchant JL, Said HM,
Wood JD (eds) Physiology of the gastrointestinal tract, Sth edn.
Elsevier, New York, pp 1119-1134

Grigor’eva IN (2021) Gallstone disease, obesity and the
Firmicutes/Bacteroidetes ratio as a possible biomarker of gut
dysbiosis. J Pers Med 11(1):13-30. https://doi.org/10.3390/jpm11
010013

Holt CC, Bass D, Stentiford GD, van der Giezen M (2021) Understand-
ing the role of the shrimp gut microbiome in health and disease.
J Invertebr Pathol 186:107387

Hou D, Huang Z, Zeng S, Liu J, Weng S, He J (2018) Comparative
analysis of the bacterial community compositions of the shrimp
intestine, surrounding water and sediment. J Appl Microbiol
125(3):792-799. https://doi.org/10.1111/jam.13919

Huang ZJ, Hou DW, Zhou RJ, Zeng SZ, Xing CG, Wei DD, Deng XS,
Yu LF, Wang H, Deng ZX, Weng SP, Ning DL, Xiao CL, Yan
QY, Zhou JZ, He ZL, He JG (2021) Environmental water and
sediment microbial communities shape intestine microbiota for
host health: the central dogma in an anthropogenic aquaculture
ecosystem. Front Microbiol 12:772149-772162. https://doi.org/
10.3389/fmicb.2021.772149

Joffre OM, Klerkx L, Khoa TND (2018) Aquaculture Innovation
System Analysis of Transition to Sustainable Intensification in
Shrimp Farming. Agron Sustain Dev 38:34—44. https://doi.org/
10.1007/s13593-018-0511-9

John EM, Krishnapriya K, Sankar TV (2020) Treatment of ammonia
and nitrite in aquaculture wastewater by an assembled bacterial
consortium. Aquaculture 526:735390-735395. https://doi.org/10.
1016/j.aquaculture.2020.735390

Jones SE, Lennon JT (2010) Dormancy contributes to the maintenance
of microbial diversity. PNAS 107(13):5881-5886. https://doi.org/
10.1073/pnas.0912765107

Jory DE (2018) Current production, challenges and the future of shrimp
farming. Global Aquaculture Alliance, Portsmouth, NH, USA

Khoa TND, Tao CT, Khanh LV, Hai TN (2020) Super-intensive culture
of white leg shrimp (Litopenaeus vannamei) in outdoor biofloc
systems with different sunlight exposure levels: emphasis on com-
mercial applications. Aquaculture 524:735277-735287. https://
doi.org/10.1016/j.aquaculture.2020.735277

Kamada N, Chen GY, Inohara N, Nuiiez G (2013) Control of pathogens
and pathobionts by the gut microbiota. Nat Immunol 14(7):685-
690. https://doi.org/10.1038/ni.2608

@ Springer


https://doi.org/10.1016/j.aquaeng.2012.07.003
https://doi.org/10.1111/j.1462-2920.2006.01054.x
https://doi.org/10.1111/j.1462-2920.2006.01054.x
https://doi.org/10.1016/j.aquaculture.2021.737371
https://doi.org/10.1016/j.aquaculture.2021.737371
https://doi.org/10.1111/raq.12457
https://doi.org/10.1371/journal.pone.0181427.eCollection
https://doi.org/10.1371/journal.pone.0181427.eCollection
https://doi.org/10.1093/bioinformatics/bty560
https://doi.org/10.1093/bioinformatics/bty560
https://doi.org/10.1016/j.cell.2012.01.035
https://doi.org/10.1038/s41598-017-11805-w
https://doi.org/10.1038/s41598-017-11805-w
https://doi.org/10.7717/peerj.5382
https://doi.org/10.7717/peerj.5382
https://doi.org/10.1038/s41396-017-0014-8
https://doi.org/10.1111/1462-2920.12265
https://doi.org/10.1007/s00253-017-8388-0
https://doi.org/10.1111/raq.12494
https://doi.org/10.1016/j.aquaculture.2019.02.075
https://doi.org/10.1016/j.scitotenv.2018.12.069
https://doi.org/10.1016/j.scitotenv.2018.12.069
https://doi.org/10.1016/j.aquaculture.2019.01.066
https://doi.org/10.1016/j.aquaculture.2019.01.066
https://doi.org/10.1073/pnas.0706625104
https://doi.org/10.1016/j.fsi.2017.12.042
https://doi.org/10.1371/journal.pone.0103641
https://doi.org/10.1371/journal.pone.0103641
https://doi.org/10.3390/jpm11010013
https://doi.org/10.3390/jpm11010013
https://doi.org/10.1111/jam.13919
https://doi.org/10.3389/fmicb.2021.772149
https://doi.org/10.3389/fmicb.2021.772149
https://doi.org/10.1007/s13593-018-0511-9
https://doi.org/10.1007/s13593-018-0511-9
https://doi.org/10.1016/j.aquaculture.2020.735390
https://doi.org/10.1016/j.aquaculture.2020.735390
https://doi.org/10.1073/pnas.0912765107
https://doi.org/10.1073/pnas.0912765107
https://doi.org/10.1016/j.aquaculture.2020.735277
https://doi.org/10.1016/j.aquaculture.2020.735277
https://doi.org/10.1038/ni.2608

225 Page 16 of 17

Applied Microbiology and Biotechnology ~ (2024) 108:225

Knights D, Kuczynski J, Charlson ES, Zaneveld J, Mozer MC, Coll-
man RG, Bushman FD, Knight R, Kelley ST (2011) Bayesian
community-wide culture-independent microbial source tracking.
Nat Methods 8(9):761-U107. https://doi.org/10.1038/nmeth.1650

Landsman A, St-Pierre B, Rosales-Leija M, Brown M, Gibbons W
(2019a) Impact of aquaculture practices on intestinal bacterial
profiles of Pacific Whiteleg Shrimp Litopenaeus vannamei.
Microorganisms 7(4):93—106. https://doi.org/10.3390/microorgan
isms7040093

Landsman A, St-Pierre B, Rosales-Leija M, Brown M, Gibbons W
(2019b) Investigation of the potential effects of host genetics and
probiotic treatment on the gut bacterial community composition
of qquaculture-raised Pacific Whiteleg Shrimp. Litopenaeus Van-
namei Microorganisms 7(8):217-230. https://doi.org/10.3390/
microorganisms7080217

Lebel L, Mungkung R, Gheewala SH, Lebel P (2010) Innovation
cycles, niches and sustainability in the shrimp aquaculture indus-
try in Thailand. Environ Sci Policy 13(4):291-302. https://doi.org/
10.1016/j.envsci.2010.03.005

Li EC, Xu C, Wang XD, Wang SF, Zhao Q, Zhang ML, Qin JG, Chen
LQ (2018) Gut microbiota and its modulation for healthy farm-
ing of Pacific white shrimp Litopenaeus vannamei. Rev Fish Sci
Aquacult 26(3):381-399. https://doi.org/10.1080/23308249.2018.
1440530

LiJ (2020) Marine cultivation technology in China. China Agriculture
Press, Beijing

Li TT, Li H, Gatesoupe FJ, She R, Lin Q, Yan XF, LiJB, Li XZ (2017)
Bacterial signatures of “Red-Operculum” disease in the gut of
Crucian carp (Carassius auratus). Microb Ecol 74(3):510-521.
https://doi.org/10.1007/s00248-017-0967-1

Liu JJ, Wang K, Wang YT, Chen W, Jin ZW, Yao ZY, Zhang DM
(2019) Strain-specific changes in the gut microbiota profiles of
the white shrimp Litopenaeus vannamei in response to cold stress.
Aquaculture 503:357-366. https://doi.org/10.1016/j.aquaculture.
2019.01.026

Magoc¢ T, Salzberg S (2011) FLASH: fast length adjustment of
short reads to improve genome assemblies. Bioinformatics
27(21):2957-2963. https://doi.org/10.1093/bioinformatics/btr507

Mariat D, Firmesse O, Levenez F, Guimaraes VD, Sokol H, Dore J,
Corthier G, Furet JP (2009) The Firmicutes/Bacteroidetes ratio of
the human microbiota changes with age. BMC Microbiol 9:123.
https://doi.org/10.1186/1471-2180-9-123

Martins CIM, Eding EH, Verdegem MCJ, Heinsbroek LTN, Schnei-
der O, Blancheton JP, d’Orbcastel ER, Verreth JAJ (2010) New
developments in recirculating aquaculture systems in Europe:
a perspective on environmental sustainability. Aquacult Eng
43(3):83-93. https://doi.org/10.1016/j.aquaeng.2010.09.002

Molina-Cardenas CA, Sanchez-Saavedra MdP (2017) Inhibitory effect
of benthic diatom species on three aquaculture pathogenic vibrios.
Algal Res 27:131-139. https://doi.org/10.1016/j.algal.2017.09.
004

Mulder IE, Schmidt B, Stokes CR, Lewis M, Bailey M, Aminov RI,
Prosser JI, Gill BP, Pluske JR, Mayer CD, Musk CC, Kelly D
(2009) Environmentally-acquired bacteria influence microbial
diversity and natural innate immune responses at gut surfaces.
BMC Biol 7:79-98. https://doi.org/10.1186/1741-7007-7-79

Natrah FMI, Kenmegne MM, Wiyoto W, Sorgeloos P, Bossier P, Def-
oirdt T (2011) Effects of micro-algae commonly used in aquacul-
ture on acyl-homoserine lactone quorum sensing. Aquaculture
317(1-4):53-57. https://doi.org/10.1016/j.aquaculture.2011.04.
038

Naylor RL, Hardy RW, Buschmann AH, Bush SR, Cao L, Klinger DH,
Little DC, Lubchenco J, Shumway SE, Troell M (2021) A 20-year
retrospective review of global aquaculture. Nat 591(7851):551—
563. https://doi.org/10.1038/s41586-021-03308-6

@ Springer

Poppick L (2018) The future of fish farming may be indoors. PUb-
lisher. https://www.scientificamerican.com/article/the-future-of-
fish-farming-may-be-indoors/

Quinn RA, Cawthorn RJ, Summerfield RL, Smolowitz R, Chistoserdov
AY (2013) Bacterial communities associated with lesions of two
forms of shell disease in the American lobster (Homarus ameri-
canus, Milne Edwards) from Atlantic Canada. Can J Microbiol
59(6):380-390. https://doi.org/10.1139/cjm-2012-0679

Ray AJ, Drury TH, Cecil A (2017) Comparing clear-water RAS and
biofloc systems: shrimp (Litopenaeus vannamei) production,
water quality, and biofloc nutritional contributions estimated
using stable isotopes. Aquacult Eng 77:9—-14. https://doi.org/
10.1016/j.aquaeng.2017.02.002

Ren Y, Yu G, Shi CP, Liu L, Guo Q, Han C, Zhang D, Zhang L, Liu
B, Gao H, Zeng J, Zhou Y, Qiu Y, Wei J, Luo Y, Zhu F, Li X,
Wu Q, Li B, Fu W, Tong Y, Meng J, Fang Y, Dong J, Feng Y,
Xie S, Yang Q, Yang H, Wang Y, Zhang J, Gu H, Xuan H, Zou
G, Luo C, Huang L, Yang B, Dong Y, Zhao J, Han J, Zhang X,
Huang H (2022) Majorbio Cloud: a onestop, comprehensive
bioinformatic platform for multiomics analyses. iMeta 1(2):12—
18. https://doi.org/10.1002/imt2.12

Roeselers G, Mittge EK, Stephens WZ, Parichy DM, Cavanaugh
CM, Guillemin K, Rawls JF (2011) Evidence for a core gut
microbiota in the zebrafish. ISME J 5(10):1595-1608. https://
doi.org/10.1038/ismej.2011.38

Rungrassamee W, Klanchui A, Maibunkaew S, Karoonuthaisiri N
(2016) Bacterial dynamics in intestines of the black tiger shrimp
and the Pacific white shrimp during Vibrio harveyi exposure. J
Invertebr Pathol 133:12-19. https://doi.org/10.1016/].jip.2015.
11.004

Semova I, Carten JD, Stombaugh J, Mackey LC, Knight R, Farber
SA, Rawls JF (2012) Microbiota regulate intestinal absorp-
tion and metabolism of fatty acids in the zebrafish. Cell Host
Microbe 12(3):277-288. https://doi.org/10.1016/j.chom.2012.
08.003

Sonnenschein EC, Nielsen KF, D’Alvise P, Porsby CH, Melchiorsen
J, Heilmann J, Kalatzis PG, Lopez-Perez M, Bunk B, Sproer C,
Middelboe M, Gram L (2017) Global occurrence and heteroge-
neity of the Roseobacter-clade species Ruegeria mobilis. ISME J
11(2):588-588. https://doi.org/10.1038/ismej.2016.125

Sorbara MT, Pamer EG (2019) Interbacterial mechanisms of coloni-
zation resistance and the strategies pathogens use to overcome
them. Mucosal Immunol 12(1):1-9. https://doi.org/10.1038/
$41385-018-0053-0

Stegen J, Lin X, Fredrickson J, Chen X, Kennedy DW, Murray CJ,
Rockhold ML, Konopka A (2013) Quantifying community assem-
bly processes and identifying features that impose them. ISME J
7:2069-2079. https://doi.org/10.1038/ismej.2013.93

Sullam KE, Essinger SD, Lozupone CA, O’Connor MP, Rosen GL,
Knight R, Kilham SS, Russell JA (2012) Environmental and eco-
logical factors that shape the gut bacterial communities of fish:
a meta-analysis. Mol Ecol 21(13):3363-3378. https://doi.org/10.
1111/5.1365-294X.2012.05552.x

Team RC (2014) R: a language and environment for statistical comput-
ing. http://www.R-project.org/

Tepaamorndech S, Nookaew I, Higdon SM, Santiyanont P, Phromson
M, Chantarasakha K, Mhuantong W, Plengvidhya V, Visessan-
guan W (2020) Metagenomics in bioflocs and their effects on
gut microbiome and immune responses in Pacific white shrimp.
Fish Shellfish Immunol 106:733-741. https://doi.org/10.1016/].
1$1.2020.08.042

Thitamadee S, Prachumwat A, Srisala J, Jaroenlak P, Salachan PV,
Sritunyalucksana K, Flegel TW, Itsathitphaisarn O (2016) Review
of current disease threats for cultivated penaeid shrimp in Asia.
Aquaculture 452:69-87. https://doi.org/10.1016/j.aquaculture.
2015.10.028


https://doi.org/10.1038/nmeth.1650
https://doi.org/10.3390/microorganisms7040093
https://doi.org/10.3390/microorganisms7040093
https://doi.org/10.3390/microorganisms7080217
https://doi.org/10.3390/microorganisms7080217
https://doi.org/10.1016/j.envsci.2010.03.005
https://doi.org/10.1016/j.envsci.2010.03.005
https://doi.org/10.1080/23308249.2018.1440530
https://doi.org/10.1080/23308249.2018.1440530
https://doi.org/10.1007/s00248-017-0967-1
https://doi.org/10.1016/j.aquaculture.2019.01.026
https://doi.org/10.1016/j.aquaculture.2019.01.026
https://doi.org/10.1093/bioinformatics/btr507
https://doi.org/10.1186/1471-2180-9-123
https://doi.org/10.1016/j.aquaeng.2010.09.002
https://doi.org/10.1016/j.algal.2017.09.004
https://doi.org/10.1016/j.algal.2017.09.004
https://doi.org/10.1186/1741-7007-7-79
https://doi.org/10.1016/j.aquaculture.2011.04.038
https://doi.org/10.1016/j.aquaculture.2011.04.038
https://doi.org/10.1038/s41586-021-03308-6
https://www.scientificamerican.com/article/the-future-of-fish-farming-may-be-indoors/
https://www.scientificamerican.com/article/the-future-of-fish-farming-may-be-indoors/
https://doi.org/10.1139/cjm-2012-0679
https://doi.org/10.1016/j.aquaeng.2017.02.002
https://doi.org/10.1016/j.aquaeng.2017.02.002
https://doi.org/10.1002/imt2.12
https://doi.org/10.1038/ismej.2011.38
https://doi.org/10.1038/ismej.2011.38
https://doi.org/10.1016/j.jip.2015.11.004
https://doi.org/10.1016/j.jip.2015.11.004
https://doi.org/10.1016/j.chom.2012.08.003
https://doi.org/10.1016/j.chom.2012.08.003
https://doi.org/10.1038/ismej.2016.125
https://doi.org/10.1038/s41385-018-0053-0
https://doi.org/10.1038/s41385-018-0053-0
https://doi.org/10.1038/ismej.2013.93
https://doi.org/10.1111/j.1365-294X.2012.05552.x
https://doi.org/10.1111/j.1365-294X.2012.05552.x
https://www.R-project.org/
https://doi.org/10.1016/j.fsi.2020.08.042
https://doi.org/10.1016/j.fsi.2020.08.042
https://doi.org/10.1016/j.aquaculture.2015.10.028
https://doi.org/10.1016/j.aquaculture.2015.10.028

Applied Microbiology and Biotechnology ~ (2024) 108:225

Page170of 17 225

Timmons MB, Summerfelt ST, Vinci BJ (2018) Review of circular tank
technology and management. Aquacult Eng 18(1):51-69. https://
doi.org/10.1016/S0144-8609(98)00023-5

Ubeda C, Djukovic A, Isaac S (2017) Roles of the intestinal microbiota
in pathogen protection. Clin Transl Immunol 6:e128. https://doi.
org/10.1038/cti.2017.2

Wang Q, Garrity GM, Tiedje JM, Cole JR (2007) Naive Bayesian clas-
sifier for rapid assignment of rRNA sequences into the new bacte-
rial taxonomy. Appl Environ Microbiol 73:5261-5267. https://doi.
org/10.1128/AEM.00062-07

Wickham MH (2016) ggplot2: Elegant graphics for data analysis.
Springer-Verlag New York. ISBN 978-3-319-24277-4. https://
ggplot2.tidyverse.org

Xiong JB, Dai WF, Li CH (2016) Advances, challenges, and directions
in shrimp disease control: the guidelines from an ecological per-
spective. Appl Microbiol Biotechnol 100(16):6947-6954. https://
doi.org/10.1007/300253-016-7679-1

Xiong JB, Dai WF, Qiu QF, Zhu JY, Yang W, Li CH (2018) Response
of host-bacterial colonization in shrimp to developmental stage,
environment and disease. Mol Ecol 27(18):3686-3699. https://
doi.org/10.1111/mec.14822

Xiong JB, Wang K, Wu JF, Qiuqgian LL, Yang KJ, Qian YX, Zhang
DM (2015) Changes in intestinal bacterial communities are
closely associated with shrimp disease severity. Appl Micro-
biol Biotechnol 99(16):6911-6919. https://doi.org/10.1007/
500253-015-6632-z

Xiong JB, Xuan LX, Yu WN, Zhu JY, Qiu QF, Chen J (2019) Spati-
otemporal progression s of shrimp gut microbial colonization:
high consistency despite distinct species pool. Environ Microbiol
21(4):1383-1394. https://doi.org/10.1111/1462-2920.14578

Xiong JB, Zhu J, Dai W, Dong C, Qiu Q, Li C (2017) Integrating gut
microbiota immaturity and disease-discriminatory taxa to diag-
nose the initiation and severity of shrimp disease. Environ Micro-
biol 19(4):1490-1501. https://doi.org/10.1111/1462-2920.13701

Xiong JB, Zhu JL, Wang K, Wang X, Ye XS, Liu L, Zhao QF, Hou
MH, Qiugian LL, Zhang DM (2014) The temporal scaling of bac-
terioplankton composition: high turnover and predictability during
shrimp cultivation. Microb Ecol 67(2):256-264. https://doi.org/
10.1007/s00248-013-0336-7

Yan QY, Li JJ, Yu YH, Wang JJ, He ZL, Van Nostrand JD, Kempher
ML, Wu LY, Wang YP, Liao LJ, Li XH, Wu S, Ni JJ, Wang C,
Zhou JZ (2016) Environmental filtering decreases with fish devel-
opment for the assembly of gut microbiota. Environ Microbiol
18(12):4739-4754. https://doi.org/10.1111/1462-2920.13365

Yao L, Wang C, Wang W, Li YX, Liu S, Kong J, Zhang QL (2022)
Cases report of covert mortality nodavirus infection in indoor
farming Penaeus vannamei. Aquacult Rep 25:101238-101245.
https://doi.org/10.1016/j.aqrep.2022.101238

Yu W, Wu JH, Zhang J, Yang W, Chen J, Xiong J (2018) A meta-anal-
ysis reveals universal gut bacterial signatures for diagnosing the
incidence of shrimp disease. FEMS Microbiol Ecol 94(10):fiy147.
https://doi.org/10.1093/femsec/fiy 147

Yukgehnaish K, Kumar P, Sivachandran P, Marimuthu K, Arshad A,
Paray BA, Arockiaraj J (2020) Gut microbiota metagenomics in
aquaculture: factors influencing gut microbiome and its physi-
ological role in fish. Rev Aquacult 12:1903-1927. https://doi.org/
10.1111/raq.12416

Zeng S, Huang Z, Hou D, Liu J, Weng S, He J (2017) Composition,
diversity and function of intestinal microbiota in pacific white
shrimp (Litopenaeus vannamei) at different culture stages. PeerJ
5:3986-4005. https://doi.org/10.7717/peerj.3986

Zhang DM, Wang X, Xiong JB, Zhu JL, Wang YN, Zhao QF, Chen
HP, Guo AN, Wu JF, Dai HP (2014) Bacterioplankton assem-
blages as biological indicators of shrimp health status. Ecol Indic
38:218-224. https://doi.org/10.1016/j.ecolind.2013.11.002

Zhang MY, Pan LQ, Huang F, Gao S, Su C, Zhang MZ, He ZY (2019)
Metagenomic analysis of composition, function and cycling pro-
cesses of microbial community in water, sediment and effluent of
Litopenaeus vannamei farming environments under different cul-
ture modes. Aquaculture 506:280-293. https://doi.org/10.1016/j.
aquaculture.2019.03.038

Zhang XC, Li XH, Lu JQ, Qiu QF, Chen J, Xiong JB (2021) Quan-
tifying the importance of external and internal sources to
the gut microbiota in juvenile and adult shrimp. Aquaculture
531:735910-735918. https://doi.org/10.1016/j.aquaculture.2020.
735910

Zhao YT, Duan CL, Zhang XX, Chen HE, Ren HQ, Yin Y, Ye L (2018)
Insights into the gut microbiota of freshwater shrimp and its asso-
ciations with the surrounding microbiota and environmental fac-
tors. J Microbiol Biotechnol 28(6):946-956. https://doi.org/10.
4014/jmb.1709.09070

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1016/S0144-8609(98)00023-5
https://doi.org/10.1016/S0144-8609(98)00023-5
https://doi.org/10.1038/cti.2017.2
https://doi.org/10.1038/cti.2017.2
https://doi.org/10.1128/AEM.00062-07
https://doi.org/10.1128/AEM.00062-07
https://ggplot2.tidyverse.org
https://ggplot2.tidyverse.org
https://doi.org/10.1007/s00253-016-7679-1
https://doi.org/10.1007/s00253-016-7679-1
https://doi.org/10.1111/mec.14822
https://doi.org/10.1111/mec.14822
https://doi.org/10.1007/s00253-015-6632-z
https://doi.org/10.1007/s00253-015-6632-z
https://doi.org/10.1111/1462-2920.14578
https://doi.org/10.1111/1462-2920.13701
https://doi.org/10.1007/s00248-013-0336-7
https://doi.org/10.1007/s00248-013-0336-7
https://doi.org/10.1111/1462-2920.13365
https://doi.org/10.1016/j.aqrep.2022.101238
https://doi.org/10.1093/femsec/fiy147
https://doi.org/10.1111/raq.12416
https://doi.org/10.1111/raq.12416
https://doi.org/10.7717/peerj.3986
https://doi.org/10.1016/j.ecolind.2013.11.002
https://doi.org/10.1016/j.aquaculture.2019.03.038
https://doi.org/10.1016/j.aquaculture.2019.03.038
https://doi.org/10.1016/j.aquaculture.2020.735910
https://doi.org/10.1016/j.aquaculture.2020.735910
https://doi.org/10.4014/jmb.1709.09070
https://doi.org/10.4014/jmb.1709.09070

	Profile of the gut microbiota of Pacific white shrimp under industrial indoor farming system
	Abstract 
	Key points
	Introduction
	Materials and methods
	Sampling and experimental design
	DNA extraction, amplification, and sequencing
	Statistical analysis

	Results
	Diversity of bacterial communities in gut and rearing water
	Shrimp gut bacterial composition
	Source tracking of shrimp gut bacteria
	Environmental factors impact gut bacterial diversity
	Light intensity impact gut bacterial composition
	Water temperature impacts gut bacterial composition
	Shrimp health status impacts gut bacterial composition
	Specific functional bacteria in shrimp gut

	Discussion
	Acknowledgements 
	References


