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ABSTRACT
The shrimp or prawn is the most valuable traded marine product in the world market
today and its microbiota plays an essential role in its development, physiology, and
health. The technological advances and dropping costs of high-throughput sequencing
have increased the number of studies characterizing the shrimp microbiota. However,
the application of different experimental and bioinformatics protocolsmakes it difficult
to compare different studies to reach general conclusions about shrimp microbiota. To
meet this necessity, we report the first meta-analysis of the microbiota from freshwater
and marine shrimps using all publically available sequences of the 16S ribosomal gene
(16S rRNA gene). We obtained data for 199 samples, in which 63.3% were from
marine (Alvinocaris longirostris, Litopenaeus vannamei and Penaeus monodon), and
36.7% were from freshwater (Macrobrachium asperulum, Macrobrachium nipponense,
Macrobranchium rosenbergii, Neocaridina denticulata) shrimps. Technical variations
among studies, such as selected primers, hypervariable region, and sequencing platform
showed a significant impact on the microbiota structure. Additionally, the ANOSIM
and PERMANOVA analyses revealed that themost important biological factor in struc-
turing the shrimp microbiota was the marine and freshwater environment (ANOSIM
R= 0.54, P = 0.001; PERMANOVA pseudo-F = 21.8, P = 0.001), where freshwater
showed higher bacterial diversity than marine shrimps. Then, for marine shrimps, the
most relevant biological factors impacting the microbiota composition were lifestyle
(ANOSIM R= 0.341, P = 0.001; PERMANOVA pseudo-F = 8.50, P = 0.0001), organ
(ANOSIM R= 0.279, P = 0.001; PERMANOVA pseudo-F = 6.68, P = 0.001) and
developmental stage (ANOSIMR= 0.240, P = 0.001; PERMANOVApseudo-F = 5.05,
P = 0.001). According to the lifestyle, organ, developmental stage, diet, and health
status, the highest diversity were for wild-type, intestine, adult, wild-type diet, and
healthy samples, respectively. Additionally, we used PICRUSt to predict the potential
functions of the microbiota, and we found that the organ had more differentially
enriched functions (93), followed by developmental stage (12) and lifestyle (9). Our
analysis demonstrated that despite the impact of technical and bioinformatics factors,
the biological factors were also statistically significant in shaping the microbiota. These
results show that cross-study comparisons are a valuable resource for the improvement
of the shrimp microbiota and microbiome fields. Thus, it is important that future
studies make public their sequencing data, allowing other researchers to reach more
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powerful conclusions about the microbiota in this non-model organism. To our
knowledge, this is the first meta-analysis that aims to define the shrimp microbiota.

Subjects Aquaculture, Fisheries and Fish Science, Biodiversity, Genomics, Marine Biology,
Microbiology
Keywords 16S rRNA, Shrimp microbiota, Meta-analysis, Metagenomics, High-throughput
sequencing, PICRUST, Shrimp microbiome

INTRODUCTION
Themicrobiota plays essential roles in the development and physiology of their host, such as
preventing the growth of pathogenic bacteria, modulating the immune response, nutrient
absorption, regulating metabolic processes and producing vitamins (Bikel et al., 2015). The
surrounding environment of water and sediment also plays a significant role in modulating
the microbiota composition of animals from aquatic systems such as crustaceans, including
crabs (Zhang et al., 2017), lobsters (Feinman et al., 2017), and shrimps (Cornejo-Granados
et al., 2017). The shrimp or prawn is the most valuable traded marine product in the
world today. The earliest study on shrimp microbiota dates from 1961, in which bacterial
communities were isolated from shrimp organs using traditional microbiology approaches
(Tysset, Mailloux & Brisou, 1961). Afterward, techniques such as denaturing gradient gel
electrophoresis (DGGE) and clone libraries (Stackebrandt, Liesack & Goebel, 1993) also
began to be used to characterize shrimp bacterial communities. The recent advances in
high-throughput sequencing of the small ribosome subunit 16S gene (16S rRNA gene), plus
the importance of this organism for commercial distribution, have increased the interest
in characterizing the bacterial communities of shrimps and its habitat (Durand et al.,
2010; Rungrassamee et al., 2014; Mente et al., 2016; Xiong et al., 2017a; Cornejo-Granados
et al., 2017; Cui et al., 2017). So far the effects that health status, developmental stage and
diet have on shrimp microbiota have been studied under laboratory and pond-reared
aquaculture hatchery conditions (Mente et al., 2016; Zeng et al., 2017; Xiong et al., 2017b).
However, all the studies mentioned above used different experimental and bioinformatics
protocols making it difficult to compare the results between studies.

There are significant technical and bioinformatics biases when comparing microbiota
results of different studies. The technical differences mainly include the selection of the
amplified 16S rRNA hypervariable region, the use of different PCR primers for the same
hypervariable region and DNA extraction protocols; while bioinformatics differences
include the database selection for taxonomy assignment, the use of different clustering
algorithms, and the quality filtering of sequences (Bikel et al., 2015). The impact of these
factors on the microbiota diversity has been discussed in other meta-analyses (De Filippis
et al., 2018; Lozupone et al., 2013). These biases can be minimized for 16S rRNA amplicon
studies using public data and analyzing them with similar bioinformatics methods, helping
to establish the best protocols to characterize the microbiota of a given niche. To meet
these research needs, we present a meta-analysis of shrimp microbiota using all available
high-throughput 16S rRNA sequencing data. The meta-analysis was conducted using the
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same bioinformatics protocol allowing us to explore the impact that biological factors such
as habitat, farm, laboratory, organ, developmental stage, disease, and diet, have on the
microbiota structure and composition, after the known biases introduced by experimental
and technical issues of each study. To our knowledge, this is the first meta-analysis that
aims to define the shrimp microbiota based on all publicly available data of 16S rRNA
amplicon sequencing.

MATERIALS & METHODS
Identification of relevant studies and data collection
To develop this study we systematically reviewed all available studies related to shrimp
or prawn microbiota. The relevant studies were identified by systematic searches of the
SCOPUS database using 37 keywords on February 1 of 2018 (Table S1). This search resulted
in 536 articles from which the title and abstracts were screened by all the authors (FCG,
LGB, MLR, JPOR, and AOL) for their suitability for this meta-analysis. We excluded two
main types of studies: (1) books, reviews, meta-analysis studies, conference papers, and
theses; (2) studies in organisms different from shrimp species. After that, we obtained 110
studies, whichwere grouped into those that used culture-dependent or culture-independent
techniques for bacterial community characterization. To conduct the meta-analysis the
studies also had to include the following: (i) freely available 16S rRNA sequencing data; and
(ii) sequencing data correctly separated by sample type. Any disagreement was carefully
discussed among the five authors to reach a final decision. This process led to 16 studies
that grouped 199 samples (Table 1 and Table S2). We obtained the sequencing reads from
GenBank and DDBJ. The Prisma flow diagram depicting the search protocol and workflow
of our meta-analysis is in Fig. S1.

Meta-analysis
To keep most of the samples across all analyses, we decided to filter all sequences
maintaining a minimum quality of Q20, a minimum length of 90 bp and discarding all
sequences with ambiguous nucleotides. The remaining sequences (17,515,413) partitioned
by sample, were clustered at 97% identity into operational taxonomic units (OTUs) against
the Greengenes database (version 13_8) using UCLUST in QIIME 1.9.1(Caporaso et al.,
2010). The reverse strand matching option was enabled, and we discarded the reads that
failed to match a reference sequence for downstream analyses. We directly assigned the
taxonomy from the Greengenes database based on the identity with the reference sequence
clustered. We selected the closed-reference OTU picking command because we were
comparing non-overlapping amplicons. This OTU picking method is a reference-based
approach; thus, chimera removal was not necessary. After that, we assigned the taxonomy
for a total of 10,596,387 high-quality filtered reads, with a 277 bp mean read length for
199 samples. We eliminated the OTUs represented by a single read (singleton) or with a
frequency ≤0.005 for further analyses, which helped to keep the estimates of α-diversity
realistic and to avoid information loss. Taxonomy summaries with relative abundance
data were subsequently generated and averaged. The most abundant sequence within an
OTU was selected as the OTU’s representative, and these representative sequences were

Cornejo-Granados et al. (2018), PeerJ, DOI 10.7717/peerj.5382 3/25

https://peerj.com
http://dx.doi.org/10.7717/peerj.5382#supp-13
http://dx.doi.org/10.7717/peerj.5382#supp-14
http://dx.doi.org/10.7717/peerj.5382#supp-2
http://dx.doi.org/10.7717/peerj.5382


Table 1 Articles with publicly available sequencing data used for shrimpmicrobiota meta-analysis (16 articles).

Reference Hypervariable
region

Primers Sequencing
technology

Shrimp
specie

No. of
samples

Sample
type(s)

Country Accession
number

Zheng et al. (2017) V3–V6 341F 1073R Roche 454 Litopenaeus
vannamei

17 Whole larvae
and post larvae

China SRP080243

Chen et al. (2017a);
Chen et al. (2017b)

V1–V2 27F 355R Illumina
MiSeq

Macrobrachium
nipponense

19 Intestine Taiwan SRP094102

Suo et al. (2017) V4–V5 515F 907R Illumina
MiSeq

Litopenaeus
vannamei

15 Intestine China SRP091598

Rungrassamee et al.
(2014)

V3–V4 338F 518R Roche 454 Penaeus
monodon

6 Clean intestine Thailand KF329429–KF334451,
KF334452–KF344403,
KF344404–KF355928,
KF322280–KF325238,
KF325239–KF328420,
KF328421–KF329428

Cornejo-Granados
et al. (2017)

V2, V3, V4, V5,
V6–7, V8, V9

Ion 16STM

Metagenomics
Kit

Ion Torrent Litopenaeus
vannamei

18 Intestine and
hepatopancreas

Mexico SRP107821

Gainza et al. (2017) V2–V3 341F 518R Ion torrent Litopenaeus
vannamei

14 Intestine Ecuador SRP092753

Qiao et al. (2017) V4–V5 515F 907R Illumina
MiSeq

Litopenaeus
vannamei

9 Intestine China SRP061605

Sun et al. (2016) V3–V4 341F 806R Illumina
MiSeq

Alvinocaris
longirostris

2 Gill and intesi-
tine

Japan SRP064953

Tzeng et al. (2015) V1–V2 27F 355R Roche 454 Macrobrachium
asperulum,
Macrobrachium
nipponense

6 Intestine Taiwan SRP057429

Oetama et al.
(2016)

V4 515F 806R Illumina
MiSeq

Penaeus
monodon

3 Stool Indonesia SRP059721

Zhang et al.
(2014a); Zhang et
al. (2014b)

V4–V5 515F 907R Illumina
MiSeq

Litopenaeus
vannamei

18 Intestine China SRP043399

Zhang et al. (2016) V4–V5 515F 907R Illumina
MiSeq

Litopenaeus
vannamei

8 Intestine China SRP051489

Rungrassamee et al.
(2013)

V3–V6 338F 786R Roche 454 Penaeus
monodon

4 Intestine Thailand JX919344–JX926388,
JX916289–JX919343,
JX926389–JX939518,
JX939519–JX941408.

(continued on next page)
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Table 1 (continued)

Reference Hypervariable
region

Primers Sequencing
technology

Shrimp
specie

No. of
samples

Sample
type(s)

Country Accession
number

Rungrassamee et al.
(2016)

V3–V4 338F 518R Roche 454 Penaeus
monodon

12 Intestine Thailand KP944208–KP944681,
KP948364–KP948529,
KP944682–KP946571,
KP946572–KP946691,
KP946692–KP948363,
KP948530–KP948831,
KP948832–KP951735,
KP953299–KP953763,
KP951736–KP952247,
KP952248–KP952978,
KP952979–KP953298,
KP953764–KP953903

Cheung et al.
(2015)

V1–V3 28F 519R Ion torrent Neocardina
denticulata

27 Foregut, intes-
tine, hepatopan-
creas

China SRR1735538

Mente et al. (2016) V3–V4 S-DBact-0341-b-S-
17 S-D-Bact-0785-
a-A-21

Roche 454 Macrobrachium
rosenbergii

21 Clean intestine USA SRR1502207
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then aligned against Green Genes using the align_seqs.py command and PyNAST with a
minimum sequence identity of 75%. The alignment was filtered using filer_alignment.py,
and a phylogenic tree was constructed using the make_phylogeny.py command with the
FastTree method for tree building. Alpha and beta diversity metrics from the final OTU
table without singletons were obtained using the QIIME 1.9.1(Caporaso et al., 2010). To
increase the sequence depth for alpha and beta diversity analysis, we discarded 31 samples
with low sequencing depth. Thus, the alpha diversity metrics (Observed OTUs, Shannon,
and Phylogenetic Diversity PD) were calculated at a sequence depth of 1,108 reads per
sample with 10,000 iterations and then were averaged. The selected maximum sampling
depth corresponded to the minimum number of reads obtained for any of the remaining
sequenced samples. Beta diversity was estimated by computing from the phylogenetic tree
the unweighted UniFrac distances among samples at a sequence depth of 1,108 reads per
sample, and the UniFrac distance matrices were visualized using principal coordinates
analysis (PCoA) in QIIME with the beta_diversity_through_plots.py command. The plots
were made using the R package ggplot2 (Wickham, 2016), and the ellipses represented the
normal distribution with a confidence level = 0.95 for each group. To explore the most
abundant bacterial taxa in the PCoA space we produced the biplots using QIIME 1.9.1,
where the abundance of bacterial taxa was plotted in the same PCoA space based on the
average of weighted abundance for all samples, this refers to the relative abundance of
the taxon in the samples (Lozupone et al., 2013). A permutational multivariate analysis
of variance (PERMANOVA) (Anderson, 2014) with Adonis function on the unweighted
UniFrac and Bray-Curtis distance matrices was used within QIIME to quantitatively
evaluate the effects that the different habitat and host factors (organ, diet, lifestyle, and
developmental stage) had on shrimp microbiota. Also, we evaluated the effects of technical
factors such as primers used for amplification, study, hypervariable regions, country, and
sequencer. The analysis of similarities (ANOSIM) on the unweighted UniFrac distances
between factors was conducted in QIIME. The final OTU table from marine samples
was also used as an input for functional metagenomic prediction using PICRUSt. The
KEGG pathway content obtained by PICRUSt was normalized and then used to obtain
the metagenomic functional predictions at different hierarchical KEGG levels (1, 2 and 3).
To determine the taxonomic classifications and predicted functions that were significantly
more abundant in each groupof sampleswe applied aWilcoxon’s non-parametric rank-sum
test, followed by LDA using the LEfSe program (Segata et al., 2011).

Accession number
The accession numbers of the reads used in this meta-analysis are in Table S2.

RESULTS
Systematic search results
The bacterial communities of shrimp organs have been earlier studied using traditional
approaches mainly based on cultivable bacteria (Fig. 1). The advances onmolecular biology
and cultivation techniques led to an increase in molecular studies in the first decade of the
2000s,mainly due to the application of denaturing gradient gel electrophoresis (DGGE) and
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Figure 1 Geographic and year distribution of studies about shrimpmicrobiota. (A) Geographic distri-
bution of all studies with publically available sequencing data (Table 1). The shrimp species, lifestyle con-
dition, and the number of sequenced samples are show for the countries. (B) Year distribution of all stud-
ies grouped into the use of culture-dependent, culture-independent or 16S rRNA gene sequencing.

Full-size DOI: 10.7717/peerj.5382/fig-1

clone libraries (Fig. 1). Interestingly, the dropping costs of high-throughput sequencing
of the small ribosome subunit 16S gene (16S rRNA gene) facilitated a faster growth of
microbiota studies in the last decade (Fig. 1). We found 30 studies using high-throughput
sequencing of the 16SrRNA gene to characterize the shrimp microbiota (Table S3), 19
of them have freely available sequencing data in public repositories. However, only 16
studies provided the reads adequately identified and separated in different files for each
sample. Thus, for our meta-analysis, we only focused on the sequencing data from these 16
studies (Table 1). The retrieved data corresponded to PCR-amplicons targeting different
hypervariable regions of the bacterial 16S rRNA gene and they were sequenced using
different sequencing platforms (Table 1).

The studies collected 199 samples from China (47.2%), Taiwan (12.6%), Thailand
(11.1%), USA (10.6%), Mexico (9.0%), Ecuador (7.0%), Indonesia (1.5%) and
Japan (1.0%) (Fig. 1, Table S2). A total of 63.3% of the samples came from marine
(Alvinocaris longirostris, Litopenaeus vannamei and Penaeus monodon), and 36.7% came
from freshwater (Macrobrachium asperulum, Macrobrachium nipponense, Macrobranchium
rosenbergii, Neocaridina denticulata) shrimps (Table S2). 48.2% of the samples were from
laboratories, 32.7% from farms and 19.1% from wild-type (wt) lifestyles. The 75.9%
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of the samples corresponded to the intestine, 9.0% to hepatopancreas, 8.5% to whole
shrimp, 1.5% to shrimp stool and 0.5% to the gill. The samples represented different
developmental stages, adult (45.2%), juvenile (41.2%), larvae (11.6%) and post-larvae
(2.0%). A total of 88.9% samples were from healthy and 11.1% from diseased shrimps. In
total, we analyzed seven shrimp species where 52.8% of samples were from L. vannamei,
13.6% from N. denticulate, 12.1% from M. nipponense, 10.6% from M. rosenbergii, 9.5%
from P. monodon, 1.0% from A. longirostris and 0.5% from M. asperulum (Table S2).
Interestingly, gathering all studies, the nine hypervariable regions of the 16S RNA gene
have been sequenced, V4–V5 being the most used region. 37.2% of the samples were
sequenced using Illumina MiSeq, 33.2% Roche 454 and 29.6% Ion Torrent sequencing
technologies (Table S2).

Meta-analysis
General microbiota characteristics
The dominant phylum present in all the samples was Proteobacteria (average = 65.99%)
(Fig. S2a), revealing that most bacteria species from the intestine, hepatopancreas, stool,
gill and whole shrimp are from this phylum. In addition, members of Firmicutes (average
= 16.42%), Actinobacteria (average = 3.24%), Bacteroidetes (average = 2.17%), and
Fusobacteria (average = 0.76%) accounted for the 88% of total sequences (Fig. S2a). The
alpha diversity indices were calculated using the rarefaction curves at OTUs level at a
sequencing depth of 1,108 where Shannon, PD and observed OTUs indices were stable
(Fig. S3). To reach this sequencing depth we removed 15 samples from this analysis. The
Good’s coverage revealed that we obtained on average ∼99% ± 0.62% of the total OTUs
for all the analyzed samples, indicating a good sequencing depth to represent the bacterial
community. Interestingly, the freshwater (PD= 6.2± 3.5) samples had larger phylogenetic
diversity than marine samples (PD = 4.9 ± 2.7).

The environment (marine and freshwater) drives the clustering and
diversity of shrimp microbiota
Wecombined the sequencing data of 16 studies gathering 199 samples (Table S2). The PCoA
of unweighted UniFrac distances revealed that samples formed several clusters (Fig. 2). A
one-way analysis of similarity (ANOSIM) using the unweighted UniFrac distances revealed
that the most significant separation is given by technical factors such as study (R= 0.984,
P = 0.001), primers used for amplification (R= 0.846, P = 0.001) and hypervariable region
(R= 0.817, P = 0.001). The fourth most important effect is given by marine and freshwater
environment (R= 0.561; P = 0.001). We considered this the main biological factor that
drives the shrimp microbiota. The most abundant bacterial orders were superimposed
on the same PCoA plot (biplot), to know which orders were driving the diversity
according to the freshwater or marine origin.We found that Enterobacteriales, Vibrionales,
Rhodobacteriales and Alteromonadales orders drive clustering for marine shrimps,
while Burkholderiales and Clostridiales drive clustering for freshwater shrimps (Fig. S4).

The bulk of OTU abundance at phylum level showed that Proteobacteria dominated
the microbiota of marine samples (88.6%), as compared to freshwater samples (52.4%).
Tenericutes and Fusobacteria were most abundant in marine samples with 2.0 and 1.8%
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Figure 2 Beta diversity analysis of microbiota samples from freshwater andmarine shrimps.
Unweighted principal coordinate analysis (PCoA) of UniFrac distances for samples tagged by marine
or freshwater origin. The color gradient shows the value of the Phylogenetic Diversity index (PD). The
ellipses represented the normal distribution with a confidence level= 0.95 for each group.

Full-size DOI: 10.7717/peerj.5382/fig-2

respectively as compared to freshwater samples with 0.000077 and 0.4% (Fig. S2a).
In contrast, Firmicutes was more abundant in freshwater (32.1%) versus marine
samples (1.24%). The families Rhodobacteraceae (representing 3.1% of the total reads),
Vibrionaceae (48.6%), Helicobacteraceae (2.2%) and Pseudoalteromonadaceae (18.7%)
were the most abundant in marine samples, while the Oxalobacteraceae (10.8%),
Comamonadaceae (6.8%), and Bacillaceae (4.1%) were the most enriched in freshwater
samples (Fig. S2b). Although, it is important to note that samples from several shrimp
species are too small to draw reliable conclusions.

The marine group of samples was the most abundant with 126 from the 199 samples,
and it also includes the highest number of sample types, involving different lifestyles,
developmental stages, and organs (Table S4). Furthermore, in the basis of the main
separation observed in the PCoA between marine and freshwater samples (ANOSIM
R= 0.561; p= 0.001), we performed all further analyses only considering the 126 marine
samples. This allowed us to evaluate the impact that several biological factors such as
lifestyle, developmental stages, and organs have on microbiota structure and function. For
the alpha diversity analysis, all marine samples were further separated into six categories
according to the conditions revealed in the original study: lifestyle, developmental stage,
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Figure 3 Alpha diversity of microbiota samples frommarine shrimps. The Boxplots indicated the phy-
logenetic diversity index (PD) for all samples grouped by lifestyle, host, diet and health status categories. A
sequence depth of 1,108 reads and 10,000 iterations were used to calculate the PD value.

Full-size DOI: 10.7717/peerj.5382/fig-3

organ, species, diet, and health status (Fig. 3). The Shannon indices had similar diversity
tendencies for all the categories (Fig. S5a). Concerning the lifestyle, the wild-type had more
phylogenetic diversity than farm and laboratory samples (Fig. 3). In the developmental
stage category, the highest diversity was for the adult, followed by the juvenile, larvae,
and post-larvae in marine samples (Fig. 3). The stool samples showed higher phylogenetic
diversity than shrimp organs, in which the top diversity was for intestine, followed by
the hepatopancreas, clean intestine, gill and whole shrimp samples. Regarding the diet,
we observed that wild-type diet increases the microbiota diversity while diets using
different lipid sources decreases the microbiota diversity. Finally, as noted in previous
studies (Xiong, Zhu & Zhang, 2014; Rungrassamee et al., 2016; Chen et al., 2017a; Zheng
et al., 2017; Cornejo-Granados et al., 2017) samples from diseased shrimps showed lower
diversity than samples from healthy shrimps.
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Table 2 Technical and biological factors associated with the microbial structure of shrimpmicrobiota. The impact was measured using Anosim
(R value) and PERMANOVA with the adonis function (F and R2 values) of Unweighted UniFrac distances. For each analysis we performed 1,000
permutations to obtain the p value.

Unweighted UniFrac

Parameter ANOSIM PERMANOVA

R P value pseudo-F P value R2 P value

Paper 0.970 0.001 19.866 0.001 0.667 0.001
Primer 0.663 0.001 12.346 0.001 0.459 0.001
Hypervariable region 0.659 0.001 14.482 0.001 0.410 0.001
Country 0.522 0.001 10.753 0.001 0.341 0.001

Technical factors

Sequencer 0.493 0.001 16.097 0.001 0.231 0.001
Lifestyle 0.333 0.001 8.630 0.001 0.139 0.001
Organ 0.261 0.001 6.998 0.001 0.252 0.001Biological factors

Developmental stage 0.215 0.001 5.075 0.001 0.126 0.001

Lifestyle conditions (wild-type, laboratory or farm) impact the clustering and
diversity of marine shrimp microbiota
The analysis of similarities (ANOSIM) and permutational multivariate analysis of variance
(PERMANOVA) of unweighted UniFrac distances revealed a significant association
between the microbiota of the 126 marine samples and technical factors (Table 2).
Additionally, grouping these samples by biological factors also was statistically significant
(Table 2) such as lifestyle (ANOSIMR= 0.341,P = 0.001; PERMANOVApseudo-F = 8.50,
P = 0.0001), organ (ANOSIM R= 0.279, P = 0.001; PERMANOVA pseudo-F = 6.68,
P = 0.001) and developmental stage (ANOSIM R= 0.240, P = 0.001; PERMANOVA
pseudo-F = 5.05, P = 0.001). On the other hand, the diet was not considered in these
analyses given that only 40 samples specified the ingredients of the diet. Bray-Curtis
distances also showed similar contribution for all the factors described above (Table S5).

Additionally, a principal component analysis (PCoA) using unweighted UniFrac
distances confirmed the organization in different clusters when we tagged the samples
by biological factors such as lifestyle (Fig. 4A), organ (Fig. 4B), and developmental stage
(Fig. 4C). When the most abundant bacterial orders were superimposed on the same PCoA
plot (biplot), we observe that the clustering for wild-type, farm, and laboratory samples
was driven by Vibrionaceae, Enterobacteriaceae, and Rhodobactereaceae respectively
(Fig. S6a). The wild-type had most considerable phylogenetic diversity than farm and
laboratory samples (Fig. 3). Genera that were enriched in specific lifestyles were identified
using the linear discriminant analysis (LDA) effect size (LEfSe). Interestingly, 30 genera
were differentially abundant between the three lifestyles (farm, laboratory andwt) (Fig. 5A).

Host factors (organ and developmental stage) impact the clustering and
diversity of marine shrimp microbiota
Regarding the organ, the intestine has more phylogenetic diversity, followed by
hepatopancreas, clean intestine (without fecalmatter), gill andwhole organism (Fig. 3). The
intestine was the only organ where we observed members of the 19 phyla identified in the
general taxonomy. The most abundant phyla for all the shrimp organs was Proteobacteria,
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Figure 4 Beta diversity analysis of microbiota samples frommarine shrimps.Unweighted principal co-
ordinate analysis (PCoA) of UniFrac distances with samples tagged by (A) lifestyle, (B) organ and (C) de-
velopmental stage.

Full-size DOI: 10.7717/peerj.5382/fig-4

with a more significant abundance in gill, followed by the whole organism, hepatopancreas,
stool, clean intestine, and intestine (Fig. S5b). Tenericutes was found only in samples from
the intestine, hepatopancreas, and stool. Helicobacteriaceae was the most abundant family
in gill (81.2%), Vibrionaceae in the clean intestines (59.4%) and Enterobacteriaceae
in whole shrimp (94.4%). Enterobacteriaceae (59.68%), Vibrionaceae (16.23%) and
Pseudomonadaceae (11.42%) were the most abundant families in hepatopancreas. Finally,
the abundance of families wasmore homogeneous in the intestine, butMollicutes (10.71%),
Rhodobacteraceae (11.56%) andVibrionaceae (12.15%)were themost abundant (Fig. S2b).
LDA analysis showed that the most enriched genera were Acinetobacter in the stool,
Lactococcus in the intestine, Pseudomonas in the hepatopancreas and Vibrio in the clean
intestine samples (Fig. 5B). These differences in the relative abundance of specific genera
reflect the impact of the physiological conditions imposed by each organ.

When samples were tagged by developmental stage, we also observed clustering
(Fig. 4C), that was confirmed by ANOSIM (Table 2). The Proteobacteria, Bacteroidetes,
and Firmicutes were the most abundant phyla for all shrimp developmental stages
(Fig. S2a). Although the two main phyla were present at all developmental stages, the most
abundant bacterial groups shifted from one developmental stage to the other. For example,
enrichment of Enterobacteriaceae was observed in larvae, followed by a progression to
communities enriched in Rhodobacteraceae, Aeromonadaceae, and Mollicutes in juveniles
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Figure 5 LEfSE results of enriched genera for all marine shrimp samples. All samples were analyzed to
obtain the enriched genera in the following categories: (A) lifestyle, (B) organ, (C) developmental stage
and (D) diet. The graph shows the log10 LDA score for each classification.

Full-size DOI: 10.7717/peerj.5382/fig-5

and Vibrionaceae and Pseudomonadaceae in adults. The highest phylogenetic diversity
was observed in the adult, followed by juvenile, larvae, and post-larvae (Fig. 3). The
biplot showed that Vibrionaceae drove the adult cluster, while the juvenile was driven by
Rodobactereaceae and an unidentified order from the Mollicutes class, and larvae and
post-larvae by Enterobacteriaceae (Fig. S6b). The LDA analysis showed 17 differentially
enriched genera according to the developmental stage (Fig. 5C).

Regarding the shrimp diet, we only analyzed the 40 samples that specified the diet
ingredients in the original studies, leaving aside the impact of the different diet composition
of commercial diets used in the other shrimp samples. The 40 samples were from seven
diets: wild-type diet, diets supplemented with different carbohydrates (CHOs) sources
(glucose, sucrose, and cornstarch) and diets supplemented with five different lipid sources
(soybean oil, beef tallow, linseed oil, fish oil and SBF which is an equal combination of
several lipid sources). Interestingly the wild-type diet was the one with the highest bacterial
diversity, followed by the CHOs diet. In contrast, the diets using different lipid sources had
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the lowest bacterial diversity (Fig. 3), suggesting that diet imposes a selective pressure that
shapes the bacterial community in shrimps. The LDA analysis showed seven differentially
enriched genera according to the diet (Fig. 5B).

The disease has the lowest impact on bacterial clustering
After analyzing the samples in the PCoA tagged according to the health status, there
was no effect in clustering due to disease (ANOSIM R= 0.025, P = 0.332) (Fig. S7).
However, we observed that diseased shrimps had lower PD than healthy shrimps (Fig.
3). Regarding shrimp species, L. vannamei showed the most significant PD, followed
by P. monodon and A. longirostris. However, the sample size could be influencing this
result. Given that L. vannamei represented 83.3% of all marine samples, we analyzed
them separately; these 105 samples represented five different developmental stages and
three different organs. After this analysis, we also observed a similar clustering effect by
lifestyle, organ, and developmental stage than observed in all the marine samples (Fig. S8).

Functional potential of shrimp microbiota
It is known that in other organisms, taxonomic profiles are highly variable even among
individuals (Lozupone et al., 2013); however, functions seem to remain stable (Human
Microbiome Project Consortium, 2012) (functional redundancy). To further investigate
the functional divergence among microbiomes of marine shrimps, we predicted the
metagenome functions using PICRUSt (Langille et al., 2013). A total of 352 KEGGpathways
were predicted for the 126 sequenced samples. Interestingly, the potential functions of the
microbial community were significantly different among the biological factors (Fig. S9).
LEfSE results indicated that several predicted pathways were significantly enriched among
the samples. The most differentially enriched functions were among the organs (93
functions), followed by the different developmental stages (12 functions), and lifestyles
(nine functions). The results suggested that the microbial functions varied a lot according
to biological factors, being the organ the factor with more different functions.

DISCUSSION
Given the rising interest in the production of shrimp and the impact that microbiota has
in shaping the health status and development of this organism, there is an increase in
the number of studies that use high-throughput sequencing for the characterization of
bacterial communities of the shrimp under different conditions. In this meta-analysis,
we aimed to integrate all publically available data from high-throughput 16S rRNA gene
sequencing studies using the same bioinformatics protocol minimizing the bias introduced
by bioinformatics analysis, allowing us to establish which factors drive the structure and
function of the shrimp microbiota. After assigning taxonomy for all the 199 samples, we
observed a dominant presence of Proteobacteria, Firmicutes and Bacteroidetes (Fig. S2a),
all of which have been previously reported to dominate themicrobiota of shrimps and other
aquatic organisms such as zebrafish (Roeselers et al., 2011) and salmon (Dehler, Secombes
& Martin, 2017). Although all samples have different sequencing depth (2,000-1,000,000
reads), the rarefaction curves showed that most samples seem to reach saturation for the
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PD, Shannon and Observed OTUs metrics (Fig. S3), plus the mean Good’s Coverage value
of∼99% revealed that samples have good sequencing depth to represent the majority of the
bacterial communities. Importantly, to not skew the observed clusters in the PCoA analysis
towards the samples with the highest sequencing depth as previously reported (Lemos et
al., 2011), we only analyzed the results of the unweighted UniFrac distances, which only
consider the presence/absence of OTUs. First, we observed that the sequencing platform
drives the clustering of samples, which is consistent with previous reports (Lozupone et
al., 2013). Additionally, phylogenetic diversity showed that freshwater samples had higher
diversity than marine samples, this is in agreement with a previous study that reports a
higher bacterial richness in freshwater sediments than in marine (Wang et al., 2012). We
found that the marine cluster was driven mainly by Burkholderiales order (29.2%) which
was previously published as important in modulating the microbiota of shrimps from river
and lake (Chen et al., 2017a).

ANOSIM and PERMANOVA analyses confirmed that the technical factors have a great
impact on the structure of themicrobiota and that the strongest biological impact is given by
freshwater or marine environment (Fig. 2). After that, we only selected the marine samples
and confirmed that within this group, the main clustering effect is also due to technical and
experimental factors used in each study (Table 2 and Fig. S10). This suggests that technical
and experimental differences such as the primers, hypervariable regions of the 16S rRNA
targeted, sequencing platforms, and DNA extraction methods cause significant differences
in the microbiota, highlighting the importance of standardizing experimental and analysis
protocols. A similar effect has been previously reported in other organisms such as swine
(Holman et al., 2017), and humans (Lozupone et al., 2013). Aside from technical factors, the
ANOSIM and PERMANOVA analyses showed that marine samples clustered significantly
(Table 2) by lifestyle (ANOSIM R= 0.341, P = 0.001; PERMANOVA pseudo-F = 8.50,
P = 0.0001), organ (ANOSIM R= 0.279, P = 0.001; PERMANOVA pseudo-F = 6.68,
P = 0.001) and developmental stage (ANOSIM R= 0.240, P = 0.001; PERMANOVA
pseudo-F = 5.05, P = 0.001) (Fig. 6). These results showed that environmental and host
factors contribute significantly to shape the structure and composition of the shrimp
microbiota independently of the technical factors.

After analyzing the samples by organ, we found that stool samples had the highest
diversity, followed by the intestine, according to the PD index and by the hepatopancreas
according to the Shannon index (Fig. 3 and Fig. S5a). This observation is consistent with
the diversity indices previously reported (Cornejo-Granados et al., 2017). This could be
because the Shannon index takes into account the abundance and evenness of bacteria
communities, while the PD incorporates phylogenetic difference between species. Thus, the
hepatopancreas had a significant evenness diversity (Shannon) with a lower phylogenetic
distance, suggesting a selective pressure of this organ towards the selection of species
closely-related to each other. Next, we observed a substantial diversity (Shannon and PD)
in the intestine with stool residues compared to the clean intestine. An explanation for this
behavior is that the remaining feces in the intestine have a significant diversity that is lost
when the intestine is empty (clean intestine), thus, skewing the intestinal diversity when
removing them. Furthermore, the effect of the organ in shaping the overall microbiota
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Figure 6 Principal biological factors that drive the microbiota variation in marine shrimps. The graph
shows the ANOSIM R value (left axis) and the PERMANOVA pseudo-F value (right axis) obtained for the
main biological factors that impact the shrimp microbiota: lifestyle, organ and developmental stage.

Full-size DOI: 10.7717/peerj.5382/fig-6

was stronger when we compared only the adult (Fig. S11a), or juvenile (Fig. S11b)
samples separately, suggesting that each developmental stage has a microbiota specific for
each organ. This result is in agreement with other studies that also suggest that the gut
microbiotawas significantly distinct over shrimpdevelopmental stages (Xiong et al., 2017b).

There has been an increased interest in the effect that different diet composition
has on the shrimp microbiota and how this could improve the metabolism, growth
and health status of this organism. Concerning the feeding intake, we only compared
40 samples in which the diet was specified in the original study, and we found that
diversity was higher in shrimps from wt, contrary to the reported for the starlet fish using
DGGE (Bacanu & Oprea, 2013). In our meta-analysis, we analyzed the sequencing data
of two studies that focused on the effect of carbohydrates (Qiao et al., 2017) and lipids
(Zhang et al., 2014b) on the shrimp microbiota. With the lipid supplements, the authors
reported a high abundance in Proteobacteria and Tenericutes. These phyla were also
two of the most abundant in our analysis; however, they were not related exclusively
to the samples with lipids diet. They also do not report significant differences in the
microbiota composition between the lipid sources; in contrast, we found a differential
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enrichment of Shewanella in the samples fed with beef tallow and of Agrobacterium in
the samples fed with SBF. Shewanella was a genus significantly enriched in beef-tallow
diet, and this is to be expected because this bacteria is one of the most efficient for
the metabolism of fatty-acids (Nichols & McMeekin, 2002; Interaminense et al., 2018),
coincidently, the metabolism of fatty acids is an enriched function in the stool samples
(Fig. S9d). On the other hand, the study that analyzes the effect of carbohydrates also
reported a high abundance of Proteobacteria in all their groups and Rhodobacter in one
group. Coincidently, our analysis of abundances also showed a significant enrichment
of Proteobacteria and Rhodobacter and other genera such as Lactococcus, Paracoccus,
and Pseudomonas which were not reported in the original study (Qiao et al., 2017).
Interestingly, Lactococcus was reported as an effective probiotic in fishes boosting
the immune system and making more efficient the food intake (Dawood et al., 2016).

The lifestyle conditions were the strongest biological factor impacting the microbiota
structure of marine samples. Our results showed that wild-type samples were the
most diverse and that Vibrionaceae order drove the clustering of those samples, while
Enterobacteriaceae and Rhodobactereaceae were the most critical taxa for clustering the
farm and laboratory samples. Interestingly, a study in P. monodon, also reports higher
diversity for wild-type as compared to cultured shrimps (Rungrassamee et al., 2014). These
results are in agreement with the previous observations of Cornejo-Granados et al. (2017)
in which they also found that wild-type shrimp microbiota is very different than the
microbiota of shrimps under cultured conditions. In our meta-analysis, it is not clear the
contribution that genetics have in marine shrimps to shape the microbiota composition,
although, this can be due to the variation introduced by technical and analysis protocols or
by differences in sample size. Although, it is important to note that samples from several
shrimp species are too small to draw reliable conclusions about that.

Finally, the developmental stage was also an important factor that shapes the shrimp
microbiota (Table 2). The developmental stage with the highest diversity was the adult,
followed by juvenile, larvae, and post-larvae, contrary to some studies that report a higher
diversity for post-larvae than juvenile (Rungrassamee et al., 2013). The taxonomy of all these
groups revealed that Proteobacteria, Bacteroidetes, and Firmicutes were the most abundant
phyla for all shrimp developmental stages (Fig. S2a), which is consistent with previous
reports in L. vannamei and P. monodon (Zhang et al., 2014a; Huang et al., 2016; Zheng et
al., 2016; Rungrassamee et al., 2013). Particularly in larvae samples, the most abundant
family was Enterobacteriaceae, possibly due to the use of whole larvae in the original study
(Pangastuti et al., 2010). The authors found that the fecal matter in the larval intestine
could be contributing to the high abundance of Enterobacteriaceae, which is in agreement
with the observed in our meta-analysis. At this early developmental stage, it is possible that
the observed bacterial communities originated mainly from the water, since the shrimp
larvae is a filter feeder (Pangastuti et al., 2010). Also, as the immune system reaches full
development and the surface of the digestive tract increases, it is possible that the resident
bacterial communities become limited with the increase of shrimp developmental stage.
Moreover, the enrichment of Aeromonadaceae, Mollicutes and Rhodobactereaceae we
observed in juvenile shrimps, and of Vibrionaceae and Pseudomonadaceae in adults is
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consistent with previous studies in L. vannamei (Huang et al., 2016; Moss, LeaMaster &
Sweeney, 2000).

We found an enrichment of Caldilinea in all marine shrimps under farm conditions,
which is in agreement with the high abundance previously observed of this genus for
L. vannamei under intensive cultured conditions (Gainza et al., 2017). The denitrification
activity characterizes this bacterium, and interestingly it has been found with high
abundance in landfills under chemical-stressed conditions (Wu et al., 2017). Given the
constant manipulation of farm conditions, the enrichment of this bacterium could
be associated with the presence and constant degradation of nitrogen-compounds.
Furthermore, we observed an enrichment of Fusobacterium in wt samples, contrary
to the reported in P. monodon, where this bacteria was found only in domesticated samples
(Rungrassamee et al., 2014). In adult shrimps, the significantly enriched genera were Vibrio,
Photobacterium, and Fusibacter, which have been previously reported as enriched in adult
shrimps of P. monodon and L. vannamei (Shakibazadeh et al., 2012; Rungrassamee et al.,
2014; Cornejo-Granados et al., 2017). On the other hand, Shewanella was found enriched in
juvenile shrimps, which is in agreement with the high abundance reported for this genus in
juvenile P. monodon (Shakibazadeh et al., 2012). We found an enrichment of Candidatus
Aquiluna and Microbacterium in larvae shrimps, and both genera are members of the
Microbacteriaceae family, which has been previously observed with a high abundance at
larvae of L. vannamei (Zheng et al., 2017). Regarding the organ, the enriched presence of
Vibrio in the intestine and Pseudomonas and Acinetobacter in hepatopancreas also has
been previously observed in L. vannamei (Cornejo-Granados et al., 2017). Furthermore, the
enrichment of the abundance of Shewanella in the intestines has been previously reported
for P. monodon (Shakibazadeh et al., 2012). Additionally, another genus that we found
enriched in the intestine samples were Lactococcus, which is considered as an effective
probiotic in fish boosting the immune system and making more efficient the food intake
(Dawood et al., 2016). All the genera that we found differentially enriched according to
biological factors could be considered as biomarkers for lifestyle, organ, developmental
stage, and diet for healthy marine shrimps.

The shrimp health status seems to have the lowest impact on the microbiota structure.
For the health status, the most significant diversity was for healthy shrimps, which is in
agreement with previous reports (Ringøet al., 2015; Cornejo-Granados et al., 2017). The
loss of diversity in diseased samples has been previously reported in the stomach (Chen et
al., 2017b), hepatopancreas (Cornejo-Granados et al., 2017), intestine (Cornejo-Granados
et al., 2017; Rungrassamee et al., 2016; Xiong, Zhu & Zhang, 2014) and whole larvae (Zheng
et al., 2017), independently of the type of disease such as EMS/AHPND (Chen et al.,
2017b; Cornejo-Granados et al., 2017), Vibrio harveyi infection (Rungrassamee et al., 2016),
and others (Zheng et al., 2017; Xiong, Zhu & Zhang, 2014). The early mortality syndrome
(EMS), also known as acute hepatopancreatic necrosis disease (AHPND) is a condition
associated with the presence of toxins Pir A/B carried by some strains ofV. parahaemolyticus
and that typically affects the hepatopancreas of shrimp postlarvae frequently causing 100%
mortality (De Schryver, Defoirdt & Sorgeloos, 2014; Lee et al., 2015). The opportunistic
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marine pathogen Vibrio parahaemolyticus becomes virulent by acquiring a plasmid that
expresses the toxin (Lee et al., 2015).

The functional capacity of shrimp microbiota was predicted by PICRUSt. The results
suggest that the microbial communities present in each organ perform functions that
are significantly different from one organ to another. Interestingly, the clean intestine
showed fewer enriched functions than the stool and complete intestine samples, indicating
that the bacterial communities present in the feces have a bigger functional contribution
than the bacteria attached to the intestine mucosa. In contrast, the developmental stage
and lifestyle factors show less differential microbial functions, suggesting that these two
biological factors maintain similar metagenome functions. In this regard, several studies
also revealed that shrimp microbial functions varied at different culture stages (Zeng
et al., 2017), host health status (Cornejo-Granados et al., 2017; Hou et al., 2018), cultural
enclosure ecosystems (Hou et al., 2017), host phylogeny (Tzeng et al., 2015), and among
cultered and wild-type shrimps (Cornejo-Granados et al., 2017). The approach used in
this meta-analysis was a reference mapping protocol, implicating that we only consider
the reads that had a 97% sequence similarity with a 16S rRNA genes of the GreenGenes
database, limiting the analysis to only known bacteria reported in GreenGenes. We found
that approximately 37.9% of the total reads were identified at phylum, class, order, family
genus or species level in this database, implicating that 62.1% of reads were unknown,
which is consistent with a previous study of shrimp microbiota (Cornejo-Granados et al.,
2017). Indeed a reference mapping against SILVA database at 97% sequence similarity also
showed that 60.5%of the total reads were unknown. Thus, amore in-depth characterization
of the shrimp microbiota is necessary using de novo clustering methods (not reference
based) to identify the novel diversity that is unique to the shrimp microbiota. All the
functional prediction showed that shrimp microbiota functions significantly varied at
different lifestyles, developmental stages, organs, and diets.

CONCLUSIONS
This study aimed to systematically analyze how the shrimp microbiota diversity and
function is influenced by different technical and biological factors using a consistent set
of bioinformatics methods to avoid this technical bias. After analyzing 199 samples from
16 studies, we observed that despite the high impact that technical and analysis protocols
had on the microbiota structure, host factors such as lifestyle, organ, and developmental
stage are sufficiently robust to significantly group the samples. The ANOSIM revealed
that the environment (marine or freshwater) is the most important biological factor that
modulates the shrimp microbiota, showing that freshwater samples have more bacterial
diversity than shrimps from a marine environment. Aside from technical factors, the
ANOSIM and PERMANOVA analyses agree that all samples of marine shrimps were also
significantly grouped by lifestyle, followed by organ and developmental stage (Fig. 6),
demonstrating that biological factors significantly shape the structure and function of
the shrimp microbiota. However, further studies are needed for a better understanding
of the role that these biological factors have on the shrimp microbiota including a more

Cornejo-Granados et al. (2018), PeerJ, DOI 10.7717/peerj.5382 19/25

https://peerj.com
http://dx.doi.org/10.7717/peerj.5382


significant number of samples and also including other shrimp species using the same
technical and analysis protocols. Our results reinforce the general idea that primers and
targeted 16S rRNA hypervariable regions have a substantial impact on the characterization
of the shrimp microbiota. In this meta-analysis, we integrated a large number of sequenced
samples from different shrimp studies helping us to determine the factors that drive and
shape the microbiota structure and function in a non-model organism.

In the search for sequencing data from shrimp microbiota, we found several limitations:
(i) only the 60% of the 16S rRNA sequencing data is publically available, and (ii) there
were several sequencing data deposited in a single file that includes samples from different
conditions making it impossible to obtain the data for each sample. Thus, we strongly
recommend researchers to deposit the sequencing data of any shrimp microbiota study
to public databases and correctly separate them by sample type, allowing others to obtain
more powerful conclusions with large sample size, diverse species, sampling regions, etc.
for the benefit of the research on the shrimp microbiota and microbiome fields.

ACKNOWLEDGEMENTS
We thank Juan Manuel Hurtado Ramírez for informatics technical support.

ADDITIONAL INFORMATION AND DECLARATIONS

Funding
This work was supported by the DGAPA PAPPIT UNAM (IA203118) and CONACyT
SALUD-2014-C01-234188. The funders had no role in study design, data collection and
analysis, decision to publish, or preparation of the manuscript.

Grant Disclosures
The following grant information was disclosed by the authors:
DGAPA PAPPIT UNAM: IA203118.
CONACyT SALUD: 2014-C01-234188.

Competing Interests
The authors declare there are no competing interests.

Author Contributions
• Fernanda Cornejo-Granados, Luigui Gallardo-Becerra and Adrian Ochoa-Leyva
conceived and designed the experiments, performed the experiments, analyzed the
data, contributed reagents/materials/analysis tools, prepared figures and/or tables,
authored or reviewed drafts of the paper, approved the final draft.
• Miriam Leonardo-Reza and Juan Pablo Ochoa-Romo performed the experiments,
analyzed the data, contributed reagents/materials/analysis tools, prepared figures and/or
tables, approved the final draft.

Data Availability
The following information was supplied regarding data availability:

All the sequencing data used in this meta-analysis are described in Table S2.

Cornejo-Granados et al. (2018), PeerJ, DOI 10.7717/peerj.5382 20/25

https://peerj.com
http://dx.doi.org/10.7717/peerj.5382#supp-14
http://dx.doi.org/10.7717/peerj.5382


Supplemental Information
Supplemental information for this article can be found online at http://dx.doi.org/10.7717/
peerj.5382#supplemental-information.

REFERENCES
AndersonMJ. 2014. Permutational multivariate analysis of variance (PERMANOVA).

Chichester: John Wiley & Sons, Ltd DOI 10.1002/9781118445112.stat07841.
Bacanu GM, Oprea L. 2013. Differences in the gut microbiota between wild and

domestic acipenser ruthenus evaluated by denaturing gradient gel electrophoresis.
Romanian Biotechnological Letters 18:8069–8076.

Bikel S, Valdez-Lara A, Cornejo-Granados F, Rico K, Canizales-Quinteros S, Soberón
X, Del Pozo-Yauner L, Ochoa-Leyva A. 2015. Combining metagenomics, meta-
transcriptomics and viromics to explore novel microbial interactions: towards a
systems-level understanding of human microbiome. Computational and Structural
Biotechnology Journal 13:390–401 DOI 10.1016/j.csbj.2015.06.001.

Caporaso JG, Kuczynski J, Stombaugh J, Bittinger K, Bushman FD, Costello EK, Fierer
N, Peña AG, Goodrich JK, Gordon JI, Huttley GA, Kelley ST, Knights D, Koenig JE,
Ley RE, Lozupone CA, McDonald D, Muegge BD, PirrungM, Reeder J, Sevinsky
JR, Turnbaugh PJ, WaltersWA,Widmann J, Yatsunenko T, Zaneveld J, Knight
R. 2010. QIIME allows analysis of high-throughput community sequencing data.
Nature Publishing Group 7:335–336 DOI 10.1038/nmeth.f.303.

Chen C-Y, Chen P-C,Weng FC-H, Shaw GT-W,Wang D. 2017a.Habitat and in-
digenous gut microbes contribute to the plasticity of gut microbiome in orien-
tal river prawn during rapid environmental change. PLOS ONE 12:e0181427
DOI 10.1371/journal.pone.0181427.

ChenW-Y, Ng TH,Wu J-H, Chen J-W,Wang H-C. 2017b.Microbiome dynamics in a
shrimp grow-out pond with possible outbreak of acute hepatopancreatic necrosis
disease. Scientific Reports 7:9395 DOI 10.1038/s41598-017-09923-6.

CheungMK, Yip HY, NongW, Law PTW, Chu KH, Kwan HS, Hui JHL. 2015. Rapid
change of microbiota diversity in the gut but not the hepatopancreas during gonadal
development of the new shrimp model Neocaridina denticulata.Marine Biotechnology
17:811–819 DOI 10.1007/s10126-015-9662-8.

Cornejo-Granados F, Lopez-Zavala AA, Gallardo-Becerra L, Mendoza-Vargas A,
Sánchez F, Vichido R, Brieba LG, VianaMT, Sotelo-Mundo RR, Ochoa-Leyva
A. 2017.Microbiome of Pacific Whiteleg shrimp reveals differential bacterial
community composition between Wild, Aquacultured and AHPND/EMS outbreak
conditions. Scientific Reports 7:11783 DOI 10.1038/s41598-017-11805-w.

Cui J, XiaoM, LiuM,Wang Z, Liu F, Guo L, Meng H, Zhang H, Yang J, Deng D, Huang
S, Ma Y, Liu C. 2017. Coupling metagenomics with cultivation to select host-
specific probiotic micro-organisms for subtropical aquaculture. Journal of Applied
Microbiology 123:1274–1285 DOI 10.1111/jam.13555.

DawoodMAO, Koshio S, IshikawaM, Yokoyama S, Basuini El MF, HossainMS, Nhu
TH, Dossou S, Moss AS. 2016. Effects of dietary supplementation of Lactobacillus

Cornejo-Granados et al. (2018), PeerJ, DOI 10.7717/peerj.5382 21/25

https://peerj.com
http://dx.doi.org/10.7717/peerj.5382#supplemental-information
http://dx.doi.org/10.7717/peerj.5382#supplemental-information
http://dx.doi.org/10.1002/9781118445112.stat07841
http://dx.doi.org/10.1016/j.csbj.2015.06.001
http://dx.doi.org/10.1038/nmeth.f.303
http://dx.doi.org/10.1371/journal.pone.0181427
http://dx.doi.org/10.1038/s41598-017-09923-6
http://dx.doi.org/10.1007/s10126-015-9662-8
http://dx.doi.org/10.1038/s41598-017-11805-w
http://dx.doi.org/10.1111/jam.13555
http://dx.doi.org/10.7717/peerj.5382


rhamnosus or/and Lactococcus lactis on the growth, gut microbiota and immune
responses of red sea bream, Pagrus major. Fish & Shellfish Immunology 49:275–285
DOI 10.1016/j.fsi.2015.12.047.

De Filippis F, Parente E, Zotta T, Ercolini D. 2018. A comparison of bioinformatic
approaches for 16S rRNA gene profiling of food bacterial microbiota. International
Journal of Food Microbiology 265:9–17 DOI 10.1016/j.ijfoodmicro.2017.10.028.

De Schryver P, Defoirdt T, Sorgeloos P. 2014. Early mortality syndrome outbreaks:
a microbial management issue in shrimp farming? PLOS Pathogens 10:e1003919
DOI 10.1371/journal.ppat.1003919.

Dehler CE, Secombes CJ, Martin SAM. 2017. Environmental and physiological factors
shape the gut microbiota of Atlantic salmon parr (Salmo salar L.). Aquaculture
467:149–157 DOI 10.1016/j.aquaculture.2016.07.017.

Durand L, ZbindenM, Cueff-Gauchard VR, Duperron SB, Roussel EG, Shillito B,
Cambon-Bonavita M-A. 2010.Microbial diversity associated with the hydrothermal
shrimp Rimicaris exoculatagut and occurrence of a resident microbial community.
FEMS Microbiology Ecology 71:291–303 DOI 10.1111/j.1574-6941.2009.00806.x.

Feinman SG, Unzueta Martínez A, Bowen JL, Tlusty MF. 2017. Fine-scale transition
to lower bacterial diversity and altered community composition precedes shell
disease in laboratory-reared juvenile American lobster. Diseases of Aquatic Organisms
124:41–54 DOI 10.3354/dao03111.

Gainza O, Ramírez C, Ramos AS, Romero J. 2017. Intestinal microbiota of white shrimp
Penaeus vannamei under intensive cultivation conditions in ecuador.Microbial
Ecology 33:1–7 DOI 10.1007/s00248-017-1066-z.

Holman DB, Brunelle BW, Trachsel J, Allen HK. 2017.Meta-analysis to define a core
microbiota in the swine gut.mSystems 2:e00004–17
DOI 10.1128/mSystems.00004-17.

HouD, Huang Z, Zeng S, Liu J, Wei D, Deng X,Weng S, He Z, He J. 2017. Envi-
ronmental factors shape water microbial community structure and function in
shrimp cultural enclosure ecosystems. Frontiers in Microbiology 8:Article 2359
DOI 10.3389/fmicb.2017.02359.

HouD, Huang Z, Zeng S, Liu J, Wei D, Deng X,Weng S, Yan Q, He J. 2018. Intestinal
bacterial signatures of white feces syndrome in shrimp. Applied Microbiology and
Biotechnology 102:3701–3709 DOI 10.1007/s00253-018-8855-2.

Huang Z, Li X,Wang L, Shao Z. 2016. Changes in the intestinal bacterial community
during the growth of white shrimp, Litopenaeus vannamei. Aquaculture Research
47:1737–1746 DOI 10.1111/are.12628.

HumanMicrobiome Project Consortium. 2012. Structure, function and diversity of the
healthy human microbiome. Nature 486:207–214 DOI 10.1038/nature11234.

Interaminense JA, Vogeley JL, Gouveia CK, Portela RWS, Oliveira JP, Andrade HA,
Peixoto SM, Soares RB, Buarque DS, Bezerra RS. 2018. In vitro and in vivo potential
probiotic activity of Bacillus subtilis and Shewanella algae for use in Litopenaeus
vannamei rearing. Aquaculture 488:114–122
DOI 10.1016/j.aquaculture.2018.01.027.

Cornejo-Granados et al. (2018), PeerJ, DOI 10.7717/peerj.5382 22/25

https://peerj.com
http://dx.doi.org/10.1016/j.fsi.2015.12.047
http://dx.doi.org/10.1016/j.ijfoodmicro.2017.10.028
http://dx.doi.org/10.1371/journal.ppat.1003919
http://dx.doi.org/10.1016/j.aquaculture.2016.07.017
http://dx.doi.org/10.1111/j.1574-6941.2009.00806.x
http://dx.doi.org/10.3354/dao03111
http://dx.doi.org/10.1007/s00248-017-1066-z
http://dx.doi.org/10.1128/mSystems.00004-17
http://dx.doi.org/10.3389/fmicb.2017.02359
http://dx.doi.org/10.1007/s00253-018-8855-2
http://dx.doi.org/10.1111/are.12628
http://dx.doi.org/10.1038/nature11234
http://dx.doi.org/10.1016/j.aquaculture.2018.01.027
http://dx.doi.org/10.7717/peerj.5382


Langille MGI, Zaneveld J, Caporaso JG, McDonald D, Knights D, Reyes JA, Clemente
JC, Burkepile DE, Vega Thurber RL, Knight R, Beiko RG, Huttenhower C. 2013.
Predictive functional profiling of microbial communities using 16S rRNA marker
gene sequences. Nature Biotechnology 31:814–821 DOI 10.1038/nbt.2676.

Lee C-T, Chen I-T, Yang Y-T, Ko T-P, Huang Y-T, Huang J-Y, HuangM-F, Lin S-J,
Chen C-Y, Lin S-S, Lin S-S, Lightner DV,Wang H-C,Wang AHJ,Wang H-C, Hor
L-I, Lo C-F. 2015. The opportunistic marine pathogen Vibrio parahaemolyticus
becomes virulent by acquiring a plasmid that expresses a deadly toxin. Proceedings
of the National Academy of Sciences of the United States of America 112:10798–10803
DOI 10.1073/pnas.1503129112.

Lemos LN, Fulthorpe RR, Triplett EW, Roesch LFW. 2011. Rethinking microbial
diversity analysis in the high throughput sequencing era. Journal of Microbiological
Methods 86:42–51 DOI 10.1016/j.mimet.2011.03.014.

Lozupone CA, Stombaugh J, Gonzalez A, Ackermann G,Wendel D, Vázquez-Baeza
Y, Jansson JK, Gordon JI, Knight R. 2013.Meta-analyses of studies of the human
microbiota. Genome Research 23:1704–1714 DOI 10.1101/gr.151803.112.

Mente E, Gannon AT, Nikouli E, Hammer H, Kormas KA. 2016. Gut microbial
communities associated with the molting stages of the giant freshwater prawn
Macrobrachium rosenbergii. Aquaculture 463:181–188
DOI 10.1016/j.aquaculture.2016.05.045.

Moss SM, LeaMaster BR, Sweeney JN. 2000. Relative abundance and species com-
position of gram-negative, aerobic bacteria associated with the gut of juve-
nile white shrimp litopenaeus vannamei reared in oligotrophic well water and
eutrophic pond water. Journal of the World Aquaculture Society 31:255–263
DOI 10.1111/j.1749-7345.2000.tb00361.x.

Nichols DS, McMeekin TA. 2002. Biomarker techniques to screen for bacteria that
produce polyunsaturated fatty acids. Journal of Microbiological Methods 48:161–170
DOI 10.1016/S0167-7012(01)00320-7.

Oetama VSP, Hennersdorf P, Abdul-Aziz MA, Mrotzek G, Haryanti H, Saluz HP.
2016.Microbiome analysis and detection of pathogenic bacteria of Penaeus
monodon from Jakarta Bay and Bali.Marine Pollution Bulletin 110:718–725
DOI 10.1016/j.marpolbul.2016.03.043.

Pangastuti A, Suwanto A, Lestari Y, SuhartonoMT. 2010. Bacterial communities
associated with white shrimp (Litopenaeus vannamei) larvae at early developmental
stages. Biodiversitas, Journal of Biological Diversity 11:65–68
DOI 10.13057/biodiv/d110203.

Qiao F, Liu YK, Sun YH,Wang XD, Chen K, Li TY, Li EC, ZhangML. 2017. Influence
of different dietary carbohydrate sources on the growth and intestinal micro-
biota of Litopenaeus vannamei at low salinity. Aquaculture Nutrition 23:444–452
DOI 10.1111/anu.12412.

Ringø E, Zhou Z, Vecino JLG,Wadsworth S, Romero J, Krogdahl Å, Olsen RE,
Dimitroglou A, Foey A, Davies S, OwenM, Lauzon HL, Martinsen LL, De Schryver
P, Bossier P, Sperstad S, Merrifield DL. 2015. Effect of dietary components on the

Cornejo-Granados et al. (2018), PeerJ, DOI 10.7717/peerj.5382 23/25

https://peerj.com
http://dx.doi.org/10.1038/nbt.2676
http://dx.doi.org/10.1073/pnas.1503129112
http://dx.doi.org/10.1016/j.mimet.2011.03.014
http://dx.doi.org/10.1101/gr.151803.112
http://dx.doi.org/10.1016/j.aquaculture.2016.05.045
http://dx.doi.org/10.1111/j.1749-7345.2000.tb00361.x
http://dx.doi.org/10.1016/S0167-7012(01)00320-7
http://dx.doi.org/10.1016/j.marpolbul.2016.03.043
http://dx.doi.org/10.13057/biodiv/d110203
http://dx.doi.org/10.1111/anu.12412
http://dx.doi.org/10.7717/peerj.5382


gut microbiota of aquatic animals. A never-ending story? Aquaculture Nutrition
22:219–282 DOI 10.1111/anu.12346.

Roeselers G, Mittge EK, StephensWZ, Parichy DM, Cavanaugh CM, Guillemin K,
Rawls JF. 2011. Evidence for a core gut microbiota in the zebrafish. The ISME
Journal 5:1595–1608 DOI 10.1038/ismej.2011.38.

RungrassameeW, Klanchui A, Chaiyapechara S, Maibunkaew S, Tangphatsornruang
S, Jiravanichpaisal P, Karoonuthaisiri N. 2013. Bacterial population in intestines of
the black tiger shrimp (Penaeus monodon) under different growth stages. PLOS ONE
8:e60802 DOI 10.1371/journal.pone.0060802.

RungrassameeW, Klanchui A, Maibunkaew S, Chaiyapechara S, Jiravanichpaisal
P, Karoonuthaisiri N. 2014. Characterization of intestinal bacteria in wild and
domesticated adult black tiger shrimp (Penaeus monodon). PLOS ONE 9:e91853
DOI 10.1371/journal.pone.0091853.

RungrassameeW, 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. Journal of Invertebrate Pathology 133:12–19
DOI 10.1016/j.jip.2015.11.004.

Segata N, Izard J, Waldron L, Gevers D, Miropolsky L, Garrett WS, Huttenhower C.
2011.Metagenomic biomarker discovery and explanation. Genome Biology 12:Article
R60 DOI 10.1186/gb-2011-12-6-r60.

Shakibazadeh S, Roos SC, HafeziehM, Christianus A, Saleh KamarudinM, Kamaruza-
man S. 2012. A putative probiotic isolated from hatchery reared juvenile Penaeus
monodon. Iranian Journal of Fisheries Sciences 11:849–866.

Stackebrandt E, LiesackW, Goebel BM. 1993. Bacterial diversity in a soil sample from a
subtropical Australian environment as determined by 16S rDNA analysis. The FASEB
Journal 7:232–236 DOI 10.1096/fasebj.7.1.8422969.

Sun Q-L, Zeng Z-G, Chen S, Sun L. 2016. First comparative analysis of the community
structures and carbon metabolic pathways of the bacteria associated with Alvinocaris
longirostris in a hydrothermal vent of okinawa trough. PLOS ONE 11:e0154359
DOI 10.1371/journal.pone.0154359.

Suo Y, Li E, Li T, Jia Y, Qin JG, Gu Z, Chen L. 2017. Response of gut health and mi-
crobiota to sulfide exposure in Pacific white shrimp Litopenaeus vannamei. Fish &
Shellfish Immunology 63:87–96 DOI 10.1016/j.fsi.2017.02.008.

Tysset C, MaillouxM, Brisou J. 1961. La microflore commensale de la crevette rouge des
côtes Algériennes. Archives DelInstitut Pasteur DAlgerie 39:287–301.

Tzeng T-D, Pao Y-Y, Chen P-C,Weng FC-H, JeanWD,Wang D. 2015. Effects of host
phylogeny and habitats on gut microbiomes of oriental river prawn (Macrobrachium
nipponense). PLOS ONE 10:e0132860 DOI 10.1371/journal.pone.0132860.

Wang Y, Sheng H-F, He Y,Wu J-Y, Jiang Y-X, TamNF-Y, Zhou H-W. 2012. Compar-
ison of the levels of bacterial diversity in freshwater, intertidal wetland, and marine
sediments by using millions of illumina tags. Applied and Environmental Microbiology
78:8264–8271 DOI 10.1128/AEM.01821-12.

WickhamH. 2016. ggplot2: elegant graphics for data analysis. New York: Springer-
Verlag.

Cornejo-Granados et al. (2018), PeerJ, DOI 10.7717/peerj.5382 24/25

https://peerj.com
http://dx.doi.org/10.1111/anu.12346
http://dx.doi.org/10.1038/ismej.2011.38
http://dx.doi.org/10.1371/journal.pone.0060802
http://dx.doi.org/10.1371/journal.pone.0091853
http://dx.doi.org/10.1016/j.jip.2015.11.004
http://dx.doi.org/10.1186/gb-2011-12-6-r60
http://dx.doi.org/10.1096/fasebj.7.1.8422969
http://dx.doi.org/10.1371/journal.pone.0154359
http://dx.doi.org/10.1016/j.fsi.2017.02.008
http://dx.doi.org/10.1371/journal.pone.0132860
http://dx.doi.org/10.1128/AEM.01821-12
http://dx.doi.org/10.7717/peerj.5382


WuD, Chen G, Zhang X, Yang K, Xie B. 2017. Change in microbial community in
landfill refuse contaminated with antibiotics facilitates denitrification more than the
increase in ARG over long-term. Scientific Reports 7:41230 DOI 10.1038/srep41230.

Xiong J, DaiW, Zhu J, Liu K, Dong C, Qiu Q. 2017a. The underlying ecological
processes of gut microbiota among cohabitating retarded, overgrown and normal
shrimp.Microbial Ecology 73:988–999 DOI 10.1007/s00248-016-0910-x.

Xiong J, Zhu J, DaiW, Dong C, Qiu Q, Li C. 2017b. Integrating gut microbiota immatu-
rity and disease-discriminatory taxa to diagnose the initiation and severity of shrimp
disease. Environmental Microbiology 19:1490–1501 DOI 10.1111/1462-2920.13701.

Xiong J, Zhu J, Zhang D. 2014. The application of bacterial indicator phylotypes to
predict shrimp health status. Applied Microbiology and Biotechnology 98:8291–8299
DOI 10.1007/s00253-014-5941-y.

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:e3986 DOI 10.7717/peerj.3986.

Zhang D,Wang X, Xiong J, Zhu J, Wang Y, Zhao Q, Chen H, Guo A,Wu J, Dai H.
2014a. Bacterioplankton assemblages as biological indicators of shrimp health status.
Ecological Indicators 38:218–224 DOI 10.1016/j.ecolind.2013.11.002.

ZhangM, Sun Y, Chen K, Yu N, Zhou Z, Chen L, Du Z, Li E. 2014b. Charac-
terization of the intestinal microbiota in Pacific white shrimp, Litopenaeus
vannamei, fed diets with different lipid sources. Aquaculture 434:449–455
DOI 10.1016/j.aquaculture.2014.09.008.

ZhangM, Sun Y, Liu Y, Qiao F, Chen L, LiuW-T, Du Z, Li E. 2016. Response of gut
microbiota to salinity change in two euryhaline aquatic animals with reverse salinity
preference. Aquaculture 454:72–80 DOI 10.1016/j.aquaculture.2015.12.014.

Zhang N, Song C,WangM, Liu Y, Hui M, Cui Z. 2017. Diversity and characterization
of bacteria associated with the deep-sea hydrothermal vent crab Austinograea sp.
comparing with those of two shallow-water crabs by 16S ribosomal DNA analysis.
PLOS ONE 12:e0187842 DOI 10.1371/journal.pone.0187842.

Zheng Y, YuM, Liu J, Qiao Y,Wang L, Li Z, Zhang X-H, YuM. 2017. Bacterial com-
munity associated with healthy and diseased Pacific white shrimp (Litopenaeus
vannamei) larvae and rearing water across different growth stages. Frontiers in
Microbiology 8:Article 1362 DOI 10.3389/fmicb.2017.01362.

Zheng Y, YuM, Liu Y, Su Y, Xu T, YuM, Zhang X-H. 2016. Comparison of cultivable
bacterial communities associated with Pacific white shrimp (Litopenaeus vannamei)
larvae at different health statuses and growth stages. Aquaculture 451:163–169
DOI 10.1016/j.aquaculture.2015.09.020.

Cornejo-Granados et al. (2018), PeerJ, DOI 10.7717/peerj.5382 25/25

https://peerj.com
http://dx.doi.org/10.1038/srep41230
http://dx.doi.org/10.1007/s00248-016-0910-x
http://dx.doi.org/10.1111/1462-2920.13701
http://dx.doi.org/10.1007/s00253-014-5941-y
http://dx.doi.org/10.7717/peerj.3986
http://dx.doi.org/10.1016/j.ecolind.2013.11.002
http://dx.doi.org/10.1016/j.aquaculture.2014.09.008
http://dx.doi.org/10.1016/j.aquaculture.2015.12.014
http://dx.doi.org/10.1371/journal.pone.0187842
http://dx.doi.org/10.3389/fmicb.2017.01362
http://dx.doi.org/10.1016/j.aquaculture.2015.09.020
http://dx.doi.org/10.7717/peerj.5382

