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Abstract: Considering the crucial role of the gut microbiome in animal health and nutrition, solutions
to shrimp aquaculture challenges, such as improving disease resistance and optimizing growth on
lower cost feeds, may lie in manipulation of their microbial symbionts. However, achieving this goal
will require a deeper understanding of shrimp microbial communities and how their composition is
influenced by diet formulation, environmental conditions, and host factors. In this context, the current
study investigated the intestinal bacterial communities of the Pacific whiteleg shrimp (Litopenaeus
vannamei—the most widely aquaculture-farmed shrimp worldwide) reared in indoor aquaculture
facilities and outdoor pond systems. While samples showed very consistent intestinal bacterial
community profiles within each production system, major differences were uncovered between the
two practices. Indeed, bacteria affiliated with Rhodobacteraceae (Proteobacteria) and Actinobacteria
were significantly more abundant in indoor samples (84.4% vs. 5.1%; 3.0% vs. 0.06%, respectively),
while Vibrionaceae (Proteobacteria), Firmicutes, Fusobacteria and Cyanobacteria were predominant
in pond samples (0.03% vs. 44.8%; 0.7% vs. 36.0%; 0.0% vs. 7.9%; 0.001% vs. 1.6%, respectively).
Accordingly, the abundance of 11 of the 12 most prominent Operational Taxonomic Units (OTUs)
were found to be statistically different between the two production environments. Together, these
results indicate that aquaculture practices greatly influence the intestinal bacterial profile of the
whiteleg shrimp, and further suggest that bacterial communities of this economically important
crustacean could be effectively manipulated using diet composition or environmental conditions.

Keywords: aquaculture; intestinal microbiome; Pacific whiteleg shrimp

1. Introduction

Shrimp is one of the most important seafood traded worldwide, with more than 3.4 million
tons marketed each year at an estimated wholesale price ranging between $3800 and $8800 USD
per ton [1]. As the global human population continues to grow, shrimp supplies will need to
double in the next 20 years in order to meet future demand [2]. As wild harvest capture has grown
stagnant [3], aquaculture has become the most viable alternative to meet current and future shrimp
market demands [2]. Indeed, 55% of the annual global shrimp supply in 2018 was produced by
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farming [4], suggesting that aquaculture has the capacity to provide consumers with a consistent and
reliable supply of product [5]. While still in its infancy, shrimp farming has shown great potential for
high productivity at reduced costs. For instance, aquaculture-raised shrimp have shown twice the
growth rates of wild stocks, indicating great potential to further increase production [6]. Due to its
tolerance to a wide range of salinities and temperatures, whiteleg shrimp (Litopenaeus vannamei), also
known as Pacific white shrimp or king prawn, is the most widely farmed shrimp worldwide [7,8].

Outdoor ponds with close access to ocean water represent the most popular and basic design
for shrimp farming. Regular exchanges with ocean water are used to both replenish food sources
for growing shrimp and to evacuate waste from the ponds. Variations amongst production systems
are typically a function of stocking density, which primarily affects ocean water inputs needed to
maintain water quality [9]. Since they require minimal inputs to ensure growth, ponds represent an
attractive, low-cost production system [10]. However, the impact of pond-based production on the
environment, as well as risks for pathogen outbreaks, are cause for concern. Effluent from shrimp
production ponds is a significant source of chemical and biological pollutants in ocean waters that
can harm natural aquatic habitats that are sensitive to excessive nutrient loads [2,5]. The exposed
nature of open ponds means they typically have limited protection against exposure to pathogens,
with high density ponds at greater risk of experiencing outbreaks as a result of increased pollution
and stress conditions [6]. Heavy losses in shrimp production due to disease have historically been
a defining feature of this industry [11], particularly from pathogens of the Enterobacteriaceae family,
which include species affiliated to Pseudomonas, Flavobacterium, Escherichia, Aeromonas, Vibrio, Rickettsia,
Shewanella and Desulfovibrio [12]. Once infected, ponds themselves present a risk for contaminating
wild populations residing in nearby native waters [11]. Treatment of pond water with antibiotics is
a common strategy to mitigate risk of disease, but this practice can lead to the selection of resistant
microbial strains that could be transferred to the human food supply [13], as well as surrounding
natural waters. The trend for stricter antibiotic regulations worldwide in livestock production also
indicates that alternative methods in aquaculture will be needed in the near future.

In contrast to ponds, indoor facilities for shrimp farming allow tighter biosecurity control and
help lower the environmental footprint of aquaculture. While they require more costly investments
in infrastructure, such as recirculating water systems, indoor facilities can dramatically minimize
exposure to environmental pathogens, provide better control of water quality with reduced impact on
the environment, and provide safer seafood products that are free from food-borne contaminants [2].
Besides facility costs, the other main disadvantage of indoor aquaculture is the need to formulate diets
that optimize shrimp growth at reduced costs. Ingredients have traditionally been derived from fish
byproducts such as fish meal and fish oils, but the higher cost of these feedstuffs and other animal
protein sources has motivated the use of plant-derived proteins [12,14]. However, because plant
products are not natural components of shrimp diets, and contain high levels of carbohydrates and
anti-nutritional factors that shrimp have not evolved to digest, high inclusion levels may result in
sub-optimal growth and poor health [12].

Considering the overarching importance of the intestinal microbiome in animal health and
nutrition [15], manipulation of beneficial microbial communities in the shrimp gut may provide
solutions to improve resistance to pathogens without prophylactic use of antibiotics, as well as to
optimize growth on alternative protein sources. Research to date has found that the gut bacterial profile
in healthy shrimp consists primarily of Proteobacteria, consistent with marine fish [16], which is in stark
contrast to the microbiome of terrestrial animals in which Firmicutes and Bacteroides are typically
dominant [17]. Indeed, these latter phyla have so far been found to be minor components of the
shrimp gut microbiome, and their abundance appears to be highly dependent on local environmental
conditions and diet composition [12]. There is limited knowledge to date on the effect of aquaculture
practices on the shrimp gut microbiome [15]. For instance, biosafety measures to prevent pathogen
outbreaks may also inadvertently reduce or prevent colonization of indoor raised shrimp with
beneficial bacteria found in natural environments [15]. Since early gut microbial colonization events



Microorganisms 2019, 7, 93 3 of 14

can impact the future performance or productivity of an animal, proper microbiome development
may be detrimentally altered in aquaculture raised shrimp [14]. Conversely, gut bacterial communities
of shrimp have been shown to adapt to commercially formulated diets, indicating that the shrimp
microbiome can be manipulated through dietary ingredients [14].

Since diet and host genetics, as well as a number of environmental conditions such as water
temperature, salinity, and sulfide concentrations, can affect the gut microbiome composition of whiteleg
shrimp [12], we hypothesized that the intestinal bacterial communities of this highly farmed aquatic
species would differ between the two main types of aquaculture systems. To this end, the study
presented in this report compared the intestinal bacterial profile of whiteleg shrimps raised in an
indoor facility with individuals of the same species collected from two pond systems. Within each
production system, which were operated under their respective normal practices, samples showed very
consistent taxonomic profiles and gut bacterial community structures. However, major differences in
taxonomic affiliations and Operational Taxonomic Unit (OTU) profiles were uncovered between shrimp
raised in an indoor facility and shrimp raised in ponds. Together, these results indicate that aquaculture
farming conditions greatly influence the composition of the white-leg shrimp gut microbiome.

2. Materials and Methods

2.1. Sample Collection and Harvesting of Shrimp Intestinal Tissue

Shrimp were captured from three different production environments (as described below).
Intestinal tissue was harvested from each animal using the following procedure. The telson was
removed with scissors distal to the sixth abdominal segment, then the posterior end of the carapace
was lifted to expose the hepatopancreas and the proximal end of the gut. The intestine was then excised
with sterile tweezers starting at the hepatopancreas on through to the hind gut. Each sample consisted
of intestinal tissue pooled from five individual shrimp from the same population (see description
below) to ensure sufficient material was available for DNA extraction. All harvested intestinal tissue
samples were stored at −20 ◦C until DNA extraction.

2.2. Study Site for the Indoor-Raised Shrimp

The trū Shrimp Innovation Center (330 3rd Street, Balaton, MN, USA; 44.2◦ N 95.8◦W) is a research
campus designed to industrialize indoor aquaculture techniques for shrimp production. The facility
contains nearly 200 clearwater and biofloc research tanks, as well as other commercial production
tanks of various sizes and configurations. Indoor-raised shrimp were maintained at 28 ± 1 ◦C in
temperature-controlled tanks. Water management was carried out using separate indoor recirculating
aquaculture systems, one for each tank, utilizing fresh water processed by reverse osmosis then
mixed at 28 g Marinemix (Marine Enterprises International, LLC., Baltimore, MD, USA) to one-liter
production water. Total ammonia nitrogen (TAN) levels were maintained at less than 3.0 mg/mL,
nitrite levels below 4.5 mg/mL, and nitrate levels never exceeded 100 mg/mL. Evaporated water was
replaced with fresh water as needed to maintain salinity at 28 ppt. Stocking densities were maintained
in the standard range of intensive production systems at 30–60 shrimp per cubic meter, with feed
offered continuously. All culture tanks were supplemented with a commercial blend of probiotic
bacteria (BioWish 3P, BioWish Technologies, Cincinnati, OH, USA) containing Pediococcus acidilactici,
P. pentosaceus, Lactobacillus plantarum and Bacillus subtilis. The probiotic was provided as a daily dose of
0.025 g/100 L, which was manually administered over the course of a 24-h period.

Fourteen healthy indoor-raised aquaculture samples were obtained from six production tanks
fed three separate diets at three different time points (see Table 1 for sample description). The diets
fed all contained 35% crude protein, and consisted of Production 35% (Rangen Inc., Buhl, ID, USA),
Hyper-Intensive 35 (Zeigler Bros. Inc. Gardners, PA, USA) and tSC (tSC 35%, tSC Grow Out, Balaton,
MN, USA). Data from partial nutrient composition of diets used is presented in Table 2. As they did
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not require long distance transportation, no preservative was added to intestinal tissue samples from
indoor-raised shrimp, and they were immediately stored at −20 ◦C after dissection.

Table 1. Culture tank assignment, diet, time points, average length, and weight of shrimp sampled
from the indoor production facility.

Tank Diet Time Point (day) Sample Average
Weight (g)

Average
Length (cm)

ST1 Rangen 34 I-R-34 a 1.304 5.2
ST2 Zeigler 34 I-Z-34 a 1.453 5.3
ST3 tSC 34 I-t-34 a 1.248 5.0
STA Rangen 34 I-R-34 b 1.872 5.8
STB Zeigler 34 I-Z-34 b 1.278 5.1
STC tSC 34 I-t-34 b 1.258 5.1
ST1 Rangen 44 I-R-44 a 2.357 6.3
ST2 Zeigler 44 I-Z-44 a 2.381 6.3
ST3 tSC 44 I-t-44 a 2.693 6.6
STA Rangen 44 I-R-44 b 2.387 6.3
STB Zeigler 44 I-Z-44 b 2.428 6.4
STC tSC 44 I-t-44 b 2.039 6.0
ST3 tSC 70 I-t-70 a 7.256 8.8
STC tSC 70 I-t-70 b 8.868 9.2

The a or b are indicative of replicates of the same treatment.

Table 2. Partial nutrient content of aquaculture diets a. Values are expressed as percentage (%).

Diet Name Protein b Fat Fiber Ash Manufacturer

Hyper-Intensive 35 35 (M,P) 7 2 13 Zeigler
Production 35% 35 (M,P) 8 3 15 Rangen
tSC 35 35 (P) 9 2 12 tSC
Bumper Crop 35 (M) 8 3 12 Vimifos

a Formulation of all diets presented in this table are proprietary. b Primary source of protein ingredients in the diet:
marine animal (M), plant (P).

2.3. Pond-Raised Shrimp

Samples from healthy, pond-raised shrimp were obtained from two farms. Ten samples were
collected from a shrimp farm located on the coast of Kino Bay (Sonora, Mexico—samples labeled ‘KB-’),
and five other samples were obtained from a farm located near Obregon (Sonora, Mexico—samples
labeled ‘Ob-’). Ponds averaged a depth of 1.5 meters, with stocking densities maintained within
a range typical of intensive production systems (30–60 shrimp/m3). Water chemistry testing was
conducted weekly to monitor levels of TAN, nitrite, nitrate and alkalinity. These parameters were used
to determine the rates of water exchange to maintain water quality, which ranged from 0% to 20%. Both
sites fed the same commercial diet (Bumper Crop, Vimifos S.A. de C.V., Guadalajara, Jalisco, Mexico;
data from partial nutrient composition is presented in Table 2), with the Obregon farm ponds receiving
a daily dose of phytochemicals as a dietary supplement. Feed was offered at scheduled times during
the day (5 a.m., 12 p.m. and 5 p.m.). Pond sampled shrimp were harvested at approximately day 80 of
age, then dissected on site. Intestinal samples were preserved in 100% ethanol for transportation, and
then stored at −20 ◦C upon arrival at the host laboratory.

2.4. Wild-Caught Shrimp

It is very challenging to obtain wild-caught shrimp that are not degraded from storage or
preservation methods on a fishing vessel. Therefore, only one wild-caught sample (five shrimp
from the same catch) of high quality could be obtained for this study. These shrimp of undetermined
age and natural diets were caught in the Gulf of California (34 to 36 ppt salinity). Dissected intestinal
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samples were preserved in 100% ethanol for transportation, then stored at −20 ◦C upon arrival at
the host laboratory. Because a single sample increases the risk of potential bias, the microbiome
composition of the wild caught sample was only used as a qualitative reference.

2.5. Microbial DNA Isolation and PCR Amplification

Microbial DNA was isolated from shrimp intestinal samples using the repeated bead beating
plus column method, as described by Yu and Morrison [18]. The V1–V3 region of the bacterial 16S
rRNA gene was PCR-amplified using the 27F forward [19] and 519R reverse [20] primer pair. PCR
reactions were performed with the Phusion Taq DNA polymerase (Thermo Scientific, Waltham, MA,
USA) under the following conditions: hot start (4 min, 98 ◦C), followed by 35 cycles of denaturation
(10 s, 98 ◦C), annealing (30 s, 50 ◦C) and extension (30 s, 72 ◦C), then ending with a final extension
period (10 min, 72 ◦C). PCR products were separated by agarose gel electrophoresis, and amplicons
of the expected size (~500 bp) were excised for gel purification using the QiaexII Gel extraction kit
(Qiagen, Hilden, Germany). For each sample, approximately 400 ng of amplified DNA were submitted
to Molecular Research DNA (MRDNA, Shallowater, TX, USA) for sequencing with the Illumina MiSeq
2X300 platform to generate overlapping paired end reads.

2.6. Computational Analysis of PCR Generated 16S rRNA Amplicon Sequences

Unless specified, sequence data analysis was performed using custom written Perl scripts
(available upon request). Raw bacterial 16S rRNA gene V1–V3 amplicon sequences were provided
by Molecular Research DNA as assembled contigs from overlapping MiSeq(2X300) paired-end reads
from the same flow cell clusters. Reads were then selected to meet the following criteria: presence of
both intact 27F (forward) and 519R (reverse) primer nucleotide sequences, length between 400 and
580 nt, and a minimal quality threshold of no more than 1% of nucleotides with a Phred quality score
lower than 15.

Following quality screens, sequence reads were aligned, then clustered into Operational
Taxonomic Units (OTUs) at a genetic distance cutoff of 5% sequence dissimilarity [21]. While 3%
is the most commonly used clustering cutoff for 16S rRNA, it was originally recommended for full
length sequences, and may not be suitable for the analysis of specific subregions since nucleotide
sequence variability is not constant across the entire length of the 16S rRNA gene. In this context,
if 3% is a commonly accepted clustering cutoff for V4 or V4–V5 regions, which are the least variable of
the hypervariable regions, then a higher cutoff should be used for the V1–V3 region, since V1 is the
most variable region of the 16S rRNA gene. These and other considerations on the use of 5% as an
OTU clustering cutoff can be found in Supplementary Materials and Methods. OTUs were screened
for DNA sequence artifacts using the following methods. Chimeric sequences were first identified
with the chimera.uchime and chimera.slayer commands from the MOTHUR open source software
package [22]. Secondly, the integrity of the 5′ and 3′ ends of OTUs was evaluated using a database
alignment search-based approach; when compared to their closest match of equal or longer sequence
length from the NCBI nt database, as determined by BLAST [23], OTUs with more than five nucleotides
missing from the 5′ or 3′ end of their respective alignments were discarded as artifacts. Finally, single
read OTUs were removed from the analysis.

After the removal of sequence chimeras, artifacts, and singleton OTUs, taxonomic assignment
of OTUs was determined using a combination of RDP Classifier [24] and BLAST [23]. The List
of Prokaryotic Names with Standing in Nomenclature (LPSN http://www.bacterio.net) was also
consulted for information on valid species belonging to taxa of interest [25].

2.7. Computational Analysis for Alpha and Beta Diversity

Using custom Perl scripts, each dataset was randomly rarefied to 5000 reads, with the 50 iterations
created for each sample used to create ‘shared’-type formatted files. All subsequent steps were
performed using commands in MOTHUR [22]. Chao1, Shannon and Simpson indices, as well

http://www.bacterio.net
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as observed OTUs and coverage, were determined from the shared files using summary.single.
Rarefaction curves can be found in Supplementary Figure S1. For Principal Coordinate Analysis
(PCoA), Bray-Curtis distances were first determined using summary.shared, which were then used
as input for the command pcoa. Principal Components 1 (PC1) and 2 (PC2), representing the highest
level of variation, were plotted using Microsoft®Excel. Hierarchical cluster analysis was performed
using the online tool iDEP.81 (http://bioinformatics.sdstate.edu/idep) to produce a visual heatmap.

2.8. Statistical Analysis

An independent t-test was used to compare the relative abundance of bacterial taxonomic groups
and OTUs between different production systems, respectively (GraphPad Software, https://www.
graphpad.com/quickcalcs/ttest1.cfm). The means of two groups were considered to be significantly
different when P ≤ 0.05.

2.9. Accession Numbers for Next Generation Sequencing Data

Raw sequence data are available from the NCBI Sequence Read Archive under Bioproject
PRJNA522274 and SRA accession SRP185856. Accession numbers for individual samples are provided
in Supplementary Table S1.

3. Results

3.1. Comparative Analysis by Taxonomic Composition

A total of 699,259 high quality and chimera/artifact-free reads were used for analysis, with an
average of 22,698 ± 1744 reads per sample for the indoor-raised shrimp samples, 24,796 ± 4223 reads
per sample for the pond samples, and 9539 reads for the wild-caught sample. A total of 6988 sequence
reads, ranging between 22 and 1025 reads per sample, were designated as ‘unclassified’ because they
could not be assigned to a known phylum.

Gut bacterial communities of indoor- and pond-raised whiteleg shrimp were found to be very
different (P < 0.05) in taxonomic profiles. Proteobacteria was overall the most dominant phylum
across the samples analyzed, but significantly higher levels were found in indoor samples (88.6%)
compared to ponds (51.8%) (Table 3). More discernable differences were observed between the two
aquaculture environments at the family level, as bacterial communities from indoor samples were
primarily composed of members of the Rhodobacteraceae family (84.4%), while Vibrionaceae were
found to be the most abundant in pond samples (44.8%). In addition, Firmicutes, Fusobacteria
and Cyanobacteria were found in much higher abundance in pond samples (36.0%, 7.9% and 1.6%,
respectively) compared to indoor samples (0.7%, 0.0% and 0.001%, respectively), in contrast to
Actinobacteria, which were more highly represented in indoor samples (3.0% vs. 0.06%). While the
limited number of wild-caught samples did not allow a statistically-based comparison, a qualitative
assessment of abundance values revealed that the overall taxonomic composition of wild-caught
shrimp was more similar to pond-raised shrimp than shrimp farmed in indoor facilities (Table 1,
Figure 1).

http://bioinformatics.sdstate.edu/idep
https://www.graphpad.com/quickcalcs/ttest1.cfm
https://www.graphpad.com/quickcalcs/ttest1.cfm
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Table 3. Relative abundance (%) of main bacterial taxonomic groups in the intestinal tract of whiteleg
shrimp raised under two different production systems and from a wild population.

Taxonomic Affiliation Indoor a Ponds a Wild

Proteobacteria # 88.6 ± 3.8 51.8 ± 5.4 60.0
Rhodobacteraceae # 84.4 ± 3.8 5.1 ± 5.1 2.7

Vibrionaceae # 0.03 ± 0.01 44.8 ± 5.9 53.5
Other Proteobacteria # 4.2 ± 0.9 1.8 ± 0.7 3.8

Firmicutes # 0.7 ± 0.1 36.0 ± 5.9 18.7
Fusobacteria # 0.0 ± 0.0 7.9 ± 2.4 3.2
Bacteroidetes 2.2 ± 2.0 1.6 ± 0.5 2.2
Candidatus Saccharibacteria 2.7 ± 2.2 0.5 ± 0.05 0.0
Cyanobacteria # 0.001 ± 0.001 1.6 ± 0.8 7.6
Actinobacteria # 3.0 ± 1.1 0.06 ± 0.05 0.2
Other phyla 1.6 ± 1.2 0.3 ± 0.2 6.0
Unclassified bacteria 1.2 ± 0.3 0.8 ± 0.2 2.3

a Values shown represent mean and standard error of the mean, respectively. # Means of indoor and ponds samples
were statistically different (P < 0.05).Microorganisms 2019, 7, x FOR PEER REVIEW 7 of 14 
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3.2. Comparative Alpha and Beta Diversity Analyses

To further explore differences in bacterial community composition between the shrimp farming
environments investigated, we conducted an alpha diversity analysis. Gut bacterial communities
of indoor and pond-farmed shrimp were not found to be statistically different in terms of number
of observed OTUs or diversity indices such as chao1, ace, Shannon or Simpson (Table 4). However,
PCoA using Bray-Curtis distances based on OTU compositional dissimilarity showed clear differences
between the intestinal bacterial communities of shrimp raised indoor and those from pond-farmed
shrimp (Figure 2). With the exception of the Ob-1 sample, there was a clear separation between the
respective sets of samples. Similarly, hierarchical cluster analysis also indicated that indoor and pond
samples (with the exception of the Ob-1 sample) grouped separately based on their OTU composition
(Figure 3).
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Table 4. Alpha diversity indices and coverage from gut bacterial communities of whiteleg shrimp
raised under two different production systems.

Index Indoor Ponds P Value Wild

Observed OTUs 252 ± 27 177 ± 30 0.0746 422
Ace 1488 ± 327 788 ± 258 0.1082 660

Chao1 724 ± 119 462 ± 129 0.1441 609
Shannon 2.21 ± 0.12 2.13 ± 0.13 0.6403 3.00
Simpson 0.28 ± 0.02 0.28 ± 0.03 0.9682 0.23

Coverage (%) 96.7 ± 0.4 97.9 ± 0.5 0.0685 96.1



Microorganisms 2019, 7, 93 9 of 14
Microorganisms 2019, 7, x FOR PEER REVIEW 9 of 14 

 

. 

Figure 3. Hierarchical cluster analysis based on the 200 most abundant OTUs from the intestinal 
bacterial communities of white-leg shrimp. 

  

Figure 3. Hierarchical cluster analysis based on the 200 most abundant OTUs from the intestinal
bacterial communities of white-leg shrimp.

3.3. Comparative Analysis of Prominent OTUs

To gain further insight, the most abundant bacterial OTUs identified in this study were
investigated in more detail (a complete OTU table is provided in Supplementary Table S2). As expected
from the taxonomic composition and beta diversity analyses presented above, the profile of main
bacterial OTUs from the gut of indoor-raised shrimp was very different from pond-farmed shrimp,
with the abundance of 11 of the 12 most prominent OTUs found to be statistically different between
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the two environments (Table 5). The four prominent OTUs of indoor-raised shrimp (SD_Shr-00001,
SD_Shr-00002, SD_Shr-00006, and SD_Shr-00009) were affiliated to the family Rhodobacteraceae
(phylum Proteobacteria), together representing on average 72.2% of identified bacteria in these samples,
in contrast to 4.1% in pond-raised shrimp. Six other main OTUs were dominant in pond-raised
shrimp, and they were affiliated to Vibrionaceae of the phylum Proteobacteria (SD_Shr-00004 and
SD_Shr-00005), Firmicutes (SD_Shr-00003 and SD_Shr-00008), as well as Fusobacteria (SD_Shr-00007
and SD_Shr-00015). Interestingly, five of the main pond OTUs were not detected in indoor-raised
shrimp. Wild-caught shrimp showed a distinct OTU profile as well, with predominance of
SD_Shr-00005 and SD_Shr-00046, which were found in much higher abundance in this sample
compared to either indoor or pond-raised shrimp. All Proteobacteria-affiliated main OTUs were found
to be very closely related to a known species, with sequence identity values ranging between 98.5% and
99.6%, indicating that each may have represented a strain of its respective closest relative. Conversely,
two of the Firmicutes-affiliated OTUs that were prominent in pond-raised shrimp (SD_Shr-00003 and
SD_Shr-00008) showed very limited identity to their respective closest validated taxon, indicating
that they may have corresponded to members of a bacterial phylogenetic lineage that is yet to
be characterized.

Table 5. Relative abundance (%) of main Operational Taxonomic Units (OTUs) in the intestinal tract of
whiteleg shrimp raised under two different production systems and from a wild population.

OTUs Indoor a Ponds a Wild Closest Valid Taxon (id%)

Proteobacteria
SD_Shr-00001 # 37.9 ± 4.9 1.5 ± 1.5 0.07 Phaeobacter piscinae (98.5%)
SD_Shr-00002 # 23.8 ± 3.1 2.3 ± 2.2 0.2 Thalassobacter stenotrophicus (98.5%)
SD_Shr-00004 # 0.02 ± 0.007 26.8 ± 4.6 1.8 Vibrio alginolyticus (99.1%)
SD_Shr-00005 # 0.0 ± 0.0 6.4 ± 2.3 46.4 Photobacterium damselae (99.1%)
SD_Shr-00006 # 7.8 ± 2.1 0.2 ± 0.1 0.4 Ruegeria profundi (99.4%)
SD_Shr-00009 # 2.7 ± 0.8 0.1 ± 0.1 0.09 Roseovarius pacificus (99.6%)

Firmicutes
SD_Shr-00003 # 0.0 ± 0.0 28.2 ± 6.2 0.5 Oceanobacillus iheyensis (80.9%)
SD_Shr-00008 # 0.0 ± 0.0 3.5 ± 1.1 0.09 Oceanobacillus iheyensis (80.6%)
SD_Shr-00046 # 0.003 ± 0.001 0.02 ± 0.004 12.2 Romboutsia lituseburensis (98.2%)

Fusobacteria
SD_Shr-00007 # 0.0 ± 0.0 4.4 ± 1.7 0.1 Propionigenium maris (96.4%)
SD_Shr-00015 # 0.0 ± 0.0 1.7 ± 0.6 3.0 Propionigenium modestum (91.3%)

Cyanobacteria
SD_Shr-00021 0.0 ± 0.0 0.8 ± 0.5 2.5 Gloeobacter kilaueensis (86.2%)

a Values shown represent mean and standard error of the mean, respectively. # Means of indoor and ponds samples
were statistically different (P < 0.05).

4. Discussion

In this study, the intestinal bacterial communities of whiteleg shrimp raised under different
aquaculture production systems were investigated. Considering the paucity of data available from
indoor-raised shrimp, samples were collected from animals fed different diets at various stages of their
development in an effort to be representative of potential variability in bacterial profiles. Remarkably,
indoor-raised samples showed very homogenous gut bacterial taxonomic composition and community
structures regardless of diet and growth stage, as best shown by PCoA analysis (Figure 2). While gut
bacterial profiles from pond-raised shrimp were not as closely related to each other as indoor samples,
they were consistent as a group and very distinct from those of indoor-raised shrimp. Notably, 11 of
the most abundant OTUs were significantly different between the two types of samples, suggesting an
effect of production systems on the intestinal bacterial communities of the whiteleg shrimp.

In terms of phylogeny, genetics and metabolic potential, bacteria typically represent the most
diverse group of microorganisms in animal gut environments. The relationship between a host and
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its symbiotic bacteria is the result of co-evolution between the two entities, as mutually beneficial
adaptations are selected to favor their association [12]. The development of gut microbial communities
in hatchling or neonatal animals involves successive waves of colonization and succession, concurrent
with the development, maturation, and food habits of their host. The development of the intestinal
microbiome in whiteleg shrimp starts during the fifth nauplius stage, as movement of fluid through
the gut is initiated by the anal pore, later followed by major changes at mysis and early post larval
stages that occur as a result of feeding on invertebrates such as Artemia and Rotifera spp. after
hatching [12]. Gut bacterial communities during all developmental stages consist primarily of
Proteobacteria, Bacteroidetes and Actinobacteria [14], with representation of each group fluctuating in
response to diet changes and development of their host. Other factors, such as salinity, stress, host
immune response, exposure to antibiotics, and environmental conditions can affect the composition of
gut microbial communities [15]. Consequentially, these factors have a great influence on the ability of
gut microbiomes to contribute to the health and nutrition of their host prior and during the productive
stages of their life cycle. While many of the mechanisms involved remain to be resolved, a wide body
of research focused on humans and animal models has indicated that the type of microorganisms that
a young animal is exposed to can affect the composition of its microbiome as it matures.

In natural aquatic systems, shrimp are exposed to microorganisms from water and sediments
which provide a pool or source of potential symbionts that can colonize their intestinal tract at various
stages of their development [15]. Indeed, at least ninety genera have been found to be shared amongst
pond sediments, pond water and the shrimp intestinal tract, with the most similarities found between
sediment and gut profiles [26]. Because Lactobacillus, Streptococcus and Bacillus are the most abundant
shared genera in the shrimp intestinal tract (1.0%, 0.93% and 0.37%, respectively) [12], and that they
are already used as probiotics in humans and other food animals, they have been a major source of
probiotics in the shrimp aquaculture industry. While their abundance tends to be low (<1%) in the
shrimp intestinal environment, their use as probiotics has been found to be beneficial to the immunity
of the host and its efficiency in digesting commercial diets [14]. In this current study, however, they
were found at much lower levels, with Lactobacillus identified in only one pond shrimp sample (0.01%),
Streptococcus in three indoor shrimp samples and one pond shrimp sample (0.02% or less), and Bacillus
not detected in any of the shrimp samples analyzed. However, it is possible that these probiotic species
could affect the composition of bacterial communities in the gut of indoor-raised shrimp even if they
do not appear to become established in that environment. As suggested elsewhere [12], perhaps
probiotic formulations for shrimp production should include beneficial bacterial strains that are native
to the shrimp gut.

A number of animal health problems in shrimp can be caused by poor nutrition, as it leads
to undeveloped or weak individuals that become more susceptible to disease [17]. The risk for
such nutrition problems may be higher with commercial dietary formulations, since the industry is
transitioning from fish meal and oils to plant-based ingredients in order to reduce operating costs [12].
Even though the shrimp sampled from indoor production tanks were sourced from distinct tank
populations, had independent water sources and management, and were each fed one of three dietary
treatments, their gut bacterial profiles were remarkably similar (Figures 1 and 2). Because the indoor
diets were formulated using varying combinations of animal and plant-derived protein sources,
these results would indicate that while shrimp gut bacterial profiles are highly influenced by dietary
ingredients, as shown by the comparison between indoor-raised and pond-raised shrimp in this
report, bacterial composition may not be as sensitive to variations in formulations with the same
set of ingredients. Plant-derived protein sources in commercial shrimp diets tend to also include
polysaccharides and anti-nutritional factors, which the shrimp intestinal tract and natural microbiome
have not evolved to digest effectively. Interestingly, while members of the phylum Bacteroidetes are
typically considered to be the main utilizers of plant polysaccharides in most gut environments, their
abundance was not found to vary significantly amongst the different shrimp production environments
investigated (Table 3). While future investigations will be required to elucidate the mechanisms
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involved, perhaps bacteria from other phyla allow farmed shrimp to effectively use plant-derived
protein ingredients. Likely candidates would include SD_Shr-00001, SD_Shr-00002, SD_Shr-00006, and
SD_Shr-00009, which were OTUs affiliated to Rhodobacteraceae that were much more abundant in
indoor-raised shrimp compared to pond or wild-caught populations. Intriguingly, Firmicutes have
been reported in higher abundance in the gut of whiteleg shrimp fed corn starch compared to shrimp
fed glucose and sucrose [27].

In addition to diet, exposure to stress or other perturbations can disrupt composition of gut
microbiomes resulting in a state of dysbiosis which can provide an opportunity for pathogenic bacteria
to thrive, leading to disease [17]. During the shrimp production cycle, stress can be induced from
overcrowding or changes in water salinity and quality [12]. While their effect may be undetectable
under normal farming conditions, opportunistic pathogens are thought to be ubiquitous in the
microbiome of healthy individuals [14]. The main bacterial pathogens that can infect shrimp include
members of the genera Pseudomonas, Flavobacterium, Escherichia, Aeromonas, Vibrio, Rickettsia, Shewanella
and Desulfovibrio [12]. Amongst these, Vibrio-affiliated sequences were by far the most abundant
in this study, particularly OTU SD_Shr-00004, with a mean abundance of 26.8% in pond-samples
(Table 4). In contrast, no sequences affiliated to Flavobacterium, Escherichia, Aeromonas or Rickettsia were
identified amongst the 30 samples analyzed, while sequences for Desulfovibrio (0.02% or less in three
pond samples, 0.3% in the wild-caught sample), Shewanella (0.003% or less in two pond samples) and
Pseudomonas (one indoor and one pond sample at 0.003% or less, respectively) were only found at
very low representation. Notably, SD_Shr-00004 was very closely related to Vibrio alginolyticus, an
opportunistic pathogen that can cause disease under stress conditions [28,29]. V. alginolyticus, as well
as V. parahaemolyticus, V. harveyi, V. vulnificus and V. damsel, are commonly present in aquaculture
production systems [28,29]. While the levels of SD_Shr-00004 were far lower in indoor-raised shrimp
compared to pond-farmed shrimp, its detectable presence in animals raised in a controlled environment
suggests it may be a normal resident in the gut of shrimp. Perhaps much higher abundance, as observed
in pond shrimp, could be indicative of a state of dysbiosis. However, since the captured shrimp with
high levels of SD_Shr-00004 in this study did not show signs or obvious symptoms of disease, perhaps
much higher proliferation of SD_Shr-00004 would be necessary to reach a diseased state or the OTU
identified in this study is not a strain of V. alginolyticus. Interestingly, Actinobacteria which have
recently been reported as a key bacterial phylum in the gut of whiteleg shrimp that allows growth
under low salinity conditions and prevents uncontrolled growth of pathogens [12] was on average 50X
more abundant in indoor farmed shrimp compared to pond-raised shrimp in this current study.

Together, the results presented in this report indicate that aquaculture practices greatly influence
the intestinal bacterial profile of whiteleg shrimp, and further suggest the bacterial communities of
this economically important crustacean could in the future be effectively manipulated using diet
composition or environmental factors such as water conditions. While future research is necessary
to elucidate the mechanisms involved, it also opens the possibility that the same potential for
microbiome modulation could exist in other economically important shrimp species, such as the
Giant tiger prawn /Asian tiger shrimp (Penaeus monodon), Chinese white shrimp /Oriental shrimp
/Fleshy prawn (Fenneropenaeus chinensis), Brown tiger prawn (Penaeus penicillatus), and Banana prawn
(Penaeus merguiensis).
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http://www.mdpi.com/2076-2607/7/4/93/s1


Microorganisms 2019, 7, 93 13 of 14

References

1. FAO. The State of World Fisheries and Aquaculture 2018—Meeting the Sustainable Development Goals; Food and
Agriculture Organization of the United Nations: Rome, Italy, 2018; p. 227.

2. Tidwell, J.H. Aquaculture Production Systems, 1st ed.; Wiley-Blackwell: AMes, IA, USA, 2012; p. 440.
3. Gillett, R. Global Study of Shrimp Fisheries. FAO Fisheries; Food & Agriculture Organization of the United

Nations (FAO): Rome, Italy, 2008.
4. Gaille, B. 21 Shrimp Industry Statistics and Trends. 2018. Available online: Brandongaille.com (accessed on

7 November 2018).
5. Ellis, A. Evaluating the Impacts of Production Process and Product Origin on Willingness to Pay for Shrimp.

Master’s Thesis, Clemson University, Clemson, SC, USA, 2011; p. 148.
6. Greenberg, P. The Not-So-Simple Life of Shrimp. Prevention 24 July 2012. Available online: https:

//www.prevention.com/food-nutrition/healthy-eating/a20459712/how-to-choose-sustainable-shrimp/
(accessed on 7 November 2018).

7. Li, E.; Wang, X.; Chen, K.; Xu, C.; Qin, J.G.; Chen, L. Physiological change and nutritional requirement of
Pacific white shrimp Litopenaeus vannamei at low salinity. Rev. Aquac. 2017, 9, 57–75. [CrossRef]

8. Cheng, K.M.; Hu, C.Q.; Liu, Y.N.; Zheng, S.X.; Qi, X.J. Effects of dietary calcium, phosphorus and
calcium/phosphorus ratio on the growth and tissue mineralization of Litopenaeus vannamei reared in
low-salinity water. Aquaculture 2006, 251, 472–483. [CrossRef]

9. Dubay, K.; Tokuoka, S.; Gereffi, G. A Value Chain Analysis of the Sinaloa, Mexico Shrimp Fishery; Fund, E.D.,
Ed.; Center on Globalization, Governance & Competitiveness, Duke University: Durham, NC, USA, 2010.

10. Alday-Sanz, V. The Shrimp Book; Nottingham University Press: Nottingham, UK, 2010; p. 200.
11. Samocha, T.M.; Lawrence, A.L.; Collins, C.A.; Castille, F.L.; Bray, W.A.; Davies, C.J.; Lee, P.G.; Wood, G.F.

Production of the Pacific White Shrimp, Litopenaeus vannamei, in High-Density Greenhouse-Enclosed
Raceways Using Low Salinity Groundwater. J. Appl. Aquac. 2004, 15, 1–19. [CrossRef]

12. Li, E.; Xu, C.; Wang, X.; Wang, S.; Zhao, Q.; Zhang, M.; Qin, J.G.; Chen, L. Gut Microbiota and its Modulation
for Healthy Farming of Pacific White Shrimp Litopenaeus vannamei. Rev. Fish. Sci. Aquac. 2018, 26, 381–399.
[CrossRef]

13. Leung, P. Shrimp Culture Economics, Market & Trade; Wiley-Blackwell: Ames, IA, USA, 2006; p. 335.
14. Huang, Z.; Li, X.; Wang, L.; Shao, Z. Changes in the intestinal bacterial community during the growth of

white shrimp, Litopenaeus vannamei. Aquac. Res. 2016, 47, 1737–1746. [CrossRef]
15. Cornejo-Granados, F.; Lopez-Zavala, A.A.; Gallardo-Becerra, L.; Mendoza-Vargas, A.; Sánchez, F.; Vichido, R.;

Brieba, L.G.; Viana, M.T.; Sotelo-Mundo, R.R.; Ochoa-Leyva, A. Microbiome of Pacific Whiteleg shrimp
reveals differential bacterial community composition between Wild, Aquacultured and AHPND/EMS
outbreak conditions. Sci. Rep. 2017, 7, 11783. [CrossRef] [PubMed]

16. Califano, G.; Castanho, S.; Soares, F.; Ribeiro, L.; Cox, C.J.; Mata, L.; Costa, R. Molecular Taxonomic Profiling
of Bacterial Communities in a Gilthead Seabream (Sparus aurata) Hatchery. Front. Microbiol. 2017, 8, 204.
[CrossRef] [PubMed]

17. Xiong, J.; Zhu, J.; Dai, W.; Dong, C.; Qiu, Q.; Li, C. Integrating gut microbiota immaturity and
disease-discriminatory taxa to diagnose the initiation and severity of shrimp disease. Env. Microbiol.
2017, 19, 1490–1501. [CrossRef] [PubMed]

18. Yu, Z.; Morrison, M. Improved extraction of PCR-quality community DNA from digesta and fecal samples.
Biotechniques 2004, 36, 808–812. [CrossRef] [PubMed]

19. Edwards, U.; Rogall, T.; Blöcker, H.; Emde, M.; Böttger, E.C. Isolation and direct complete nucleotide
determination of entire genes. Characterization of a gene coding for 16S ribosomal RNA. Nucleic Acids Res.
1989, 17, 7843–7853. [CrossRef] [PubMed]

20. Lane, D.J.; Pace, B.; Olsen, G.J.; Stahl, D.A.; Sogin, M.L.; Pace, N.R. Rapid determination of 16S ribosomal
RNA sequences for phylogenetic analyses. Proc. Natl. Acad. Sci. USA 1985, 82, 6955–6959. [CrossRef]
[PubMed]

21. Opdahl, L.J.; Gonda, M.G.; St-Pierre, B. Identification of Uncultured Bacterial Species from Firmicutes,
Bacteroidetes and Candidatus Saccharibacteria as Candidate Cellulose Utilizers from the Rumen of Beef
Cows. Microorganisms 2018, 6, 17. [CrossRef] [PubMed]

Brandongaille.com
https://www.prevention.com/food-nutrition/healthy-eating/a20459712/how-to-choose-sustainable-shrimp/
https://www.prevention.com/food-nutrition/healthy-eating/a20459712/how-to-choose-sustainable-shrimp/
http://dx.doi.org/10.1111/raq.12104
http://dx.doi.org/10.1016/j.aquaculture.2005.06.022
http://dx.doi.org/10.1300/J028v15n03_01
http://dx.doi.org/10.1080/23308249.2018.1440530
http://dx.doi.org/10.1111/are.12628
http://dx.doi.org/10.1038/s41598-017-11805-w
http://www.ncbi.nlm.nih.gov/pubmed/28924190
http://dx.doi.org/10.3389/fmicb.2017.00204
http://www.ncbi.nlm.nih.gov/pubmed/28261166
http://dx.doi.org/10.1111/1462-2920.13701
http://www.ncbi.nlm.nih.gov/pubmed/28205371
http://dx.doi.org/10.2144/04365ST04
http://www.ncbi.nlm.nih.gov/pubmed/15152600
http://dx.doi.org/10.1093/nar/17.19.7843
http://www.ncbi.nlm.nih.gov/pubmed/2798131
http://dx.doi.org/10.1073/pnas.82.20.6955
http://www.ncbi.nlm.nih.gov/pubmed/2413450
http://dx.doi.org/10.3390/microorganisms6010017
http://www.ncbi.nlm.nih.gov/pubmed/29495256


Microorganisms 2019, 7, 93 14 of 14

22. Schloss, P.D.; Westcott, S.L.; Ryabin, T.; Hall, J.R.; Hartmann, M.; Hollister, E.B.; Lesniewski, R.A.;
Oakley, B.B.; Parks, D.H.; Robinson, C.J.; et al. Introducing mothur: Open-source, platform-independent,
community-supported software for describing and comparing microbial communities. Appl Environ.
Microbiol. 2009, 75, 7537–7541. [CrossRef] [PubMed]

23. Altschul, S.F.; Madden, T.L.; Schäffer, A.A.; Zhang, J.; Zhang, Z.; Miller, W.; Lipman, D.J. Gapped BLAST and
PSI-BLAST: A new generation of protein database search programs. Nucleic Acids Res. 1997, 25, 3389–3402.
[CrossRef] [PubMed]

24. Wang, Q.; Garrity, G.M.; Tiedje, J.M.; Cole, J.R. Naive Bayesian classifier for rapid assignment of rRNA
sequences into the new bacterial taxonomy. Appl. Environ. Microbiol. 2007, 73, 5261–5267. [CrossRef]
[PubMed]

25. Parte, A.C. LPSN—List of Prokaryotic names with Standing in Nomenclature (bacterio.net), 20 years on.
Int. J. Syst. Evol. Microbiol. 2018, 68, 1825–1829. [CrossRef] [PubMed]

26. Sun, Z.; Xuan, Y.; Zhang, H.; Jiang, M.; Pan, Y.; Zhang, Y.; Gong, Y.; Lu, X.; Yu, D.; Xue, R.; et al. Bacterial
diversity in the Penaeus vannamei Boone intestine and aquaculture environment. J. Fish. Sci. China 2016, 32,
594–605.

27. Qiao, F.; Liu, Y.K.; Sun, Y.H.; Wang, X.D.; Chen, K.; Li, T.Y.; Li, E.C.; Zhang, M.L. Influence of different
dietary carbohydrate sources on the growth and intestinal microbiota of Litopenaeus vannamei at low salinity.
Aquac. Nutr. 2017, 23, 444–452. [CrossRef]

28. Chen, Y.Y.; Chen, J.C.; Tseng, K.C.; Lin, Y.C.; Huang, C.L. Activation of immunity, immune response,
antioxidant ability, and resistance against Vibrio alginolyticus in white shrimp Litopenaeus vannamei decrease
under long-term culture at low pH. Fish Shellfish Immunol. 2015, 46, 192–199. [CrossRef] [PubMed]

29. Santhiya, A.; Sivasankar, P. Occurrence of Vibrio species in shrimp farming systems in the costal farms of
Tamil Nadu, India. J. Aquac. Trop. 2015, 30, 63–70.

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1128/AEM.01541-09
http://www.ncbi.nlm.nih.gov/pubmed/19801464
http://dx.doi.org/10.1093/nar/25.17.3389
http://www.ncbi.nlm.nih.gov/pubmed/9254694
http://dx.doi.org/10.1128/AEM.00062-07
http://www.ncbi.nlm.nih.gov/pubmed/17586664
http://dx.doi.org/10.1099/ijsem.0.002786
http://www.ncbi.nlm.nih.gov/pubmed/29724269
http://dx.doi.org/10.1111/anu.12412
http://dx.doi.org/10.1016/j.fsi.2015.05.055
http://www.ncbi.nlm.nih.gov/pubmed/26093205
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Sample Collection and Harvesting of Shrimp Intestinal Tissue 
	Study Site for the Indoor-Raised Shrimp 
	Pond-Raised Shrimp 
	Wild-Caught Shrimp 
	Microbial DNA Isolation and PCR Amplification 
	Computational Analysis of PCR Generated 16S rRNA Amplicon Sequences 
	Computational Analysis for Alpha and Beta Diversity 
	Statistical Analysis 
	Accession Numbers for Next Generation Sequencing Data 

	Results 
	Comparative Analysis by Taxonomic Composition 
	Comparative Alpha and Beta Diversity Analyses 
	Comparative Analysis of Prominent OTUs 

	Discussion 
	References

