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Abstract

The effect of bacterial additives on immune response, intestinal microbiota, and survival
of the white shrimp Litopenaeus vannamei was evaluated. Bacillus licheniformis BCR 4-3
and Vibrio parahaemolyticus IPNGS16 cultures were spray-dried. Inulin, probiotics, and
postbiotics of Bacillus (SPB) and postbiotics of Vibrio (PVp) were added to the commer-
cial feed. An experiment with three treatments in triplicate was performed during 19 days.
The growth was not affected by the additives but survival of animals was significantly
higher as compared to control group. The expression of SOD, crustin, and penaeidin4 in
PVp-treated animals was significantly higher compared to the control but lysozyme expres-
sion did not change. The phyla, families, and genera that predominated in the white shrimp
intestine were Proteobacteria, Bacteroidetes, Rhodobacteraceae, Vibrionaceae, Pseudoalte-
romonadaceae, Vibrio, Ruegeria, and Phaeobacter. The Vibrio genus decreased signifi-
cantly in SPB and PVp treatments, compared to the control. The control, SPB, and PVp
shared 294 OTUs. No changes were observed in the alpha and beta diversity. The meta-
bolic activity of Vibrio and Roseobacter was higher in the control compared to SPB and
PVp, whereas for Phaeobacter and Ruegeria, it decreased. Feed additives increase survival
and modulated the immune response and gut microbiota of the white shrimp, so they can
be used in commercial farms to increase production.

Keywords Litopenaeus vannamei - Synbiotics - Postbiotics - Gut microbiota

Handling Editor: Brian Austin

< Antonio Luna-Gonzélez
aluna@ipn.mx

Centro Interdisciplinario de Investigacion para el Desarrollo Integral Regional-Unidad Sinaloa,

Instituto Politécnico Nacional, Boulevard Juan de Dios Béatiz Paredes 250, Col. San Joachin,
81101 Guasave, Sinaloa, Mexico

Published online: 05 June 2023 ) Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10499-023-01165-w&domain=pdf

Aquaculture International

Introduction

White shrimp (Litopenaeus vannamei) farming has grown rapidly, especially in northwest-
ern Mexico. This development has led to a high shrimp density, overfeeding, poor quality
of soil and water, and an impact on the environment (Arambul-Muiioz et al. 2019). This
has contributed significantly to the appearance of viral and bacterial diseases that cause sig-
nificant economic losses. Many of the diseases in culture systems are caused by bacteria
belonging to the Vibrio genus (Cuéllar-Anjel and Morales 2014); among them is the acute
hepatopancreatic necrosis syndrome (AHPND) that causes mortality of more than 90% and,
therefore, considerable economic losses (Yang et al. 2014; Soto-Rodriguez et al. 2015).
AHPND is caused by Vibrio parahaemolyticus and other species such as V. owensii, V.
penaeicida, V. alginolyticus, V. nigripulchritudo, V. harveyi, V. punensis, and V. campbellii,
which colonize the shrimp stomach until they reach the hepatopancreas where they damage
cells and cause massive mortalities (Lai et al. 2015; Dong et al. 2017a, b; Xiao et al. 2017;
Restrepo et al. 2018). AHPND is caused only by strains that contain the plasmid with the
two genes encoding the PirA and PirB toxins (Sirikharin et al. 2015; Lai et al. 2015).

The application of traditional antibiotics for long periods of time can lead to resistant bac-
teria due to the presence of resistance genes (Dong et al. 2017a, b). Therefore, the prepara-
tion of feed with natural additives for aquaculture organisms is one of the activities that have
been carried out for several years (Luna-Gonzalez et al. 2013). Bacteria, such as Bacillus
licheniformis, decrease the population of pathogens and have been used as probiotics in the
shrimp farming industry (Noor et al. 2015; Martinez-Cruz et al. 2021). Bacilli are Gram-
positive bacteria, facultative anaerobes and saprophytes, which allows them to live in differ-
ent ecological niches. This organism is able to survive in unfavorable environmental condi-
tions thanks to the formation of endospores, increasing its potential as a natural biocontrol
agent (Swick et al. 2016).

The term “postbiotics” refers to non-viable bacteria and/or metabolic by-products of
probiotic microorganisms that have biological activity in the host (Vallejo-Cordoba et al.
2020; Goh et al. 2022; Moradi et al. 2020; Salminen et al. 2021).

Prebiotics are carbohydrates that are not digestible by the host but digestible by benefi-
cial bacteria in their gut (Gibson and Roberfroid 1995; DeVrese and Schrezenmeir 2008).
Prebiotics can be used as an alternative to probiotics or as additional support for them as
they alone can stimulate the proliferation of beneficial bacteria in the gut (Van Hai and
Fotedar 2009; Goh et al. 2022). Most of the prebiotics used as food supplements, such as
inulin, ulvan, oligosaccharides, p-glucans, and low molecular weight polysaccharides, are
derived from plants (Saulnier et al. 2009). Prebiotics plus probiotics constitute synbiotics
(DeVrese and Schrezenmeir 2008; Oktaviana and Yuhana 2014). Synbiotics have health
benefits associated with the modulation of the microbiota, particularly of beneficial bacte-
ria in the intestine, by improving their growth and/or metabolic activity and host survival
(DeVrese and Schrezenmeir 2008; Cencic and Chingwaru 2010).

Microbial feed additives enhance the immune function of organisms (Cencic and
Chingwaru 2010) to maintain biological individuality, by differentiating and removing
foreign materials from their tissues (Rendén and Balcazar 2003). Immunity in inverte-
brates is supported by cellular effectors (hemocytes), which are the first line of defense,
and by humoral effectors. Hemocytes participate in nodule formation, phagocytosis,
encapsulation, cytotoxicity, cell adhesion, and coagulation (Lv et al. 2014). Humoral
effectors carry out their function in plasma or bind to hemocytes, and they include the
prophenoloxidase system, antimicrobial peptides, lectins, a2-macroglobulin, lysozyme,
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transglutaminase, and lysosomal hydrolytic enzymes (Zhang et al. 2006; Fagutao et al.
2012; Wang and Wang 2013; Ponprateep et al. 2017).

The study of the intestinal microbiota of shrimp is aimed at characterizing its tax-
onomic structure and the diversity (Rungrassamee et al. 2014). Manipulation of the
intestinal microbiota can influence positively digestion, nutrient absorption, resist-
ance to pathogens, growth, and survival of the host, increasing the production in farms
(Llewellyn et al. 2014).

In this work, the effect of synbiotics and postbiotics of bacilli and vibrio on the
immune system, intestinal microbiota, and survival of P. vannamei was evaluated.

Materials and methods
Experimental shrimp

Shrimp (0.9+0.15 g) were collected from the hatchery systems of the Acuicola Cuate
Machado farm (Guasave, Sinaloa, Mexico) and transported to the Aquaculture Labo-
ratory of CIIDIR Sinaloa in plastic containers with water from the culture ponds and
constant oxygenation. The animals were put in a 1000-L plastic tank with 300 L of
filtered seawater. The shrimp were acclimatized (35 days) to 30%o salinity and kept at
room temperature and constant aeration (Jafari et al. 2007). Pathogen detection tests (V.
parahaemolyticus, WSSV, and IHHNV) were not performed since the postlarvae had
a certificate from the Mexican government specifying that the organisms were free of
these pathogens.

Drying of inanimate cells (postbiotics), spores (probiotics), and supernatant
(postbiotics) of the culture of Bacillus licheniformis BCR 4-3

Fifty microliters of B. licheniformis BCR 4-3 (Escamilla-Montes et al. 2015) was inoc-
ulated in 100 mL of trypticase soy broth (TS broth, BD Bioxon®, Mexico) with 2.5%
NaCl, and the culture was incubated for 72 h at 32 °C. The culture was dried (cells,
spores, and supernatant) in a Spray Dryer (Yamato Scientific America®, Santa Clara,
CA, USA). During equipment feeding, an inlet air temperature of 140 °C and an outlet
air temperature of 77 °C were used. The feed flow was 600 mL/h and a spray pressure of
0.1 MPa. Practically, 100% of the vegetative cells die in the drying process (paraprobi-
otics). The powder material was stored at 4 °C.

Determination of the viability of B. licheniformis BCR 4-3

To determine the viability of the bacilli after the spray-drying process, decimal serial
dilutions were made with a 10-ug sample of the powder after the process, which were
resuspended in 1 mL of a sterile saline solution with 2.5% NaCl. For cell counting, plat-
ing was performed on trypticase soy agar (TSA, BD Bioxon®, Mexico) with 2.5% NaCl.
The plates were incubated for 24 h at 32 °C (Krasaekoopt et al. 2006).
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Drying of inanimate cells (postbiotics) and supernatant (postbiotics) of the culture
of V. parahaemolyticus IPNGS16

Fifty microliters of V. parahaemolyticus IPNGS16 (Lopez-Ledn et al. 2016) was inocu-
lated into 100 mL of TS broth with 2.5% NaCl and the culture was incubated for 72 h at
32 °C. The vibrio culture was heated at 65 °C for 4 h and then frozen at—79 °C for 1 h,
thawed, and then spray-dried as in bacilli. The powder was resuspended in saline solu-
tion and seeded in TSA medium to make sure there were no viable cells. The powder
material with dead cells and molecules produced by bacteria (PVp) was stored at room
temperature in a 50-mL Falcon tube.

Prebiotics

Inulin from the blue agave (Agave tequilana, The lidea Company, Jalisco, Mexico) was
used as prebiotic to include it in the feed together with the probiotic bacilli. The combi-
nation of probiotics and prebiotics is known as synbiotics.

Incorporation of additives to the feed

Inulin (0.5 g/kg of feed), the powder of the probiotic and postbiotics of bacilli (1 g/kg
of feed), and the powder of postbiotic of V. parahaemolyticus IPNGS16 (PVp, 1 g/kg of
feed) were added to shrimp diet. Inulin and bacilli probiotics and postbiotics (SPB) were
added together to the diet giving a total of 1.5 g/kg of feed. PVp does not include inulin.
The amount of bacilli in the diet was based on the work of Garcia-Medel et al. (2020)
with the same strain. The amount of inulin and PVp in diet was used in previous works
(unpublished data).

Commercial feed (Purina®, 35% protein) was previously pulverized in an electric
food processor. Distilled water and gelatin powder (40 g of gelatin and 410 mL of dis-
tilled water/kg of feed) were added to the mixture of feed and additive powder to form a
paste. The pellets were made with a 50-mL syringe without a needle and dried in a con-
vection oven at 97 °C for 1 h. Subsequently, they were placed at room temperature for
24 h to eliminate the rest of the humidity and stored at 4 °C (Trejo-Flores et al. 2016).

Effect of SPB and PVp

The bioassay lasted 19 days with shrimp weighing 3.08 +£0.22 g. Animals were cultured
in plastic tanks (30 L) with 20 L of filtered seawater (20 um), 30%o salinity, and constant
aeration. Twelve shrimp were placed per tank. The bioassay consisted of 3 treatments,
each treatment in triplicate: (I) negative/positive control, commercial feed (CF); (II)
CF + SPB (1.5 g/kg of feed) every 2 days; (II) CF+PVp (1 g/kg of feed) every 2 days.
The shrimp were fed 3 times a day (08:00, 13:00, and 17:00 h). For the vibrio challenge
by immersion on day 16, the mean lethal concentration (LCs,=8.5x 10* CFU/mL) was
previously determined in shrimp from the same stock. Physicochemical parameters
(temperature, dissolved oxygen, pH, and salinity) were recorded daily. The tanks were
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cleaned by siphoning every 3 days and a 50% water exchange was performed. During
the infection with vibrio, the culture systems were not cleaned.

All shrimp were weighed and 3 shrimp per tank (9 per treatment) were collected
for immune system (hemolymph) and metagenomic analysis (intestines) on day 16.
The rest of the animals (nine per tank) were challenged with the V. parahaemolyticus
IPNGS16. The infection was carried out for 72 h from day 16 to day 19. The negative
control became the positive control infected with vibrio. Dead animals were collected
and counted. Most of the animals died in the first 24 h. The relative percent of survival
(RPS) of shrimp was calculated in the 3-day post-challenge according to Amend (1981):

RPS = [1 — (%mortality in treated shrimp/%mortality in the control shrimp)] x 100
Specific growth rate (SGR, %/day) was calculated as follows (Ricker 1979):
SGR%/day = 100(InW, — InW,) /1, — 1,

where W, and W, are the weights of the shrimp at times #; and ¢,.

Hemolymph collection

To determine the expression of the genes of the immune system crustin, superoxide
dismutase, lysozyme, and penaeidin4, hemolymph was extracted from cultured shrimp
with syringes for tuberculin (1 mL), from the ventral part of the organism, in the area of
the second pair of pleopods. The syringe was loaded with EDTA as anticoagulant (SIC-
EDTA, Na,) (450 mM NacCl, 10 mM KCl, 10 mM HEPES + 10 mM EDTA-Na,, pH 7.3),
previously cooled to 4 °C (Vargas-Albores et al. 1993), at a 3:1 ratio (3 volumes of SIC-
EDTA for each volume of hemolymph extracted). The hemolymph sample was placed in
1.5-mL Eppendorf tubes. The hemolymph was centrifuged (4 °C) at 1000 g for 10 min
and the hemocyte pellet was placed in cold Trizol® (300 uL) for RNA extraction.

Total RNA extraction and cDNA synthesis

Hemocytes from each organism in cold Trizol were macerated for RNA extraction
according to the manufacturer’s instructions. The concentration and purity of the total
RNA extracted were determined by measuring the absorbance at 260/280 nm in a nano-
Photometer® (Implen, Inc., Westlake Village, CA, USA). Subsequently, the RNA was
treated with DNase 1 (1 U/uL, Sigma® Aldrich, St. Louis, MO, USA). Reverse tran-
scription (RT-PCR) was used to synthesize the first strand of cDNA using the enzyme
reverse transcriptase (Improm II, Promega®, Madison, WI, USA) with the first Oligo
dT20 from 100 ng of total RNA. Reverse transcription was performed using 10 puL of
the transcription mix (1 pL of the reverse transcriptase enzyme [Improm II, Promega®,
Madison, WI, USA], 1 pL of the primer Oligo dT20 [25 mM], 4 uL of 5X buffer, 2.4 uL.
of MgCL, [25 mM], 1 uL of dNTPS [40 Mm], and 0.6 pL of DEPC water) in 10 uL of
RNA diluted in ultrapure water with a concentration of 100 ng/uL; the conditions for the
RT-PCR were 25 °C for 5 min, 42 °C for 60 min, and 70 °C for 15 min. Five microliters
of this diluted cDNA was used as a template in the real-time PCR (qRT-PCR) reactions.
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Expression analysis of genes related to the immune system by qPCR

The expression of four genes related to the immune system, superoxide dismutase (SOD),
crustin, penaeidin4, and lysozyme in hemocytes, was determined by qPCR using the
CFX96 system and the CFX data manager version 3.0 (Bio-Rad Laboratories, Hercules,
CA, USA). Additionally, the expression of a constitutive gene used as a reference gene
(qLv-40S) was analyzed (Vandesompele et al. 2002). The sequences of the primers for
gqPCR are shown in Table 1.

Amplifications were performed in triplicate in 96-well plates with a final reaction vol-
ume of 15 pL, containing 7.5 pL of 2XPCR Master Mix (3 pL of 5 Xreaction buffer; 1.5
pL of 25 mM MgCl,; 0.3 uL of 10 mM dNTPs; 0.75 pL of EvaGreen 20 X [Biotium In.,
Hayward, CA, USA]; 0.10 pL of Go Taq; 1.85 pL of ultrapure water), 1.5 puL of primers
(sense and countersense, 10 uM each [Sigma Genosys®]), 1 uL of ultrapure water, and 5
UL of template (cDNA). The amplification conditions were as follows: initial denaturation
at 95 °C for 3 min, followed by 40 cycles at 95 °C for 10 s, 60 °C for 15 s, 72 °C for 30 s,
and an additional step of 79 °C for 5 s to acquire fluorescence. For each reaction, a disso-
ciation analysis (melting curve) was performed at 65 to 95 °C, with an increase of 0.5 °C
every 5 s to confirm the absence of oligo dimers or non-specific fragments.

The efficiency of the amplifications was determined by means of a calibration curve,
calculating a slope with five serial dilutions of a representative mixture, formed with 5 uL
of each cDNA from the experiment. The amount of oligos for each gene was optimized by
performing curves with different amounts of oligos and taking the best reaction efficiency
as a reference.

Relative expression of genes was determined by the 2™ method (Livak and Schmittgen
2001). Assuming that the efficiency for each curve was 100%, the following equation was used:

AACt

Table 1 Specific primers used for PCR amplification of L. vannamei genes

Genes Primer sequence (5'-3") References

Reference gene

qLv-40S-S24 Alvarez-Ruiz et al. (2015)
Forward 5'-CAGGCCGATCAACTGTCC-3’
Reverse 5'-CAATGAGAGCTTGCCTTTCC-3'

Immune genes
Crustin Hoi et al. (2020)
Forward 5'-ATTCTGTGCGGCCTCTTTAC-3’
Reverse 5'-ATCGGTCGTTCTTCAGATGG-3'
Lysozyme Wang et al. (2010)
Forward 5'-GAAGCGACTACGGCAAGAAC-3’
Reverse 5'-AACCGTGAGACCAGCACTCT-3'
Superoxide dismutase Wang et al. (2010)
Forward 5'-ATCCACCACACAAAGCATCA-3'
Reverse 5'-AGCTCTCGTCAATGGCTTGT-3'
Penaeiding Wang et al. (2010)
Forward 5'-GCCCGTTACCCAAACCATC-3'
Reverse 5'-CCGTATCTGAAGCAGCAAAGTC-3'
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epr = 2_((CPGOI_ 17Rt:f)EXp7(CpGOI_ nRef)C’I)

where expR indicates relative gene expression, Ctl represents the control group, Exp is the
experimental treatment group, GOI indicates the gene of interest, and Ref is the reference
gene.

Metagenomic analysis

On day 16, three shrimp per tank were taken (nine shrimp per treatment) and the intestine
of each shrimp was dissected using sterile scissors and forceps. The three intestines of each
tank were pooled in 1.5-mL Eppendorf tube with 1 mL of 96% (v/v) ethanol and stored
at— 80 °C. The samples (three pools per treatment) were sent to the Research Center for
Food and Development (CIAD, Mazatlan, Sinaloa, Mexico).

Extraction, library preparation, and sequencing of bacterial DNA

At the CIAD, DNA was extracted with the cetyltrimethylammonium bromide (CTAB)
method (Azmat et al. 2012). To amplify the V3 region of the bacterial 16S rRNA gene by
PCR (35 cycles), primers 338F (ACT CCT ACG GGAGGC AGC AG) and 533R (TTA
CCG CGG CTG CTG GCAC) (Huse et al. 2008) were used. DNA amplification was
carried out with a KAPA library amplification kit from Roche (2 x KAPA HiFi HotStart
ReadyMix) in a total reaction volume of 25 pL. PCR was performed in a thermal cycler
using the following program (Mori et al. 2014): one cycle of 30 s at 95 °C, followed by 25
cycles, each one of 30 s at 95 °C, 55 °C for 30 s, 72 °C for 15 s, and a final extension at
72 °C for 7 min. AMPure XP magnetic beads were used to clean up amplicons from free
primers and primer dimers. For sequencing, purified amplicons were associated with dual
indices and Illumina sequencing adapters, using the Nextera XT index kit (Illumina, San
Diego, CA, USA). Illumina MiniSeq platform was used under standard conditions (300
cycles, 2x 150 pair-end) to perform sequencing. Before their quantification, the libraries
were purified with AMPure XP magnetic beads.

Raw reads from Illumina MiniSeq sequencing were deposited in the NCBI Sequence
Read Archive (SRA) under accession number PRINA934660.

Gut microbial taxonomy, abundance, diversity, and potential metabolic analysis

The raw sequences obtained with Illumina MiniSeq were cleaned with pair-end cleaner
v. 1.0.3 and then analyzed with the web-based Shaman (Volant et al. 2020) and Microbi-
omeAnalyst (Dhariwal et al. 2017; Chong et al. 2020) platforms for microbial taxonomy,
abundance, and diversity. The analysis of read quality control, dereplication, remov-
ing singletons, removing chimera sequences, and grouping was carried out on the Sha-
man platform to construct operational taxonomic units (OTU). The OTUs shared by the
three groups were determined using the Venn diagram analysis (http://jvenn.toulouse.inra.
fr/app/example.html) (Bardou et al. 2014). On the Shaman platform, the reads obtained
from the V3 hypervariable region of the bacterial 16S rRNA gene were annotated against
the SILVA (version 138.1, https://bioweb.pasteur.fr/data?search=silva) database with a
confidence threshold of 0.8. The analyses of the alpha (Shannon, Simpson, Chao 1, ACE)
and beta (non-metric multi-dimensional scaling [NMDS]) indices were performed in the
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MicrobiomeAnalyst platform to explore the effects of SPB and PVp diets in bacterial com-
munity composition of cultured shrimp intestines.

The multimodular web platform iVikodak was used to predict the shrimp’s gut bacterial
community metabolic potential (Nagpal et al. 2016). The Global Mapper module (inde-
pendent contribution algorithm) was used in this platform to infer functional profiles and
perform meaningful analyses using the KEGG (metabolism) database for annotation. The
Global Mapper module analyzes the metabolic pathways of microbial communities, esti-
mates their relative abundance, quantifies the contribution of each taxon to a certain meta-
bolic pathway, and identifies the main set of metabolic functions that define a particular
environment (Nagpal et al. 2016).

Statistical analysis

Data are presented as a mean+ SD. Survival data in percentage were arcsine transformed.
To determine differences in survival, growth, and gene expression among treatments, a
two-way ANOVA and Tukey HSD test (P <0.05) were applied. For the relative abundance
of taxa and alpha diversity (Shannon, Simpson, Chao 1, ACE), Kruskal-Wallis test was
used. For beta diversity analysis, ANOSIM test (P <0.05) was performed on the Microbi-
omeAnalyst platform.

Results
Physicochemical parameters
The average of the physical-chemical parameters recorded in the bioassay was 28.2+1.5 °C

for temperature, 6.64+0.5 for pH, 29.93 +0.9%o for salinity, and 6.1 +0.6 mg/L for dis-
solved oxygen.

Specific growth rate

The specific growth rate in control, SPB, and PVp was 3.00+0.95%, 3.03+0.61%, and
3.67+0.19, respectively. The treatments did not present significant differences (P> 0.05)
(Fig. 1).

Immune system of P. vannamei
The SOD, crustin, and penaeidin4 genes showed significant relative overexpression in

treatment III compared to the control (P <0.01). There were no significant differences in
lysozyme gene expression (P >0.05) (Fig. 2).

Metagenomic analysis
In total, 494,195 reads were obtained; 340 OTUs were identified, of which 294 were shared

by the three groups, according to the Venn analysis. Regarding the unique OTUs, the group
with the most OTUs was PVp (11) and the one with the least was SPB (Fig. 3).

@ Springer



Aquaculture International

5 -

SGR (%/d)
w

I Treatlrlnents i

Fig. 1 Specific growth rate of L. vannamei. Treatments: (I) negative control, CF; (II) CF+SPB (1.5 g/
kg of feed) every 2 days; (III) CF, PVp (1 g/kg of feed) every 2 days. CF, commercial feed. Error bars =
mean +SD
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Fig.2 Relative expression of SOD, crustin, lysozyme, and penaeidin4 in L. vannamei. Treatments: (I) nega-
tive control, CF; (II) CF+SPB (1.5 g/kg of feed) every 2 days; (III) CF+PVp (1 g/kg of feed) every 2 days.
CF, commercial feed. Error bars = mean + SD. Different letters indicate significant differences (P <0.05)
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Fig.3 Venn analysis of the
bacterial communities of the L.
vannamei intestine at the level

of OTUs. (I) Negative control;
(II) CF+SPB (1.5 g/kg of feed)
every 2 days; (II) CF+PVp

(1 g/kg of feed) every 2 days. CF,
commercial feed

Relative abundance

In the shrimp intestine, the most abundant phyla were Proteobacteria and Bacteroidetes;
the most abundant families were Rhodobacteraceae, Vibrionaceae, and Pseudoalteromona-
daceae; while the most abundant genera were Vibrio, Ruegeria, and Phaeobacter. No sig-
nificant differences (P>0.05) were observed between treatments and the control at the
phylum level. The abundance of the Vibrionaceae family in the PVp treatment was sig-
nificantly lower (P <0.05) compared to SPB and the control. The Vibrio genus was signifi-
cantly lower in SPB and PVp treatments compared to the control (Table 2).

Alpha diversity indices

Good’s estimated sample coverage in the three groups was 99.93-99.98%, which means
adequate data sampling and good quality sequences. In the rarefaction analysis, all the
samples reached the plateau which means that the sequencing depth was sufficient to cap-
ture all the OTUs in the samples. There were no significant differences (P>0.05) in the
alpha diversity indices among treatments (Table 3).

Non-metric multi-dimensional scaling (NMDS)

The NMDS (a beta diversity parameter) based on Jaccard index was used to analyze the
shrimp intestine microbial similarity among control, SPB, and PVp at genus level. Sam-
ples did not significantly cluster according to treatment (NMDS stress=0.059; ANOSIM
[R: —0.045267; P<0.58]) (Fig. 4).
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Table 2 Relative abundance at the level of phylum, family, and genus. Treatments: (I) negative control, CF;
(II) CF+SPB (1.5 g/kg of feed) every 2 days; (III) CF+PVp (1 g/kg of feed) every 2 days. CF, commercial
feed. The mean + SD is indicated

1(%) 1T (%) 11 (%) P-value
Phylum
Proteobacteria 87.78+1.52 96.81+2.66 82.38+11.19 >0.05
Bacteroidetes 5.12+3.89 1.36+1.09 8.8+3.45 >0.05
Family
Rhodobacteraceae 26.15+7.91 38.42+10.98 36.24 +5.86 >0.05
Vibrionaceae 30.97+4.92b 26.11+3.08ab 13.70+3.67a <0.05
Pseudoalteromonadaceae 13.21+11.42 6.91+3.95 7.55+2.64 >0.05
Genus
Vibrio 7.80+1.00b 2.58+0.94a 1.73+0.50a <0.05
Ruegeria 1.30+0.07 2.17+0.73 1.96+0.74 >0.05
Phaeobacter 1.16+0.70 1.91+1.26 1.95+0.39 >0.05

Bacterial metabolic profile

The annotation of the sequences with the KEGG database showed that the predicted
functions in control and treatments were genetic information processing (8.76 +0.38%),
environmental information processing (1.31+£0.03%), human diseases (10.60+0.99%),
cellular processes (6.10+0.31%), and organismal systems (8.49 + 1.63), with metabo-
lism predominating (64.71+3.17%). Vibrio, Roseobacter, Phaeobacter, and Ruegeria
showed high percentage in some important metabolic features such as metabolism of
amino acids, carbohydrates, lipids, antimicrobial drug resistance, beta lactam resistance,
and quorum sensing. In the control group, the metabolism of Vibrio and Roseobacter was
higher than in the treatments with SPB and PVp. The metabolism of Phaeobacter and
Ruegeria in the treatments with SPB and PVp was higher than in the control (Table 4).

Relative percent of survival of shrimp challenged with Vibrio

After the challenge with Vibrio, the survival of the shrimp fed with additives increased.
A significantly higher relative percent of survival (P <0.01) was observed in treatments
IT and III with additives (Fig. 5).

Table 3 Alpha diversity indices.

(I) Negative control, CF; (I) Indices ! I -

CF+SPB (1.5 g/kg of feed) Shannon 2.79+0.24 203+1.4 2.93+0.23
every 2 days; (III) CF+PVp

(1 g/kg of feed) every 2 days. CF, Simpson 0.86+0.05 0.63+0.44 0.90+0.02
commercial feed. The mean+SD  Chaol 102.47+3.46 92.19+24.22 103.7+6.19
is indicated ACE 102.61 +2.64 92.50+23.05 102.95 +5.62
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Fig.4 Beta diversity of intestinal microbiota of L. vannamei at the genus level. Non-metric multi-dimen-
sional scaling based on Jaccard distances. Treatments: (I) negative control, CF; (II) CF+SPB (1.5 g/kg
of feed) every 2 days; (III) CF+PVp (1 g/kg of feed) every 2 days. CF, commercial feed. ANOSIM test,
P <0.58. The analysis was done in MicrobiomeAnalyst

Discussion

In aquaculture, the use of natural additives in the basal diet and the water is of vital impor-
tance to prevent or treat diseases in organisms and, thus, avoid the use of antibiotics that
generate bacterial resistance (Kewcharoen and Srisapoome 2019; Garcia-Medel et al. 2020;
Loo et al. 2020). Functional additives such as prebiotics, probiotics, synbiotics, paraprobi-
otics, and postbiotics improve shrimp performance and culture water quality (Goh et al.
2022).

Regarding growth, Hasyimi et al. (2020) fed L. vannamei with prebiotics, probiotics,
and synbiotics and increased their growth, possibly because the addition of prebiotics and
probiotics to the feed increases intestinal microvilli and the ability to absorb nutrients in
the cultured organisms, as well as the activity of digestive enzymes (Huynh et al. 2019). In
this work, no changes in the growth of shrimp were recorded because it was a short bioas-
say; however, a trend to increase was observed in the treatment with paraprobiotics and
postbiotics of V. parahaemolyticus IPNGS16.

The non-specific or natural immune response plays an important role in the resistance
of shrimp to microbial diseases (Zhou et al. 2019) because they do not produce antibod-
ies, like vertebrates (Wang and Wang 2013), and can be modulated by additives integrated
in the feed. In this work, the increase in the expression of SOD, crustin, and penaeidin4
genes occurred in the treatment with paraprobiotics and postbiotics of V. parahaemo-
Iyticus IPNGS16. The increase in the transcription of the SOD gene indicates that there
was a significant increase in the phagocytic activity of hemocytes and, therefore, in the
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Table 4 Metabolic features found
in L. vannamei shrimp gut in

the negative control feed CF (I),
CF+SPB (II), and CF+PVp
(IID). CF, commercial feed.

The analysis was performed in
iVikodak

Metabolic profile 1 (%) II (%) III (%)
General metabolism
Roseobacter 11.54 03.60 02.90
Phaeobacter 9.77 11.72 18.21
Ruegeria 8.44 19.25 16.68
Vibrio 375 14.17 09.76
Others 32.75 51.26 52.45
Carbohydrate metabolism
Roseobacter 11.37 03.52 02.80
Phaeobacter 09.46 11.28 17.31
Ruegeria 08.24 18.69 16.01
Vibrio 37.42 14.06 09.57
Others 33.51 52.45 54.31
Lipid metabolism
Roseobacter 11.02 03.49 02.80
Phaeobacter 09.18 11.21 17.38
Ruegeria 08.09 18.78 16.26
Vibrio 39.13 15.05 10.35
Others 32.58 51.47 53.21
Amino acid metabolism
Roseobacter 13.18 03.92 3.17
Phaeobacter 11.17 12.80 19.93
Ruegeria 09.60 20.92 18.18
Vibrio 32.64 11.79 08.14
Others 3341 50.57 50.58
Antimicrobial drug resistance
Roseobacter 08.30 03.11 02.65
Phaeobacter 07.41 10.70 17.59
Ruegeria 06.13 16.83 15.44
Vibrio 53.71 24.40 17.79
Others 24.45 44.96 46.53
Beta lactam resistance
Roseobacter 07.54 02.93 02.55
Phaeobacter 06.88 10.30 17.29
Ruegeria 05.62 15.99 14.99
Vibrio 56.76 26.75 19.92
Others 23.20 44.03 45.25
Quorum sensing
Roseobacter 08.76 03.16 02.68
Phaeobacter 07.74 10.73 17.60
Ruegeria 06.28 16.56 15.17
Vibrio 50.93 22.24 16.18
Others 26.29 47.31 48.37
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Fig.5 Relative percent of survival of shrimp after challenge with Vibrio. Treatments: (I) positive control,
CF; (I) CF+SPB (1.5 g/kg of feed) every 2 days; (III) CF+PVp (1 g/kg of feed) every 2 days. CF, com-
mercial feed. Different letters indicate significant differences (P <0.05). The standard deviation in treat-
ments I and IIT was zero

production of free oxygen radicals such as the superoxide anion that is transformed by the
SOD enzyme into hydrogen peroxide (Wang et al. 2010), avoiding damage to cellular com-
ponents (Goh et al. 2022). Similarly, SOD gene expression was increased in P. vannamei
fed daily with a diet containing heat-killed (paraprobiotic) cells of Clostridium butyricum
(Luo et al. 2021) and Lactobacillus plantarum (Zheng et al. 2017).

Antimicrobial peptides have been conserved throughout evolution from invertebrates to
vertebrates and are very important effectors of innate immunity (Destoumieux et al. 2000;
Gueguen et al. 2006). Regarding crustin and penaeidin4, crustaceans, such as the white
shrimp, have these antimicrobial peptides (Antony et al. 2010; Trejo-Flores et al. 2018)
whose expression was increased with PVp in the diet. There are no reports in shrimp to
compare gene expression in animals fed paraprobiotics and postbiotics. However, lipopol-
ysaccharides, which are part of the outer cell wall of Vibrio (endotoxins), are known to
be potent immunostimulants, as observed by Rungrassamee et al. (2013) in LPS-fed tiger
shrimp Penaeus monodon, but this endotoxin acts as an immunosuppressant when injected
into shrimp (Lifopenaeus vannamei) as it decreases the levels of crustin and penaeidin tran-
scripts (PEN 2, PEN 3, and PEN 4) (Okumura 2007). Lysozyme hydrolyzes the cell wall
of bacteria (Prager and Jolles 1996). As in the other genes, the expression of the lysozyme
gene was markedly increased in the PVp treatment with respect to the control and the SPB
treatment; however, the difference was not significant. In contrast, in the work of Duan
et al. (2018), C. butyricum, added to the feed, showed a significantly higher expression of
lysozyme transcripts as compared to the control group.

The gut microbiota of organisms affects their digestion, absorption, growth, and
immune response (Sonnenburg and Béckhed 2016). In the shrimp gut, the microbiota
is complex and variable and is mainly affected by diet, developmental stage, immune
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response, metabolism, and environment surrounding the animals (Brestoff and Artis 2013;
Zhang et al. 2014; Cornejo-Granados et al. 2018; Cheng et al. 2021). In the shrimp intes-
tine, the Proteobacteria and Bacteroidetes phyla presented the highest abundances. These
results coincide with those reported in studies by Intriago-Angulo et al. (2018), where the
mentioned phyla were predominant in most of the treatments supplemented with different
mixtures of Bacillus. Likewise, Zheng et al. (2016) characterized the intestinal bacterial
communities of P. vannamei in a culture, in different stages of health and development,
where the Proteobacteria and Bacteroidetes phyla were the most predominant in all stages.
Proteobacteria are widely dispersed in marine environments and can participate in the deg-
radation of complex compounds, while Bacteroidetes have a specialized role in the absorp-
tion and degradation of dissolved organic material (Kirchman 2002).

Within the native microbiota that predominates in marine species, the Vibrio and Pho-
tobacterium genera constitute with the greatest abundance (Otta and Karunasagar 1999).
Intriago-Angulo et al. (2018) reported the Vibrio genus to be abundant in treatments sup-
plemented with different Bacillus species, which differs from treatments with synbiotics,
paraprobiotics, and postbiotics of bacilli and vibrio added to the feed, where the Vibrio
genus decreases. The colonization of beneficial bacteria in the tract can displace patho-
genic ones, as well as activate the immune system, resulting in greater resistance to dis-
eases and, ultimately, benefiting the health status of the host (Zheng et al. 2016).

Alpha diversity is defined as the richness and evenness of species of a particular site or
community. The Chaol and ACE indices determine the abundance of OTU in the samples,
while the Simpson and Shannon indices reflect the diversity of OTU in the samples (Whit-
taker 1960; Willis 2019). De Schryver and Vadstein (2014) mention that communities with
higher species richness are more resistant to pathogen colonization. In this work, the val-
ues of these diversity indices in SPB and PVp did not present significant differences with
respect to the control. Conversely, Zhang et al. (2014) reported changes in the intestinal
bacterial diversity of P. vannamei when probiotics were added to the feed.

Beta diversity refers to the diversity between habitats or sites, that is, the turnover rate
between species that occurs between one habitat and another adjacent one (Whittaker
1960). Landsman et al. (2019) found that the intestines of indoor-cultured shrimp showed
homogeneous bacterial communities. Similarly, in this work, samples of control, SPB, and
PVp showed an inter-group and intra-group disperse distribution. Therefore, SPB and PVp
did not affect the beta diversity of shrimp intestinal microbiota.

In the shrimp gut, the bacterial microbiota has a potential role that can be predicted using
the KEGG database (Cheng et al. 2021). In this work, the main functions found were genetic
information processing, metabolism, human diseases, and organismal systems, which have a
fundamental role in the ecological balance of the intestinal microbiota (Dopson et al. 2014).
However, the predominant function was metabolism. As part of metabolism, functions such
as carbohydrate metabolism, lipid metabolism, amino acid metabolism, and energy metabo-
lism are associated with the functions of the intestinal microbiota, ensuring the metabolism
of organic matter that provides the energy necessary for physiological activities of the host
(Zheng et al. 2016; Wang et al. 2015; Lukhele et al. 2019). The decrease in Vibrio in the
treatments with SPB and PVp coincides with a lower metabolism. This is important because
metabolic functions, such as quorum sensing, are important for biofilm formation (virulence
factors), which is a problem for shrimp pathogenic bacteria such as V. parahaemolyticus, the
causative agent of AHPND (Gode-Potratz and McCarter 2011).

Seenivasan et al. (2014) mention that the benefits of probiotic supplementation in crus-
tacean culture are increased survival during experimental infections, presumably associated
with increased immune response and antimicrobial activity. In this work, a higher survival
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was observed in shrimp fed with probiotics, prebiotics, paraprobiotics, and postbiotics of
bacilli and vibrio in the feed. In agreement with the results obtained, Loh et al. (2010) men-
tion that the synergy between living microorganisms and biological metabolites can result
in better protective qualities. As mentioned above, in the treatments with SPB and PVp, the
vibrios in the intestine of the shrimp decreased before the challenge with V. parahaemolyti-
cus. On the other hand, it is also mentioned that only PVp treatment improves the immune
response of shrimp. Based on the above, it is likely that the better survival in the SPB treat-
ment is due to the decrease in vibrio load in the intestine, while in the PVp treatment, the
better survival was due to the decrease of vibrios in the intestine and the increase in the
immune response caused by the lipopolysaccharides of the cell wall of V. parahaemolyticus.

Conclusion

In conclusion, probiotics, paraprobiotics, postbiotics, and prebiotics, added to the feed,
increase shrimp survival and modulate the immune response and the intestinal microbiota
of P. vannamei, positively affecting bacteria with probiotic potential (Ruegeria and Phaeo-
bacter) and negatively affecting vibrio in terms of abundance and metabolism. These die-
tary additives can be used on commercial farms to decrease vibrios in the digestive tract
and increase the animals’ resistance to disease (AHPND).
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