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Abstract

This study investigated the intestinal microbial community structure of Litopenaeus
vannamei at six different stages during shrimp farming. Our goal was to elucidate the
bacterial profile and the changes in the relative abundance of taxa during an atypical
massive mortality event in Sonora, Mexico. High-throughput sequencing of the 16S rRNA
gene and denaturing gradient gel electrophoresis showed that Vibrionaceae was persistent
with high relative abundances in the intestine from cultivated shrimp during all the studied
stages. The massive mortality observed at day 63 could be related to a putative
polymicrobial bacteraemia indicated by an overabundance of different OTU’s of Vibrio,
Shewanella and Clostridium. Principal coordinate analysis (PCoA) showed variations in
microbial structure at different culture times. These findings suggest that OTUs of different
taxa contributed to the community switch from healthy to diseased individuals, questioning
the hypothesis that single bacterial species is the cause of disease outbreaks. This study

provided data to improve the understanding of disease outbreaks during shrimp farming.

Keywords: Litopenaeus vannamei, 16S rRNA, Vibrio, Shewanella, Clostridium, atypical

mortality

Introduction

The Pacific white shrimp (Litopenaeus vannamei) is one of the most economically
important species in aquaculture. However, it is being threatened by the emergence and
spread of diseases, which has resulted in significant economic affectations [1,2]. Recent
studies have associated the gut microbiota with shrimp disease, describing that unhealthy

shifts in microbial community composition (dysbiosis) are concurrent with host diseases [3,
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4]. Most of the studies linking microbial community changes and health status have been
performed in vertebrates (mammals and fishes) [3]. In this context, the microbial taxonomic
composition becomes of utmost importance, both in terms of the overall diversity of
microbial species and the presence of particular taxa that are associated with healthy or
diseased individuals [5]. In particular, the intestinal microbiota is an integral component of
the host, playing an important role in its health [6]. Intestinal colonization of the host by
microorganisms is influenced by biotic and abiotic factors such as shrimp health status, the
pool of surrounding microbial species (e.g., rearing water) [7-9], feeding conditions [10,
11], shrimp life stage [6,8], and physiologically [12], and environmentally stressful
conditions, such as those occurring in hyper-intensive ponds [13].

Regarding the disease outbreaks in shrimp culture, the switch from a healthy to a
diseased state in L. vannamei has been interpreted in two ways. The first considers some
single pathogenic bacterial strains of the genus Vibrio, which are among the most important
pathogens recognized in larval, juvenile, sub-adult and adult cultures and have been
implicated in causing high mortalities [14-16]. The second suggests a complex microbial
community rather than a single taxon, highlighting strong relationships among gut
microbiota, host age and healthy conditions [3].

The initiation and severity of shrimp disease can be diagnosed accurately using
specific bacterial taxa as indicators of age and disease [3]. However, the appearance of host
diseases substantially reduces the relative importance of deterministic processes regarding
microbial profile colonization [17]. Previous studies have shown that host filtering plays a
predominant role in governing the gut microbiota in healthy shrimp, thus resulting in a
predictable gut bacterial composition over their lifetime [3]. Additionally, overabundance

of specific commensal taxa that can turn virulent through horizontal gene transfer or
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quorum sensing [ 18], such as Vibrio spp. [13] and Shewanella spp. [19], also contributes to
the community switch from healthy to diseased shrimp [3].

In order to understand the composition and function of the shrimp gut microbiota, it
is necessary to consider that intestinal colonization by microorganisms is strongly
influenced by several factors relative to host and non-host interactions [3,8-11,20]. A useful
approach to describe the dynamics of the gut microbiota includes the analysis of the 16S
rRNA gene, either via traditional methods that include cloning libraries and denaturing
gradient gel electrophoresis (DGGE), or high-throughput sequencing [10, 11, 21, 22]. In
this study, we employed DGGE and high-throughput sequencing approaches to explore the
potential link between microbial composition and abundance in relation to the switch from
healthy to diseased shrimp.

Shrimp farming in Mexico is an industry under constant development, with a
production in 2014 of 86,959 tons [24]. We focused our study on a shrimp farm in Sonora
(northwestern Mexico), which in 2013 experienced an atypical massive mortality in weight-
gain outdoor ponds after 63 days of culture, where survival values in the range of 5% to
20% were observed. This atypical mortality was widely extended throughout the Mexican
Pacific coast and was declared as an unknown etiological-agent or undetermined typified-
disease, according to local authorities of Aquaculture Health Committee of Sonora State,

Mexico (COSAES) (www.cosaes.claper.com). During this particular event, the COSAES

conducted standard molecular tests and ruled out that the outbreak observed would have
been caused by typical viral or bacterial agents (White Spot Syndrome Virus, Infectious
Hypodermal and Hematopoietic Necrosis, Taura Virus Syndrome and Necrotizing
Hepatopancreatitis). Nonetheless, they reported several cases of bacteriosis supported by a

high number of colonies forming units (CFU) of Vibrio parahaemolyticus. Hence, the goal
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of this study was to provide information about the main changes observed in the structure
of the intestinal microbial community associated with L. vannamei in rearing shrimp farm

facilities that ended in a case of atypical massive mortality.

Materials and Methods
Sampling
The studied shrimp farm is located near Ciudad Obregon, Sonora, Mexico (27°10° N;
110°11° W). From April to June 2013, individuals from the same batches of shrimp at six
different growth times, from raceways (RWs), a juvenile center (JC) and an outdoor pond
(OP) were sampled in 0.5 L plastic containers. Samples were collected at 4, 11, 17, 30, 37
and 63 days after the Post Larvae (PL) 14 stage, up to the adult stage. For each stage, the
types of tanks/ponds for rearing animals were: (1) two independent cylindrical raceways
(RW1 and RW2) of 10 m in diameter and 1 m depth with a total capacity of 90,000 L; each
tank contained approximately 1.675 x 10° shrimp postlarvae (18.6 org L'); (2) one
juvenile center (JC) with dimensions of 30 m x 248 m x 1.4 m depth, which contained
approximately 9 x 10° juvenile shrimp (1,200 org/m?); and (3) one outdoor pond (OP) of
180 m x 500 m x 1.5 m depth, which contained approximately 480,000 late-stage juvenile
shrimp (12 org/m?). The sampling of entire animals (RW) or their digestive tracts (JC and
OP) was as follows: RW-4-day-old, RW-11-day-old, JC-17-day-old, JC-30-day-old, OP-
37-day-old, and OP-63-day-old (Table 1). During the rearing process, the organisms of the
same batch were transferred twice, from raceways to juvenile center and finally to outdoor
pond.

After 62 days of culture, the outdoor pond was monitored and living animals were

confirmed. On the next day (63do), some shrimp were found with aqueous consistency and
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were deemed as organisms with less than 24 h of death. Wet mounts of the hepatopancreas
revealed severe tubule disorganization with a total loss of tissue structure (data not shown).
Samples were immediately processed at the farm’s laboratory facilities. Individual
postlarvae, juvenile and adult shrimp were externally washed (2 to 3 times) with 0.5%
sodium hypochlorite solution to eliminate any external bacteria and environmental DNA.
Finally, cleaned individuals were preserved in RNAlater buffer (Thermo Scientific,
Carlsbad, CA, USA). The survival values were derived from technical reports by the farm’s

administration during the entire culture cycle (Table 1).

DNA extraction from the intestinal content

Genomic DNA was extracted from shrimp samples using the DNeasy blood and tissue kit
(QIAGEN GmbH, Hilden, Germany), following the instructions of the manufacturer.
Owing to the small size of postlarvae from the raceways, extractions were performed using
whole larvae (3-5 individuals), which was deemed as an approximation of the intestine.
Individual shrimp from the juvenile center and the outdoor pond were dissected using a
stereoscope (Southern Precision, Japan) under aseptic conditions to extract the entire
digestive tract. For juvenile center and outdoor pond, we pooled the dissected material from
2 to 4 individuals and conducted DNA extractions with ~25 mg of the pooled material. The
integrity, purity and concentration of the DNA from the eight samples included in the study
(Table 1) were assessed by standard agarose gel electrophoresis and a Nanodrop

spectrophotometer (Thermo Scientific).

PCR library and sequencing
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Approximately 500 bp of the hypervariable regions V6 - V9 from the 16S rRNA gene was
amplified by PCR using the oligonucleotide primers 926F and 1392R, containing multiplex
identifiers and LibL adapter sequences [25]. PCR assays were performed with ~20 ng of
DNA using a two-step PCR protocol previously described [26]. In the first round, we used
primers containing multiplex identifiers and adapter sequences described previously [27].
To avoid PCR bias, a second PCR with a reduced number of cycles (7 cycles) was done in
triplicate for each sample using 1 pL from a 1:50 dilution in sterile water of the first PCR
product as template. Triplicates of PCR products from each sample were combined and
purified with AMPure XP beads (Beckman-Coulter, IN, USA) following the manufacturer's
protocol, quantified with a QUBIT fluorometer (Thermo Fisher Scientific, Waltham, MA,
USA), and combined in equimolar concentrations. The resulting amplicon library was
sequenced in half of a plate of a FLX Titanium 454 Genome Sequencer (Roche, Bradford,

CT, USA) at the University of Arizona Genetics Core.

The raw sequence data produced in this study were deposited in the short-read
archive (SRA) site from the NCBI server under the Bioproject PRINA504443 with
biosample accession ID’s: SRR8186311, SRR8186313, SRR8186315, SRRE186319,

SRR8186321, SRR8186323, SRR8186325 and SRRE186327.

Bioinformatic analyses

The resulting sequences were subjected to the standard Long Amplicon # 3 pipeline
(Roche, Bradford, CT, USA), recommended for 16S rRNA metagenomic data with
moderate sequence diversity, unidirectional sequencing, a trimming valley filter type and

moderate stringency. Barcodes were adjusted to the same length using MID-Adjust v1.2
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(https://sourceforge.net/projects/pyrotaggermid/). A total of 111,752 sequences were

recovered.

Further sequence analyses proceeded using QIIME v1.9.1 [28] as follows: the
demultiplexing step included quality control filters, a minimum Q score of 25 in a sliding
window of 50 nucleotides, a minimum length of 200 bp, one mismatch allowed within
barcodes and a maximum of 2 mismatches within primers. Subsequently, Acacia v01.53.b0
[29] was used for denoising with default parameters. Length-sorted sequences were
grouped de novo in Operational Taxonomic Units (OTUs) at 97% similarity with UCLUST
[30] employing the parameters ‘max rejects 500, word length 12, stepwords 20, and max
accepts 20°. Representative sequences of OTUs were aligned with PyNAST [31] using the
Greengenes 13-08 database as a reference [32], and a minimal sequence identity of 75%
was allowed in order to act as a reference sequence. Chimeras were identified and excluded
with ChimeraSlayer [33] using the Greengenes 13-08 database as a reference [32].
Taxonomic assignments were done with UCLUST using the SILVA Sequence database
v128 [34]. Read counts were subsampled to the smallest sample size obtained among the
eight samples (6,635 sequences). The tables of OTUs were exported for further analysis in
R [35]. A phylogenetic tree was built with high-quality sequences of representative OTUs,
calculated with FastTree using default parameters [36]. Alpha diversity indices were
calculated using the R package vegan [37]. UniFrac distance matrices (weighted) calculated
in QIIME were used in a principal coordinate analysis with the vegan package. Differences
between groups of samples were evaluated in UniFrac matrices with an adonis function
(permutations = 999) from vegan. Shared OTUs between different conditions were

visualized with UpSetR [38].
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Phylogenetic analyses of Vibrio

The OTUs assigned to the Vibrionaceae family, which showed higher abundances, were
phylogenetically inserted into a 16S rRNA reference phylogenetic tree. Additional
representative sequences of the Vibrionaceae family reported previously [39] were obtained
from NCBI’s GenBank and aligned using MAFFT [40]. Subsequently, a maximum-
likelihood reference tree was constructed using RAXML v-8.0.0 [41], using the GTR-
gamma model. Phylogenetic placement of OTUs from Vibrionaceae into the reference tree
was done using PPLACER [42]. Each of the best OTU insertions was visualized in the

reference tree using iTOL [43].

DGGE assay
We performed parallel denaturing gradient gel electrophoresis (DGGE) assays from
particular samples from a juvenile center and an open pond in order to contrast the bacterial

taxa present in higher abundances in each sample (see details in Supplementary Material 1

Fig. 1).

Results

Overview of 16S rRNA sequences analysis

A total of ~111,752 reads were obtained after high-throughput sequencing of the V6 to V9

region of the 16S rRNA gene in eight samples. An average of 14,000 reads per sample were

of high quality (ranging from 6,736 to 20,579 reads) (Supplementary Material 2 Table 1).
Rarefaction curves were generated to assess the sequencing effort (Supplementary

Material 3 Fig. 1). Overall, all the samples exhibited sufficient sequencing effort, supported
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by Good’s coverage values, which were significant for most of the samples (> 99%)
(Supplementary Material 2_Table 1).

A total of 470 unique OTUs were observed among all DNA samples. The samples
showed a range of OTUs between 43 and 200. The Shannon index was in the range of 0.92
to 3.02 for RWs; meanwhile, in the JC, this index slightly decreased in range from 1.45 to
1.27. Similarly, when comparing the OP samples, to the JC, the diversity index also
decreased in range from 2.05 to 1.71. Thus, alpha diversity peaked in RWs at day 11 and
showed a decreasing trend regarding culture time and disease progression (Supplementary

Material 2 Table 1).

Unifrac-Beta diversity

Principal coordinate analysis (PCoA) of Unifrac distances among community members and
their abundances (weighted Unifrac) showed variations in microbial structure at different
culture times (Fig. 1). The microbial communities in JC samples (JC- 17do and JC-30do)
were not clearly separated and OP-63do was clustered with the initial RW-4do and JC-30do

samples and was not very different from all the other samples (Fig. 1).

Microbial community composition in distinct shrimp culture stages

All the 16S rRNA sequences were assigned to 13 Bacteria phyla (Supplementary Material
4). Based on relative abundances at six growth times, most of the identified bacteria
corresponded to Proteobacteria, Firmicutes, Bacteroidetes and Planctomycetes
(Supplementary Material 3 Fig. 2). At a lower taxonomic level (Fig. 2), the genus Vibrio
was dominant in RW1-4do and RW2-4do. Peptostreptococcus showed moderate relative

abundance of 16.4% and 13.8% in RW1-4do and JC-37do, respectively. Shewanella was
10
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detected in two stages (RWs-4do and OP-63do) with relative abundance values in a range
from 1.1% to 15.3%. Meanwhile, Enterococcus showed relative abundance values in a
range from 12.2% to 61.1% and was detected in two stages (RW-11do and OP-37do).
Clostridium was only detected in OP-63do with a relative abundance of 5% (Fig. 2;
Supplementary Material 4). Additionally, Shewanella from JC-30do and Clostridium
(Asaccharospora) from OP-37do were also detected by DGGE band sequencing
(Supplementary Material 1 Fig. 1).

Relative abundances of Bacteroidetes and Planctomyces were diminished for the
JC-17do sample, while the dominant phyla for JC-30do were very similar to those of the
RWs-4do (Supplementary Material 3 Fig. 2). In shrimp from the OP-37do sample, the
relative abundance of Firmicutes exceeded Proteobacteria (Supplementary Material 3 Fig.
2) and were mainly represented by Enterococcus and Peptostreptococcus (Fig. 2).
Nevertheless, at the 63do, the Proteobacteria (Vibrio) increased until they regained
predominance (Fig. 2). Additionally, DGGE detected 16S rRNA sequences of four genera
(Vibrio, Shewanella, Enterococcus and Clostridium), which belonged to the dominant
OTUs observed by the high-throughput sequencing (Supplementary Material 1 Fig. 1; Fig.

2).

Microbial community dynamics with emphasis in Vibrio.

The Upset-plot illustrated the number of unique and overlapping microbial OTUs with
emphasis in Vibrio in the rearing facilities (Fig. 3). A total of 39 OTUs were present at all
times, of which 26 corresponded to Vibrio. The richness of OTUs went from higher (RWs)

to lower (JC) and intermediate values (OP) (Supplementary Material 2 Table 1; Fig. 3).

11
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Each tank/pond had distinctive OTUs unshared with the others, but all included Vibrio.

Moreover, in each intersection between stages, OTUs of Vibrio were shared.

Phylogenetic analyses of Vibrio

Based on the detection of the OTUs assigned as Vibrio along the six culture stages, a
phylogenetic tree was constructed in order to examine their relationship with other species
(Fig. 4). We were able to assign several of the most abundant OTUs to phylogenetically
related species, such as V. maritimus, V. harveyi, V. nigripulchritudo, V. xiamenensis, V.
azureus and V. parahaemolyticus (Fig. 4). The OTUs number 2257, V. maritimus and 612,

V. harveyi exhibited the highest relative abundance during all culture stages (Fig. 4).

Discussion

The aim of this study was to describe the changes in the structure of the microbial
community associated with the digestive tract of L. vanammei among six different growth
times in rearing facilities, and to contrast the hypotheses about a specific bacterial
community profile versus an overabundant single taxon that could explain the atypical

massive mortalities.

The weighted Unifrac analysis of samples RW-4do, JC-17do, JC-30do and OP-
63do showed that they shared similar intestinal bacterial communities and OTUs found at
comparable abundances. This suggests that dominant OTUs found at the initial stages, such
as some members of families Vibrionaceae, Shewanellaceae and Clostridiaceae, were

present along the different rearing stages, and some regained dominance towards the end of

12
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the culture. Thus, microbial communities in the RWs through OP were dominated by the
same OTUs.

The 16S rRNA OTUs found were assigned to 13 bacterial phyla, of which four were
dominant. Although the disease outbreak apparently started from the beginning of the
culture in RWs, the number of dominant phyla found in our study was lower compared to
22 dominant phyla reported previously in a similar study [4]. Other reports have retrieved
up to 43 bacterial phyla [6], but less than nine have been identified as dominant [3,10, 21,
22, 44-46)].

Xiong and colleagues [3] found that L. vannamei gut microbial diversity was
unchanged when a disease emerged, but significantly decreased during disease progression.
In our study, the Shannon diversity index oscillated from postlarvae to adults with an
overall decreasing trend. For RW1-4do and RW2-4do, the initial values of the Shannon
diversity index were 1.53 and 0.92, respectively, with increases in RW1-11do and RW2-
11do to 2.5 and 3.02, and survival rates of 59% to 50%, respectively. Later, in JC-17do and
JC-30do, the Shannon index decreased to 1.45 and 1.27, respectively, with survival rates of
100 % and 82.7%, respectively. Meanwhile, in OP-37do, the Shannon index was 2.05, and
with a diminishing trend, reaching a final value of 1.71 in OP-63do when a massive
atypical mortality occurred (Table 1; Supplementary Material 2 Table 1).

Previous intestinal metagenomic studies of wild, cultured-healthy and cultured-
diseased shrimp (L. vannamei) have shown Proteobacteria present in relative abundances
up to 81.6%, 69.3% and 70.2% respectively, with the Vibrionaceae family showing an
average relative abundance of 35.1% [47]. In our study, the RWs-4do samples started with
high values of relative abundance for Vibrionaceae: 78.1% for RW1 and 98.2% for RW2,

followed by RWs-11do samples with values of 67.9% for RW1 and 39.3% for RW2
13
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(Supplementary Material 3 Fig. 3). For RWs, survival values at 11do were in the range of
50% - 59%, which suggested that postlarvae already presented a microbial imbalance from
the beginning of the culture. Overall, the survival values from RWs, JC, and OP (Table 1)
could be explained by the high relative abundances of Vibrio (Fig. 2; Supplementary
Material 4).

Although it has been suggested that the abundance and prevalence of Vibrio in the
shrimp gut is more likely endogenous than pathogenic [48], this also reflects the persistence
and adaptation of Vibrio spp. to the shrimp gut environment, and may explain the shrimp
susceptibility to non-native pathogenic Vibrio strains [49]. Similar to our results, Garivay-
Valdéz et al. [50] found that, in terms of relative abundance at the family level, most of the
OTUs within the phylum Proteobacteria belonged to the family Vibrionaceae, while other
families including Rhodobacteraceae and the phyla Firmicutes and Actinobacteria gained
prominence during the late stages of shrimp ontogenetic development. The incidence of
disease in shrimp has been associated with the microbial composition of the surrounding
water, and specifically with the presence of Flavobacteriia, Gammaproteobacteria and
Betaproteobacteria. It has been observed that the relative abundance of these microbial
groups dramatically decreases in ponds with diseased shrimp, while the Rhodobacteraceae
family, unclassified bacteria and unclassified Bacteroidetes displayed an increase [7].
However, recent studies [8,9] have evidenced that although variations in the shrimp gut
microbiota exist, these are not directly mirrored by changes in bacterioplankton
communities found in rearing water. These contradictions clearly show that further
ecological studies are necessary.

A study of shrimp gut microbiota over an entire culture cycle showed significant

differences during developmental stages and disease progression, including an
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overabundance of Rhodobacteraceae spp., Vibrio spp. and Flavobacteriaceae spp. that
contributed to the community switch from healthy to diseased individuals [3]. Although our
study agrees with the overabundance of Vibrio spp. at OP-63do, we found low or null
abundance of Rhodobacteraceae and Flavobacteriaceae. Additionally, we found a high
relative abundance of Shewanellaceae and Clostridiaceae in dead animals at OP-63do
(Supplementary Material 3 Fig. 3). Hence, when disease occurs, the importance of
stochastic ecological processes increases with the progression of the disease, modifying the
gut microbiota [3], so that the prediction of the structure and composition of the
microbiome seems to turn unpredictable.

Pyrosequencing analysis revealed that the Vibrionaceae, represented by the genus
Vibrio, was persistent and showed high relative abundances in the range of 98.2% (RWs-
4do) to 76.8% (OP-63do) (Fig. 2; Supplementary Material 3 Fig. 3). The genus Shewanella,
considered as a minor genus of the Vibrionaceae family [51], was detected in RWs-4do,
and OP-63do. Following additional DGGE assays (JC-30do, band JCDTa2), S. algae was
detected in the digestive tract of shrimp with 100% identity (Supplementary Material 1 Fig.
1) and once again detected with high abundances in OP-63do (Fig. 2). This genus was
initially thought to be a member of the Vibrionaceae family [51], although 16S rRNA
sequences have indicated that Shewanella is more closely related to the genus Alteromonas
and its relatives [52].

A few studies have identified S. algae and S. putrefaciens as opportunistic
pathogens in non-human species; however, the literature that describes nonhuman
infections is limited [19]. In 2006, Cai and colleagues [53] showed that one strain of S.
algae was virulent to abalone postlarvae, suggesting that it is an important pathogen in

aquaculture. The relative abundance of Shewanella (1.1 % - 1.3 %) observed in RW’s-4do,
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along with Vibrio spp., suggested that a dysbiosis could have started from the initial stages
of the culture in the RWs. Additionally, Peptrostreptococcus showed a moderate relative
abundance value of 16.4% also at 4do (Supplementary Material 4; Fig. 2). Since
Shewanella spp. are opportunistic pathogens, their virulence is always accompanied by
other bacterial pathogens; in this case, Vibrio spp. [19]. Some species of Shewanella spp.
are considered the main bacteria causing seafood spoilage and have been identified as
pathogens of ulcer disease in fish [54]. Remarkably, in the final stage (OP-63do), the
relative abundance of Vibrio accounted for 76.8%; Shewanella showed a relative
abundance of 15.3% and Clostridium of 5%, and together these three bacterial taxa
accounted for 97% of the relative abundance in the intestine of the diseased shrimp (Fig. 2;
Supplementary Material 4).

Parallel denaturing gradient gel electrophoresis (DGGE) allowed us to recognize
presumptive Vibrio species that occurred in the JC and OP stages. Amplicons of JC-30do
showed a sharp band (JCANa2) with 99.1% identity with V. alginolyticus (Supplementary
Material 1 Fig. 1), which was detected in the high-throughput sequencing analysis showing
five OTUs with values of relative abundance below 1.0% (Fig. 4). A DGGE band
(JCDTal) from the digestive tract of JC-30do had 99.48% identity with V.
parahaemolyticus, whose relative abundances were up to 0.29% (Fig. 4). This species is
known to be pathogenic, although the low relative abundance observed in the high-
throughput sequencing analysis could explain the shrimp survival rate of 82.7% at this
stage (Table 1). The high abundance and prevalence of different Vibrio spp. in the gut from
shrimp also suggests wider functional and ecological roles [55].

Another prominent DGGE band (OPDT7) (Supplementary Material 1 Fig. 1) from

the digestive tract of OP-37do showed 99.83% identity with Enterococcus sp., matching the
16
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high value of relative abundance (61.11%) observed at the same sample according to the
high-throughput sequencing data. The presence of Enterococcus explains the low relative
abundance of Vibrio spp. because the former produce bacteriocins, which can inhibit the
development of specific strains of pathogenic bacteria such as Vibrio cholerae [56]. An
additional prominent band (OPANY), corresponding to Asaccharospora sp. (99.82%
identity) and Terrisporobacter glycolicus (97.09%), both previously classified as members
of the Clostridium genus [57]. It is worth noting that Clostridium was detected until OP-
63do (Fig. 2). This could suggest that Clostridium was in a dormant state (spore-forming)
during the early phases and only observed at later stages, including OP-37do (DGGE
analysis) and OP-63do (high throughput sequencing analysis), when vegetative cells would
have finally started to thrive.

During all culture stages, a high relative abundance of OTUs was assigned
to Vibrio spp. (Fig. 3; Fig. 4), suggesting that several Vibrio species, different from the
most common opportunistic pathogen V. parahaemolyticus, could have been involved in
the massive mortality observed. Similarly, the abundances of Shewanella spp. detected by
the high-throughput sequencing analysis as well as the recovered DGGE sequence
of Shewanella algae (JCDTa2), suggested a similar pattern for the OP stages.

Our data showed that a putative polymicrobial bacteraemia in shrimp in OP-63do,
represented by a high relative abundance of Vibrio spp. (76.8%), Shewanella (15.3%), and
Clostridium sp. (5%) (Fig. 2), could be considered a plausible explanation for the massive
atypical mortality, and that the increased abundance of these genera could be related to the
disease outbreak. However, the proliferation of Vibrio, Shewanella and Clostridium as a
result of shrimp mortalities in OP 63do could be ruled out based on the observation that

Vibrio and Shewanella were present from the beginning of the culture operation and
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confirmed by DGGE analysis in JC-30do, as well as Clostridium in OP-37do. Although
several known diseases were discarded as potential causative agents in our study, we were
unable to exclude the role of the Acute Hepatopancreatic Necrosis Syndrome (AHPND),
which might have contributed to the observed patterns. In addition, stressful conditions like
those occurring in the management of outdoor ponds must be considered in disease
progression, as mentioned by other authors [13]. In our particular case, the transfer of
shrimp from JC to OP presented problems due to the breakdown of water pumps. This
resulted in the animals getting stuck inside the transfer pipes while being exposed to hot
summer temperatures.

Our results showed that the relative abundances of the three main phyla identified
(Proteobacteria, Firmicutes and Bacteroidetes) were persistent during all the culture stages,
in agreement with previous reports where Proteobacteria and Firmicutes have been
recognized as the dominant phyla colonizing the intestinal tract of L. vannamei.
Nonetheless, the ecological and functional role of Bacteroidetes in the shrimp intestinal
tract remains to be elucidated. Finally, this study contributes to the understanding of
massive atypical mortality of L. vannamei observed in a shrimp-rearing operation. The
results suggested that the massive mortality observed could have been caused by a putative
polymicrobial bacteraemia, represented by the overabundance of different species of

Vibrio, Shewanella and Clostridium.

Conflict of Interest

The authors declare no conflicts of interest

References

18



O J o U W

AN TTUIUTUITUTUTUTUTOTOTE BB DD B DDASEDNWWWWWWWWWWNNNNNNONNNONNNNR R RRR PR PP
O™ WNFROWOJdNT D WNRPOW®O-JIAAUTDRWNR,OW®OW-JdNTIBRWNRFROWO®OW-JNU ™ WNROWOW-10U & WN R O WO

409

410

411

412

413

414

415

416

417

418

419

420

421

422

423

424

425

426

427

428

429

430

431

. Thitamadee S, Prachumwat A, Srisala J, Jaroenlak P, Salachan PV, Sritunyalucksana

K, Flegel TW, Itsathitphaisarn O (2016) Review of current disease threats for

cultivated penaeid shrimp in Asia. Aquaculture 452:69-87

. Xiong J, Dai W, Li C (2016) Advances, challenges, and directions in shrimp disease

control: the guidelines from an ecological perspective. Appl Microbiol Biotechnol

100:6947-6954

. Xiong J, Zhu J, Dai W, Dong Ch, Qiu Q, Li Ch (2017a) Integrating gut microbiota

immaturity and disease-discriminatory taxa to diagnose the initiation and severity of

shrimp disease. Environ Microbiol 19:1490-1501

. Gao S, Pan L, Huang F, Song M, Tian CH, Zhang M (2019) Metagenomic insights

into the structure and function of intestinal microbiota of the farmed Pacific white

shrimp (Litopenaeus vannamei). Aquaculture 499:109-118

. Gilbert JA, Quinn RA, Debelius J, Xu ZZ, Morton J, Garg N, Jansson JK, Dorrestein

PC, Knight R (2016) Microbiome-wide association studies link dynamic microbial

consortia to disease. Nature 535:94-103

. 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. Peer] 5:€3986

. Xiong J, Zhu J, Zhang D (2014) The application of bacterial indicator phylotypes to

predict shrimp health status. Appl Microbiol Biotechnol 98:8291-8299

. Xiong J, Dai W, Qiu Q, Zhu J, Yang W, Li Ch (2018) Response of host-bacterial

colonization in shrimp to developmental stage, environment and disease. Mol Ecol

27:3686-3699

19



O J o U W

AN TTUIUTUITUTUTUTUTOTOTE BB DD B DDASEDNWWWWWWWWWWNNNNNNONNNONNNNR R RRR PR PP
O™ WNFROWOJdNT D WNRPOW®O-JIAAUTDRWNR,OW®OW-JdNTIBRWNRFROWO®OW-JNU ™ WNROWOW-10U & WN R O WO

432

433

434

435

436

437

438

439

440

441

442

443

444

445

446

447

448

449

450

451

452

453

454

455

10.

11.

12.

13.

14.

15.

16.

Xiong J, Xuan L, Yu W, Zhu J, Qiu Q, Chen J (2019) Spatiotemporal successions of
shrimp gut microbial colonization: high consistency despite distinct species pool.
Environ Microbiol 21:1383-1394

Rungrassamee W, Klanchui A, Chaiyapechara S, Maibunkaew S, Tangphatsornruang
S, Jiravanichpaisal P, Karoonuthaisiri N (2013) Bacterial population in intestines of
black tiger shrimp (Penaeus monodon) under different growth stages. PLoS ONE
8:¢60802

Zhang M, Sun Y, Chen K, Yu N, Zhou Z, Chen L, Du Z, Li E (2014) Characterization
of the intestinal microbiota in Pacific white shrimp, Litopenaeus vannamei, fed diets
with different lipid sources. Aquaculture 434:449-455

Li CC Chen JC (2009) The immune response of white shrimp Litopenaeus vannamei
and its susceptibility to Vibrio alginolyticus under low and high pH stress. Fish
Shellfish Immunol 25:701-709

Zhou J, Fang W, Yang X, Zhou S, Hu L, Li X, Qi X, Su H, Xie L (2012) A
Nonluminescent and highly virulent Vibrio harveyi strain is associated with “bacterial
white tail disease” of Litopenaeus vannamei shrimp. PLoS One 7:€299
Vandenberghe J, Verdonck L, Robles-Arozarena R, Rivera G, Bolland A, Balladares
M, Gomez-Gil B, Calderon J, Sorgeloos P, Swings J (1999) Vibrios Associated with
Litopenaeus vannamei larvae, postlarvae, broodstock, and hatchery probionts. Appl
Environ Microbiol 65:2592-2597

Saulnier D, Haffner P, Goarant C, Levya P, Ansquera D (2000) Experimental
infection models for shrimp vibriosis studies: a review. Aquaculture 191:133-144
Morales-Covarrubias MS, Cuéllar-Anjel J, Varela-Mejias A, Elisondo-Ovares C

(2018) Shrimp Bacterial Infections in Latin America: A Review. In: Asian Fisheries

20



O J o U W

AN TTUIUTUITUTUTUTUTOTOTE BB DD B DDASEDNWWWWWWWWWWNNNNNNONNNONNNNR R RRR PR PP
O™ WNFROWOJdNT D WNRPOW®O-JIAAUTDRWNR,OW®OW-JdNTIBRWNRFROWO®OW-JNU ™ WNROWOW-10U & WN R O WO

456

457

458

459

460

461

462

463

464

465

466

467

468

469

470

471

472

473

474

475

476

477

478

479

17.

18.

19.

20.

21.

22.

23.

24.

Society (ed). AHPND Acute hepatopancreatic disease. FAO Asian Fisheries Science,
pp 76-87

Zhu J, Dai W, Qiu Q, Dong C, Zhang J, Xiong J (2016) Contrasting ecological
processes and functional compositions between intestinal bacterial community in
healthy and diseased shrimp. Microb Ecol 72:975-985

Zhu J, Miller MB, Vance RE, Dziejman M, Bassler BL, Mekalanos JJ (2002)
Quorum-sensing regulators control virulence gene expression in Vibrio cholerae.
Proc Natl Acad Sci 99:3129-3134

Hau HH, Gralnick JA (2007) Ecology and biotechnology of the genus Shewanella.
Annu Rev Microbiol 61:237-258

Xiong J, Dai W, Zhu J, Liu K, Dong C, Qiu Q (2017b) The underlying ecological
processes of gut microbiota among cohabitating retarded, overgrown and normal
shrimp. Microb Ecol 73:988-999

Chaiyapechara S, Rungrassamee W, Suriyachay I, Kuncharin Y, Klanchui A,
Karoonuthaisiri N, Jiravanichpaisal P (2012) Bacterial community associated with
the intestinal tract of P. monodon in commercial farms. Microb Ecol 63:938-953
Gainza O, Ramirez C, Salinas Ramos A, Romero J (2017) Intestinal microbiota of
white shrimp Penaeus vannamei under intensive cultivation conditions in Ecuador.
Microb Ecol 75:562-568

Blazewicz SJ, Barnard RL, Daly RA, Firestone MK (2013) Evaluating rRNA as an
indicator of microbial activity in environmental communities: limitations and uses.
ISME J 7:2061-2068

CONAPESCA (2014) Anuario estadistico de acuacultura y pesca 2014. Comision

Nacional de Acuacultura y Pesca, SAGARPA. Mazatlan, México
21



O J o U W

AN TTUIUTUITUTUTUTUTOTOTE BB DD B DDASEDNWWWWWWWWWWNNNNNNONNNONNNNR R RRR PR PP
O™ WNFROWOJdNT D WNRPOW®O-JIAAUTDRWNR,OW®OW-JdNTIBRWNRFROWO®OW-JNU ™ WNROWOW-10U & WN R O WO

480

481

482

483

484

485

486

487

488

489

490

491

492

493

494

495

496

497

498

499

500

501

502

25.

26.

27.

28.

29.

30.

31.

Engelbrektson A, Kunin V, Wrighton KC, Zvenigorodsky N, Chen F, Ochman H,
Hugenholtz P (2010) Experimental factors affecting PCR-based estimates of
microbial species richness and evenness. ISME J 4:642-647

Garcia-Maldonado JQ, Escobar-Zepeda A, Raggi L, Bebout BM, Sanchez-Flores A,
Lopez-Cortés A (2018) Bacterial and archaeal profiling of hypersaline microbial mats
and endovaporites, under natural conditions and methanogenic microcosm
experiments. Extremophiles 18:903-916

Andrew DR, Fitak RR, Munguia-Vega A, Racolta A, Martinson VG, Dontsova K
(2012) Abiotic factors shape microbial diversity in Sonora desert soils. Appl Environ
Microbiol 78:7527-7537

Caporaso JG, Kuczynski J, Stombaugh J, Bittinger K, Bushman FD, Costello EK,
Fierer N, Gonzalez PA, Goodrich KJ, Gordon 1J, Huttley GA, Kelley ST, Knights D,
Koenig JE, Ley RE, Lozupone CA, McDonald D, Muegge BD, Pirrung M, Reeder J,
Sevinsky JR, Turnbaugh PJ, Walters WA, Widmann J, Yatsunenko T, Zaneveld J,
Knight R (2010a) QIIME allows analysis of high throughput community sequencing
data. Nat Methods 7:335-3336

Bragg L, Stone G, Imelfort M, Hugenholtz P, Tyson GW (2012) Fast, accurate error-
correction of amplicon pyrosequences using Acacia. Nat Methods 9:425-426

Edgar RC (2010) Search and clustering orders of magnitude faster than BLAST.
Bioinformatics 26:2460-2461

Caporaso JG, Bittinger K, Bushman FD, DeSantis TZ, Andersen GL, Knight R
(2010b) PyNAST: a flexible tool for aligning sequences to a template alignment.

Bioinformatics 26:266-267

22



O J o U W

AN TTUIUTUITUTUTUTUTOTOTE BB DD B DDASEDNWWWWWWWWWWNNNNNNONNNONNNNR R RRR PR PP
O™ WNFROWOJdNT D WNRPOW®O-JIAAUTDRWNR,OW®OW-JdNTIBRWNRFROWO®OW-JNU ™ WNROWOW-10U & WN R O WO

503

504

505

506

507

508

509

510

511

512

513

514

515

516

517

518

519

520

521

522

523

524

525

32.

33.

34.

35.

36.

37.

38.

DeSantis TZ, Hugenholtz P, Larsen N, Rojas M, Brodie EL, Keller K, Huber T,
Dalevi D, Hu P, Andersen GL (2006) Greengenes, a chimera-checked 16S rRNA
gene database and workbench compatible with ARB. Appl Environ Microbiol
72:5069-5072

Haas BJ, Gevers D, Earl AM, Feldgarden M, Ward DV, Giannoukos G, Ciulla D,
Tabbaa D, Highlander SK, Sodergren E, Methé B, DeSantis TZ, The Human
Microbiome Consortium, Petrosino JF, Knight R, Birren BW (2011) Chimeric 16S
rRNA sequence formation and detection in Sanger and 454-pyrosequencing PCR
amplicons. Genome Res 21:494-504

Quast C, Pruesse E, Yilmaz P, Gerken J, Schweer T, Yarza P, Peplies J, Glockner FO
(2013) The SILVA ribosomal RNA gene database project: improved data processing
and web-based tools. Nucl Acids Res 41(D1):D590-D596

R Core Team. (2018) R: A language and environment for statistical computing. R
Foundation for Statistical Computing, Vienna, Austria. URL https://www.R-
project.org/.

Price MN, Dehal PS, Arkin AP (2009) FastTree: computing large minimum evolution
trees with profiles instead of distance matrix. Mol Biol Evol 26:1641-1650

Oksanen J, Blanchet FG, Friendly M, Kindt R, Legendre P, McGlinn D, Minchin PR,
O'Hara R B, Simpson GL, Solymos P, Stevens MH, Szoecs E, Wagner H (2018)

vegan: Community Ecology Package. R package version 2.5-2. https://CRAN.R-

project.org/package=vegan

Lex A, Gehlenborg N, Strobelt H, Vuillemot R, Pfister H (2014) UpSet:

Visualization of Intersecting Sets. IEEE Trans Vis Comput Graph 20:1983-1992

23


https://cran.r-project.org/package=vegan
https://cran.r-project.org/package=vegan
https://cran.r-project.org/package=vegan
https://cran.r-project.org/package=vegan

O J o U W

AN TTUIUTUITUTUTUTUTOTOTE BB DD B DDASEDNWWWWWWWWWWNNNNNNONNNONNNNR R RRR PR PP
O™ WNFROWOJdNT D WNRPOW®O-JIAAUTDRWNR,OW®OW-JdNTIBRWNRFROWO®OW-JNU ™ WNROWOW-10U & WN R O WO

526

527

528

529

530

531

532

533

534

535

536

537

538

539

540

541

542

543

544

545

546

547

548

39.

40.

41.

42.

43.

44.

45.

46.

Gomez-Gil B, Thompson CC, Matsumura Y, Sawabe T, lida T, Christen R,
Thompson F, Sawabe T (2014) The Family Vibrionaceae. In: Rosenberg E, DeLong
EF, Lory S, Stackebrandt E, Thompson F (eds). The prokaryotes. Springer-Verlag,
Berlin, Heidelberg, pp 659-747

Katoh S (2013) MAFFT multiple sequence alignment software version 7:
improvements in performance and usability. Mol Biol Evol 30:772-780

Stamatakis A (2014) RAXML Version 8: A tool for Phylogenetic Analysis and Post-
Analysis of Large Phylogenies. Bioinformatics 30:1312-1313

Matsen FA, Kodner RB, Armbrust E (2010) pplacer: linear time maximum-likelihood
and Bayesian phylogenetic placement of sequences onto a fixed reference tree. BMC
Bioinf 11, 538:1-16

Letunic I, Bork P (2019) Interactive Tree of Life (iTOL) v4: recent updates and new
developments. Nucleic Acids Res 47(W1):W256-259.

Dabadé DS, Wolkers-Rooijackers JCM, Azokpota P, Hounhouigan DJ, Zwietering
MH, Nout MJR, den Besten HMW. (2016) Bacterial concentration and diversity in
fresh tropical shrimps (Penaeus notialis) and surrounding brackish waters and
sediment. Int J Food Microbiol 218:96-104

Porchas-Cornejo MA, Martinez-Porchas M, Vargas-Albores F, Gollas-Galvan T,
Martinez-Coérdova LR, Vazquez-Euan R, Pena-Messina E (2017) High-resolution
detection of bacterial profile of ocean water, before and after being used by shrimp
farms. Aquacult Int 25:1833-1843

Vargas-Albores F, Porchas-Cornejo MA, Martinez-Porchas M, Villalpando-

Canchola E, Gollas-Galvan T, Martinez-Cérdova LR (2017) Bacterial biota of shrimp

24



O J o U W

AN TTUIUTUITUTUTUTUTOTOTE BB DD B DDASEDNWWWWWWWWWWNNNNNNONNNONNNNR R RRR PR PP
O™ WNFROWOJdNT D WNRPOW®O-JIAAUTDRWNR,OW®OW-JdNTIBRWNRFROWO®OW-JNU ™ WNROWOW-10U & WN R O WO

549

550

551

552

553

554

555

556

557

558

559

560

561

562

563

564

565

566

567

568

569

570

47.

48.

49.

50.

51.

intestine is significantly modified by the use of a probiotic mixture: a high throughput
sequencing approach. Helg Mar Res 71:1-10

Cornejo-Granados F, Lopez-Zavala AA, Gallardo-Becerra L, Mendoza-Vargas A,
Sanchez F, Vichido R, Brieba LG, Viana MT, Sotelo-Mundo RR, Ochoa-Leyva A
(2017) Microbiome of Pacific whiteleg shrimp reveals differential bacterial
community composition between wild, aquacultured and AHPND/EMS outbreak
conditions. Sci Rep 7:11783

Kriem MR, Banni B, El Bouchtaoui H, Hamama A, El Marrakchi A, Chaouqy N,
Robert-Pillot A, Quilici ML (2015) Prevalence of Vibrio spp. in raw shrimps
(Parapenaeus longirostris) and performance of a chromogenic medium for the
isolation of Vibrio strains. Lett Appl Microbiol 61:224-230

Kondo H, Tinwongger S, Proespraiwong P, Mavichak R, Unajak S, Nozaki R, Hirono
I (2014) Draft genome sequences of six strains of Vibrio parahaemolyticus isolated
from early mortality syndrome/acute hepatopancreatic necrosis disease shrimp in
Thailand. Genome Announcements 2:¢00221-00214

Garibay-Valdez E, Martinez-Porchas M, Calderon K, Vargas-Albores F, Gollas-
Galvan G, Martinez-Cérdova L (2020) Taxonomic and functional changes in the
microbiota of the white shrimp (Litopenaeus vannamei) associated with postlarval
ontogenetic development. Aquaculture 518:734842

MacDonell MT, Colwell RR (1985) Phylogeny of the Vibrionaceae and
recommendation for two new genera, Listonella and Shewanella. Syst Appl

Microbiol 6:171-182

25



O J o U W

AN TTUIUTUITUTUTUTUTOTOTE BB DD B DDASEDNWWWWWWWWWWNNNNNNONNNONNNNR R RRR PR PP
O™ WNFROWOJdNT D WNRPOW®O-JIAAUTDRWNR,OW®OW-JdNTIBRWNRFROWO®OW-JNU ™ WNROWOW-10U & WN R O WO

571

572

573

574

575

576

577

578

579

580

581

582

583

584

585

586

587

588

589

590

591

592

52.

53.

54.

55.

56.

57.

Kita-Tsukamoto K, Oyaizu H, Namba K, Simidu U. (1993) Phylogenetic
relationships of marine bacteria, mainly members of the Family Vibrionaceae,
determined on the basis of 16S rRNA sequences. Int J Syst Bact 43:8-19

CaiJ, Chen H, Thompson KD, Li C (2006) Isolation and identification of Shewanella
algae and its pathogenic effects on post-larvae of abalone Haliotis diversicolor
supertexta. J Fish Dis 29:505-508

Chang Ch, Chaoqun H, Xiaoyan Ch, Luping Z (2003) Identification and
characterization of Shewanella algae as a novel pathogen of ulcer disease of fish
Scinenops ocellata. Oceano Limnol Sin 34:1-8

Md Zogratt MZH, Han Eng WW, Thai BT, Austin ChM, Gang HM (2018)
Microbiome analysis of Pacific white shrimp gut and rearing water from Malaysia
and Vietnam: implications for aquaculture research and management. Peer] 6:€5826
Giraffa G (2003) Functionality of enterococci in dairy products. Int J Food Microbiol
88:215-222

Gerritsen J, Fuentes S, Grievink W, van Niftrik L, Tindall BJ, Timmerman HM,
Rijkers GT, Smidt H (2014) Characterization of Romboutsia ilealis gen. nov., sp.
nov., isolated from the gastro-intestinal tract of a rat, and proposal for the
reclassification of five closely related members of the genus Clostridium into the
genera Romboutsia gen. nov., Intestinibacter gen. nov., Terrisporobacter gen. nov.

and Asaccharospora gen. nov. Int J Syst Evol Microbiol 64:1600-1616

26



O J o U W

AN TTUIUTUITUTUTUTUTOTOTE BB DD B DDASEDNWWWWWWWWWWNNNNNNONNNONNNNR R RRR PR PP
O™ WNFROWOJdNT D WNRPOW®O-JIAAUTDRWNR,OW®OW-JdNTIBRWNRFROWO®OW-JNU ™ WNROWOW-10U & WN R O WO

593

594

595

596

597

598

599

600

601

602

603

604

605

606

607

608

609

610

611

612

613

614

615

Figure legends.

Fig. 1 Beta diversity analysis. Weighted principal coordinate analysis of UniFrac distances
from bacterial populations at six different stages during the growth of shrimp (RWs=
Raceways, JC= Juvenil Center and OP= Outdoor Pond). Numbers inside the plot depict the
day in which the sample was taken.

Fig. 2 Relative abundance (>1%) of microbial taxa at the genus level. Numbers refer to the
day in which samples were taken along the shrimp growth cycle. The associated phylum is
shown in the right columns.

Fig. 3 OTUs present and shared among the rearing tanks. Upset plot showing the number of
detected OTUs per tanks/ponds (horizontal bars) and unique or shared OTUs (individual or
connected points, respectively) among tanks/ponds (vertical bars). OTUs of Vibrio are
shown in gray when present.

Fig. 4 Insertion of Vibrio-assigned OTUs into a tree of Vibrionaceae reference sequences.
Full length 16S rRNA sequences of representative species from the Vibrionaceae family
were used to estimate a maximum likelihood tree (left). The phylogenetic placement of
OTUs associated with Vibrio are shown as circles; orange color corresponds to relative
abundances higher than 1% and blue color correspond to lower to 1%. The circle size
depicts the number of OTUs assigned to that particular clade. Pathogenic opportunistic
Vibrio species found in the high-throughput sequencing analysis and those OTUs of Vibrio
that showed the higher abundances are both highlighted in bold and correspond to the
heatmap showing their relative abundances at distinct growth phases. (right). Some
branches in the tree that contain OTUs not previously recognized in the shrimp microbiome

are shown collapsed as “Vibrio clade 17 and “Vibrio clade 2” (Supplementary Material 3
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Fig. 4 for the complete tree). The bar indicates an evolutionary distance of 0.01

substitutions for each nucleotide compared.
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Table 1
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Table 1 Shrimp survival during growth stages in rearing facilities.

Tank/Ponds Stage Shrimp survival (%)
RW1 4-days-old 100

RW?2 4-days-old 100

RW1 11-days-old 59

RW?2 11-days-old 50

JC 17-days-old 100

JC 30-days-old 82.7

OP 37-days-old 100

0] 63-days-old 5-20%
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