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Abstract A 20-day trial was conducted to reveal bacterial
community dynamics in a commercial nursery of larval Li-
topenaeus vannamei larvae. The bacterial communities in
the ambient water were profiled by high-throughput
sequencing of the V4-V5 hypervariable region of the 16S
rRNA gene. The results indicated that the dominant bacterial
phyla between the metamorphosis stage and postlarval stage
were Bacteroidetes, Proteobacteria, Cyanobacteria, and
Firmicutes, representing more than 80.09% of the bacterial
operational taxonomic units. The relative abundance among
bacterial phyla notably differed between the two stages. The
relative abundance of Cyanobacteria was higher in the
metamorphosis stage, while that of Bacteroidetes was higher
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and more stable in the postlarval stage. At the class level, the
relative abundance of Sphingobacteriia and Alphapro-
teobacteria increased markedly in the postlarval stage, while
that of Flavobacteriia decreased. Redundancy analysis
showed that bacterial composition in the metamorphosis
stage was positively correlated with salinity, alkalinity, and
pH, while in the postlarval stage, it was positively correlated
with ammonium nitrogen and nitrite nitrogen. Thus, micro-
bial community diversity in the nursery phase varies per
rearing stage.

Keywords Pacific white shrimp - Nursery phase -
Microbial community - High-throughput sequencing - 16S
rRNA

Introduction

Pacific white shrimp (Litopenaeus vannamei) is an
important shrimp species. Its share in seafood has been
rapidly increasing for more than two decades, with an
annual percentage of 8.1%, compared with 0.62% for
capture fishery and 2.6% for meat production [1]. The L.
vannamei nursery phase (approximately 20 days after
hatching) is a key step in the shrimp production cycle.
Many infectious diseases preferentially affect L. vannamei
larvae, resulting in high mortality [2]. The mass mortality
of larval L. vannamei is a major constraint in its aquacul-
ture production. It is generally attributed to opportunistic
pathogenic bacteria in the ambient water. These bacteria
are common in the seawater and feed that are used in
hatcheries. For instance, during metamorphosis, shrimp are
susceptible to pathogenic Vibrio [3].

In nursery rearing of L. vannamei, shrimp larvae
encounter the ambient bacterioplankton immediately after


http://orcid.org/0000-0001-9389-520X
https://doi.org/10.1007/s12088-019-00853-7
http://crossmark.crossref.org/dialog/?doi=10.1007/s12088-019-00853-7&amp;domain=pdf
https://doi.org/10.1007/s12088-019-00853-7

Indian J Microbiol (Apr-June 2020) 60(2):214-221

215

hatching. Generally, the nursery phase can be artificially
divided into two stages: metamorphosis (including nau-
plius, zoea, and mysis) and the postlarval stage [4]. The
morphological and physiological characteristics of L.
vannamei change dramatically in early development,
leading to high variability in nursery rearing [5]. The
dietary patterns of shrimp larvae also change with the
different developmental stages [6], further influencing the
aquaculture environment.

The microbiota associated with L. vannamei, such as gut
and environmental microbiota, has been studied exten-
sively [7-11]. Previous studies have also supplied further
understanding of the gut microbiome in postlarvae of the
nursery period [12-14]. However, most of the shrimp in
these studies were postlarvae (age from Day 42 to Day
115) or older shrimp. The metamorphosis period (Day 0 to
Day 20) has not received much research attention, and
there is limited information about the bacterial community
associated with L. vannamei larvae during the metamor-
phosis stage. Since the ambient bacterial community
influences aquatic animals [15], the characterization of
environmental microbiota would be an initial step for
improving shrimp production.

Given that the aquaculture environment is closely
associated with the different stages of metamorphosis of
larval L. vannamei, we hypothesized that these stages may
have their own pattern of bacterial community composition
in the nursery rearing environment. To test this hypothesis,
we explored the dynamics of bacterial communities during
nursery rearing of L. vannamei larvae. In this study, we
characterized the ambient microbial communities associ-
ated with the nursery phase of larval L. vannamei through
high-throughput sequencing of the V4-V5 region of the
bacterial 16S rRNA gene to characterize bacterial diversity
and community structure.

Materials and Methods
Larval Rearing

The experiment was carried out at a commercial shrimp
hatchery in Wenzhou, China. Males and females were
maintained in broodstock pools with seawater until
spawning. After hatching, larvae were transferred to rear-
ing tanks with the same salinity. In this study, larvae from
the same spawning pool were transferred into two rearing
pools with sand-filtered seawater (30 ppt salinity) and food
algae. The L. vannamei larvae were reared at approxi-
mately equal densities (2.5 x 10° individuals/m®) for a
20-day nursery stage.

Sample Collection and Water Quality Testing

Two adjacent cement pools of larval L. vannamei with
similar genetic backgrounds were selected for sampling.
Water samples were collected from the pools every 2 days
during the rearing period. All water samples were collected
in the morning prior to feeding and then immediately
transferred to a nearby laboratory. Eighteen water samples
were collected: L1-L9 (left pool) and R1-R9 (right pool).
According to morphological observations, the samples
were divided into four stages: nauplius (L1, R1), zoea (L2,
L3, R2, R3), mysis (L4, L5, R4, RS), and postlarval (L6—
L9, R6-R9) (Table S1).

Water samples were filtered through a 0.22 pm poly-
carbonate membrane filter (Millipore) to collect bacterial
cells. The membrane filters were transferred to a 50 ml
sterile centrifuge tube and stored at — 70 °C until DNA
extraction. Alkalinity, pH, and salinity were determined
in situ using a portable multiple parameter water detector
(Ponsel, France). Ammonium nitrogen (NH4-N) was
determined by indophenol blue spectrophotometry fol-
lowing the principle that ammonia reacting with phenol
and hypochlorite can form indophenol blue in weak basic
solutions, catalyzed by sodium nitrosyl ferricyanide, which
can be measured by the absorbance value at 640 nm [16].
Nitrite nitrogen (NO,—N) was determined by naphthalene
ethylenediamine spectrophotometry following the principle
that nitrite can be diazotized with sulfonamide in acidic
solutions, after which the product is coupled with N-(1-
naphthyl (ethylenediamine) dihydrochloride to form a red
azo dye that can be measured by the absorbance value at
543 nm [16].

DNA Extraction and High-Throughput Sequencing

Genomic DNA of the water samples was extracted from
the membrane filters with a Water DNA Kit (Omega-
Biotek) following the standard protocols. The bacterial
communities in the rearing water were profiled by high-
throughput sequencing of the V4—V5 hypervariable region
of the 16S rRNA gene. The 16S rRNA gene was amplified

using a universal primer pair, 515F (5'-
GTGCCAGCMGCCGCGGTAA-3') and 909R (5'-
CCCCGYCAATTCMTTTRAGT-3'), with a unique

12-digit barcode [17, 18]. Phusion® High-Fidelity Poly-
merase Chain Reaction (PCR) Master Mix with GC Buffer
(New England Biolabs) was used for PCR as follows:
3 min at 94 °C; 30 cycles of 60 s at 94 °C, 60 s at 56 °C,
and 60 s at 72 °C; and an extension of 10 min at 72 °C.
Replicate PCRs of each sample were conducted, and the
PCR products were combined and subjected to 1.0%
agarose gel electrophoresis. The DNA band with the target
size was excised, and then purified using a GeneJET DNA
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Gel Extraction Kit (Thermo Scientific). The sequencing
samples were prepared with NEB Next® Ultra™ DNA
Library Prep Kit for Illumina (New England Biolabs) per
the manufacturer’s instructions. High-throughput sequenc-
ing was performed with an Illumina MiSeq platform using
the Reagent Kit v2 2 x 250 bp.

Data Processing and Bioinformatics Analysis

The raw data from the high-throughput sequencing were
processed with QIIME Version 1.7.0 [19]. Based on the
barcodes, all the reads were trimmed and then assigned to
each sample. The high-quality reads (length > 300 bp,
without ambiguous base “N”, and average base quality
score > 30) were chosen for further study. The aligned
sequences were tested by chimera check with Gold data-
base (Uchime algorithm), and then chimera sequences were
excluded to obtain effective data. The effective sequences
were clustered into operational taxonomic units (OTUs)
with the software Uparse (v7.0.1001, http://driveS.com/
uparse/) with a 97% identity threshold. Before downstream
analysis, all the samples were re-sampled randomly at the
minimum depth of all samples to minimize the biases of
unequal sequencing depth. Taxonomic information of each
OTU was assigned using the Ribosomal Database Project
classifier (Version 2.2) and Green Gene [20].

Redundancy analysis (RDA) was further performed to
determine which environmental variables were most
strongly related to community composition. In addition, the
16S rRNA gene amplicon sequence data were also ana-
lyzed based on weighted UniFrac distance, alpha diversity
(i.e., Shannon index), and principal coordinates analysis
(PCoA). To predict the gut bacteria mediated function, the
OTU table was normalized by dividing the abundance of
each OTU by its predicted 16S copy number, producing the
Kyoto Encyclopedia of Genes and Genomes (KEGG)
classified functions of the community by the Phylogenetic
Investigation of Communities by Reconstruction of
Unobserved States (PICRUSt). Functional changes of the
gut microbiome in different stages were compared using
the ¢ test.

Results

High-Throughput Sequencing Profile

High-throughput sequencing of 16S rRNA sequences was
employed to determine bacterial community composition
during the nursery phase of 18 water samples from two

adjacent pools in the same facility. All raw sequence data
were deposited under NCBI with accession numbers

@ Springer

SRR9992992-SRR9993009 (https://trace.ncbi.nlm.nih.
gov/Traces/sra/?study=SRP218671).

In total, 409,455 effective sequences were obtained,
with 8218-40,332 sequences per sample (mean =
22,747.5); 23,641 OTUs were detected by clustering at a
97% identity threshold. The sequences were randomly re-
sampled at the minimum depth (8200 sequences per sam-
ple) among samples. To estimate the bacterial diversity in
each sample, alpha diversity indices were calculated based
on the OTUs. Bacterial diversity, estimated by the Shannon
index, varied from 3.432 to 9.029 in the nursery phase.
There was no significant difference in the Shannon index
between the two pools (p > 0.05, t test).

Bacterial Community Composition and Beta
Diversity

Bacteroidetes  (17-58%), Proteobacteria (20-54%),
Cyanobacteria (0.01-41%), and Firmicutes (1-15%) were
the dominant bacterial phyla (relative abundance > 5%),
accounting for more than 80.09% of the bacterial OTUs
(Fig. S1). At the class taxonomic level, we found that the
abundance of Sphingobacteriia and Alphaproteobacteria
increased markedly in the late nursery phase, while the
abundance of Flavobacteriia and Chloroplast decreased
(Fig. 1).

An unweighted pair group method with arithmetic mean
(UPGMA) tree, using weighted UniFrac distances,
revealed the similarity of water samples from the early
development of L. vannamei larvae. The results indicated a
noticeable difference in the bacterial community between
the metamorphosis and postlarval stages (Fig. S1). The
abundance of Cyanobacteria decreased significantly in the
postlarval stage, while that of Bacteroidetes increased.
According to the PCoA (Fig. S2), the very early parallel
samples (L1 and R1) and the samples from the postlarval
stage (L6-L9 and R6-R9) were clustered together,
respectively, which implied a high similarity among bac-
terial communities from different samples. Compared to
the metamorphosis stage (Day 1-Day 10), the composition
of the dominant bacterial populations (relative abun-
dance > 1%) changed in the postlarval stage of L. van-
namei (Day 11-Day 20). Flavobacteriaceae, Bacillales,
Rhodobacteraceae, and Alteromonadales were dominant in
the metamorphosis stage. Saprosporaceae was the most
dominant bacterial population among all samples (Fig. 2).

Relationship Between Bacterial Community
Composition and Environmental Factors

Several environmental factors were measured during the
nursery phase: NHy—N (0.04-0.59 mg/l) and NO,-N
(0.03-0.18 mg/l)  increased markedly, while pH
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Fig. 1 Bacterial community structural dynamics at the class taxonomic level during the nursery phase of larval L. vannamei. L1-L.9 and R1-R9
represent water samples collected successively every 2 days, and the classes with less than 1% relative abundance are not shown

(8.25-7.91), salinity (30-26.3), and
(156-121) decreased slowly over time.

RDA showed that planktonic bacterial community
compositions were influenced by different environmental
factors during nursery rearing. In the metamorphosis stage,
bacterial composition was mainly correlated with salinity,
alkalinity, and pH, whereas that in the postlarval stage was
correlated with NH,—N and NO,—-N (Fig. S3). The RDA for
the water quality indicators suggested that the bacterial
community at different stages (metamorphosis versus
postlarval) was positively correlated with different envi-
ronmental factors.

To analyze the functional changes at different stages
(metamorphosis versus postlarval), KEGG Orthologies
(KOs) with significant change (p < 0.05) between the two
stages were selected. In total, 1, 923 differential expression
KOs were found, which belong to different KEGG path-
ways, such as the two-component system, bacterial secre-
tion system, and biosynthesis of secondary metabolites.
Top 20 KEGG pathways were selected to depict the sig-
nificant functional changes (Fig. 3).

total alkalinity

Discussion

Despite diverse bacterial populations associated with the
rearing environment of L. vannamei larvae, the dominant
bacteria were Bacteroidetes, Proteobacteria, Cyanobacte-
ria, and Firmicutes, representing more than 80.09% of the
bacterial OTUs. Planktonic bacteria could be used as the

indicator of shrimp health status [21, 22]. Meanwhile, as a
source of intestinal microbiota, it has an important effect
on the shrimp microbiome [23]. In addition, previous
studies on the intestinal bacteria of shrimp, postlarvae,
juveniles, and adults showed that the dominant bacteria
were Proteobacteria, followed by Firmicutes and Bac-
teroidetes [24-27]. These phyla were also dominant in
Fenneropenaeus chinensis [28], Penaeus merguiensis [29],
and Nephrops norvegicus [30]. The results implied that
there were numerous common bacterial populations in the
intestines and the surrounding water, while the differences
may be ascribed to changes in relative abundance.

The nursery phase is the key step for farming L. van-
namei. During the nursery phase, the larval diet changes
over time. At the nauplius stage, the nutrient needs are
provided by the yolk, resulting in similar bacterial flora
between the eggs and ambient water [31]. Since no
plankton feeding occurs at this stage, there is little impact
on bacterial community structure (Fig. S1, L1 and RI1).
When the shrimp larvae become zoeae on Day 3, they
begin to eat unicellular algae and/or plant debris. Then,
they begin to eat zooplankton or animal debris when they
become myses. Thus, this shift influences the microbial
community, as shown by the temporal dynamics of the
bacterioplankton community (Fig. 1). The abundance of
Cyanobacteria decreased noticeably after Day 3, while
Flavobacteria abundance increased during the metamor-
phosis stage. At the start of the experiment, because of
similar biotic backgrounds (same algae species and shrimp
eggs from the same broodstock) and environmental
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Fig. 2 Comparison of the dominant bacterial populations at genus
level in the aquaculture environment during the nursery phase of L.
vannamei larvae. The OTUs without genus-level information were
clustered based on the lowest taxon information. Pie charts reflect the
relative abundance of each dominant operational taxonomic unit

conditions (same seawater, facility, and management), the
results showed that bacterial communities in the two par-
allel pools were very similar at the beginning. Thereafter,
bacterial community structure diverged in the subsequent
days, leading to a high level of dissimilarity between the
two parallel pools. Therefore, the bacterioplankton com-
munities were strongly affected by the larval shrimp stage.
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(OTU) (relative abundance > 1%) at two stages (blue represents the
metamorphosis stage, Day 1 to Day 10; red represents the postlarval
stage, Day 11 to Day 20); and the size of the pie chart reflects the total
number of dominant OTUs in all samples

In contrast, postlarval shrimp eat benthic or sedimentary
organisms. However, there were no marked changes in
microbiota observed during the postlarval stage, suggesting
relatively stable bacterioplankton communities (Fig. S2).
This is likely because the postlarval diet does not change as
it does during metamorphosis.
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Bacteroidetes and Flavobacteria may degrade various
kinds of organic matter, thus providing available nutrients
to Proteobacteria [32]. Compared to the healthy samples,
the relative abundance of Gammaproteobacteria was higher
in the diseased samples, which showed better adaptability
to oligotrophic seawater environments [33, 34], indicating
that the diseased shrimp ponds with low nutrient level
could be more adaptable for opportunistic pathogens. In
this study, Chloroplast may be prokaryotic or eukaryotic
microalgae according to the taxonomic information of each
OTU assigned. Therefore, Chloroplast could be taken as a
symbol of the relative abundance of microalgae in a
microbial community, which suggest the importance of
microalgae in environmental regulation in the postlarval
stage.

Zheng et al. [35] found that healthy shrimp were colo-
nized widely by Proteobacteria and Bacteroidetes at all
growth stages, which varied in relative abundance. Con-
sistent with that study, Proteobacteria and Bacteroidetes, as
the dominant phyla in the water environment, occurred at
all stages of the nursery phase. The two phyla were also
commonly found in other growth stages of L. vannamei
[7, 8] and other aquatic animals, such as black tiger shrimp
(Penaeus monodon) [22], turbot (Scophthalmus maximus),
and sole (Solea senegalensis) [36]. Bacteroidetes may play
an important role in dissolved organic matter uptake [37]
and degradation of diverse biopolymers (cellulose, chitin,
etc.) [32]. Similarly, Proteobacteria are distributed exten-
sively in seawater environments and might participate in
the degradation of complex substances [38]. Although the
two dominant phyla were present throughout the nursery,
the main bacterial groups shifted at different growth stages.

In mariculture of shrimp postlarvae, the developmental
stage is a crucial biological factor affecting the gut
microbial composition [39]. Development can be divided
into three stages depicting varied gut microbial community
[40]. Compared to the microbiome in the water environ-
ment, the gut microbiomes of adult shrimp among different

Respose ratio at 95% confidence interval

locations were more similar, indicating the stability of the
gut microbiome in adults [12, 13]. Compared to the post-
larval stage, the environmental microbiome in the meta-
morphosis stage was highly variable. Dietary differences
and digestive system development might be responsible for
the changes in bacterial composition.

Several studies have predicted the functional capacity of
shrimp microbiota by PICRUSt and have revealed that
shrimp microbial functions varied in different organs and at
different developmental stages and lifestyle [14], and even
among wild, aquacultured and acute hepatopancreatic
necrosis syndrome (AHPND)/early mortality syndrome
(EMS) outbreak conditions [36]. In addition, in the present
study, we also performed functional analysis of the water
microbiome in the rearing environment of metamorphosis
and postlarval stages of shrimp. Function prediction results
showed that the KEGG pathways in lipid metabolism,
biosynthesis of other secondary metabolites, and infectious
diseases and immune system diseases were significantly
upregulated in the postlarval stage, which suggests diver-
gent functions of water environment microbiota between
both stages. The results implied that environmental
microorganisms may have an impact on the health of
shrimp through changes in microbial function, which are
caused by the high abundance of opportunistic pathogens.
Meanwhile, the increase in bacterial metabolites could
elevate the environmental stress level, thus leading to a low
survival rate of shrimp postlarvae.

In conclusion, this study provides basic knowledge of
the relationship between environmental microbiota and the
nursery stage of shrimp larvae in aquaculture using high-
throughput sequencing. In our study, Bacteroidetes, Pro-
teobacteria, Cyanobacteria, and Firmicutes were the dom-
inant phyla in the water environment during nursery
rearing. The microbial community in the metamorphosis
stage was unstable. However, in the postlarval stage, the
microbiota varied from that of the metamorphosis stage
and was more stable. The microbiota composition in the
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ambient water was notably affected by growth stage.
Finally, our work fills the knowledge gap on the dynamics
of bacterioplankton communities during the metamorpho-
sis stage.
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