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A B S T R A C T

In the search for probiotic bacteria from marine environments to control pathogenic Vibrio of cultivable marine
species, this study focused on members of the genus Pseudovibrio. Based on its symbiotic features and anti-
bacterial capacity, the genus Pseudovibrio could be used as probiotic to control vibriosis in shrimp culture. Forty-
three isolates of Pseudovibrio were isolated from sponges Aplysina gerardogreeni, and in vitro competitive exclu-
sion assays were performed against shrimp pathogenic Vibrio spp. (Vibrio harveyi, Vibrio campbellii, Vibrio vul-
nificus and two strains of Vibrio parahaemolyticus, one positive to PirA/PirB toxins). The most bioactive isolates
(named Ps11, Ps17 and Ps18) against the pathogenic Vibrio spp. were validated by in vivo trials in the laboratory
and in shrimp ponds. A significant increase in the survival of larvae and juveniles challenged. Additionally, the
trial performed in PL3, which was naturally infected with V. harveyi, strongly indicates the P. denitrificans
capabilities to compete and displace pathogenic Vibrio spp. present in shrimp postlarvae cultures enhancing their
survival. Two isolates of P. denitrificans, coded as Ps17 and Ps18, were chosen due to the excellent results
obtained in vitro and in the challenge tests and were assessed in experimental culture ponds of Penaeus vannamei.
Ps17 and Ps18 were applied in the food once/day, during a complete culture cycle. Survival and production
performances were significantly improved in ponds treated with Ps17. These results indicate the advantage of
using P. denitrificans as probiotic for shrimp production.

1. Introduction

Some Vibrio spp. associated with shrimp mortality (Austin and
Zhang, 2006; Goarant et al., 2006; Vanmaele et al., 2015; Soto-
Rodriguez et al., 2015; Sathish Kumar et al., 2017), cause enormous
economic losses in shrimp producing countries (Bell and Lightner,
1988; Tran et al., 2013; Dong et al., 2017a; Shinn et al., 2018). The
most dramatic case is that of Vibrio causing acute hepatopancreatic
necrosis disease (AHPND) for which several species have been found
responsible (Tran et al., 2013; Liu et al., 2015; Dong et al., 2017b;
Restrepo et al., 2018;) They carry a 70 kbp plasmid (pVA1) harboring
the toxin genes PirA and PirB (Lee et al., 2015; Xiao et al., 2017; Liu
et al., 2018). The poor efficiency of antibiotics and disinfectants to
control these high virulent Vibrio spp. has led to a growing interest in
the use of probiotics as epidemiological control tools. The use of pro-
biotics is a common practice in current shrimp aquaculture. There are
two main modes of action, namely competitive exclusion and

immunomodulation (Lazado et al., 2011). Probiotics occupy and colo-
nize the digestive tract, reducing the capacity of the pathogen to co-
lonize (Chabrillón et al., 2005).

It is well known that probiotics can modify the gut microbiota in
shrimp (Vargas-Albores et al., 2017). Through secretion of antibacterial
substances, the probiotics are competing against pathogens, avoiding
their adhesion to the intestine epithelium, competing for the necessary
nutrients, and producing antitoxin effects (Martínez Cruz et al., 2012;
Hai, 2015). There are numerous commercial probiotics, mainly based
on bacterial strains Lactobacillus and Bacillus (Thammasorn et al., 2017;
Zheng and Wang, 2017; Le and Yang, 2018). Regardless of their efficacy
and possible benefits for shrimp, many of these bacteria are not typical
of marine environments (Vargas-Albores et al., 2017), presenting pro-
blems to grow them in shrimp farming systems for Penaeus vannamei
(Vargas-Albores et al., 2016), where they must compete against Vibrio
spp., the latter being indigenous to the marine environment.

In the search for probiotic bacteria, typical of marine environments
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and capable of controlling pathogenic Vibrio spp. to shrimp, it is es-
sential to explore other bacterial genera typical of marine environ-
ments. The symbiotic bacteria of marine organisms could be ideal
candidates because they are adapted to marine conditions and can
thrive in adverse environments (Esteves et al., 2017). It is well known
that marine sponges harbor very diverse microbial communities, but
only a small group of these symbiotic bacteria are cultivable (Taylor
et al., 2007; Stewart, 2012; Esteves et al., 2016; Garate et al., 2017).
The group bacteria that stands out the most as being cultivable is be-
longing to the genus Pseudovibrio (Esteves et al., 2013; Esteves et al.,
2017; Nicacio et al., 2017). Pseudovibrio spp. have been isolated from
several marine invertebrates, flatworms, sponges and tunicates (Sertan-
De Guzman et al., 2007; Crowley et al., 2014; Zhang et al., 2016a.
Pseudovibrio strains have the genomic potential to produce secondary
metabolites and supply the host with cofactors through no-ribosomal
peptide synthetase and polyketide synthase (NRPS/PKS) (Bondarev
et al., 2013). Among several molecules with different biological activ-
ities, the molecules with the most dynamic antimicrobial activity are
tropodithietic acid (TDA) (Harrington et al., 2014), alkaloids (He et al.,
2017; Nicacio et al., 2017), and polyketides such as erythronolid
(Esteves et al., 2017). Recently, it was reported that low concentrations
of the TDA (0.5 μgmL−1) exhibited activity against two coral patho-
genic vibrios (Raina et al., 2016). Due to the production of new com-
pounds and versatility of their metabolites (Bondarev et al., 2013;
Naughton et al., 2017), the biotechnological potential of the genus
Pseudovibrio has been pointed out by Crowley et al. (2014). Despite
these properties, to date, there are no reports of the use of Pseudovibrio
spp. in shrimp aquaculture to control emerging pathogenic Vibrio spp.

The aim of this study was to determine the probiotic capacity in
shrimp culture of several isolates of P. denitrificans isolated from the
marine sponge Aplysina gerardogreeni collected in the Marine Protected
Area El Pelado (REMAPE), Santa Elena, Ecuador. Forty-three isolates of
Pseudovibrio were obtained and in vitro competitive exclusion assays
against shrimp pathogenic Vibrio spp. were carried out. The most
bioactive strains were validated by in vivo trials in the laboratory and in
shrimp ponds. In this article evidence is presented of the probiotic
qualities of several isolates of P. denitrificans, highlighting their poten-
tial as useful tools to control emerging Vibrio spp. in shrimp aqua-
culture.

2. Materials and methods

2.1. Sample collection and bacterial isolation

A total of nine samples of the marine sponge A. gerardogreeni, were
collected by SCUBA diving at four different rocky habitats at depths of
10–30m from the REMAPE, located at the southern end of the tropical
eastern Pacific, in the coastal waters of Santa Elena Province, Ecuador
(01° 55, 9 ′S - 08° 47.2′ W). The sponge specimens were placed in-
dividually in ZiplocR bags with seawater and transported to CENAIM
laboratories. Endobionts and macroscopic epibionts were removed from
sponge samples with scalpel and tweezers at the laboratory. Five grams
of tissue taken from different parts of the organism were macerated and
diluted in 45mL sterile natural seawater (NSW). Subsequently, homo-
genized samples were serially diluted to 10−5 in NSW. One hundred
(100) μL of dilutions 10−2 to 10−5 were streaked in triplicates onto
Petri dishes containing BD DifcoTM Marine Agar 2216 (MA). Plates
were incubated at 27 °C for two days. Afterward, different morphotypes
were selected and purified by successive streaking in Petri dishes con-
taining MA. Pseudovibrio strains were initially selected based on mor-
phological and biochemical characteristics of the colonies previously
described (Shieh et al., 2004; Sertan-De Guzman et al., 2007). Subse-
quently, the taxonomy of isolates exhibiting bioactivity was determined
based on 16 rRNA gene nucleotide sequences. Pure cultures of Pseu-
dovibrio were aliquoted in Luria-Bertani medium with NSW and 20%
glycerol and preserved at −80 °C for subsequent trials.

2.2. Biochemical characterization of Pseudovibrio strains

Pseudovibrio isolates were characterized by biochemical tests in-
cluding Gram stain, catalysis reaction, oxidase presence, amino acid
(arginine, ornithine, and lysine) utilization, carbohydrate (sucrose,
glucose, and mannose) utilization, use of citrate as a carbon source, the
formation of diacetyl (Voges-Proskauer) and indole production. In ad-
dition, cell morphology was characterized, and sodium chloride (NaCl)
requirement was evaluated by determining bacterial growth on LB
broth cultures add 1% to 5% NaCl and LB broth (no additional NaCl).

2.3. In vitro assessment of anti-Vibrio bioactivity

The anti-Vibrio bioactivity of the Pseudovibrio isolates was evaluated
against five shrimp pathogenic Vibrio species; Vibrio harveyi (strain
E22), Vibrio campbellii (strain LM2013), Vibrio vulnificus (strain S2),
Vibrio parahaemolyticus (ATCC 27969) and Vibrio parahaemolyticus
(strain BA94C2, positive to PirA/PirB toxins) (Restrepo et al., 2016).
The anti-Vibrio assessment was carried out with two methods, the spot
inoculation on agar method described by Gao et al. (2017), employed to
perform a fast screening, and the well agar diffusion method modified
by Al Atya et al. (2015), to confirm the results.

2.3.1. Competitive exclusion test by spot inoculation on agar
This first screening was performed in order to identify Pseudovibrio

isolates exerting a major anti-Vibrio potential. Individual fresh cultures
of the five pathogenic Vibrio species were prepared on trypticase soy
broth supplemented with 2% NaCl (wt/vol) (2% NaCl TSB) and ad-
justed to 2×108 CFUmL−1 concentration correspondent to optical
density (O.D600) readings of 0.6 to 0.8. Two-hundred (200) μL of each
bacterial suspension were plated by extension on plates containing MA.
Each Pseudovibrio strain was inoculated as a spot (diameter ~2–3mm)
on the surface of a MA plate previously spread with pathogenic Vibrio
suspensions. The plates were incubated at 28 °C for 72 h. The anti-Vibrio
bioactivity was evaluated by the appearance of a growth inhibition
zone around the spot. Only inhibition zones> 5mm were considered
positive reactions, as recommended by Zidour et al. (2017).

This second method of competitive exclusion was employed to ob-
tain quantitative data using a standard concentration of the Pseudovibrio
isolates. Preparation of the pathogenic Vibrio suspensions were identical
to the spot inoculation method described before. Two hundred (200) μL
of each bacterial suspension were spread on MA plates and 6mm dia-
meter wells were punched on the prepared agar plates with a sterile
hollow glass rod. Individual colonies of Pseudovibrio isolates were in-
oculated into 10mL LB medium prepared in NSW and incubated at
28 °C with shaking at 200 rpm for 24 h. The Pseudovibrio cultures were
centrifuged (3000 g, 10min, 4 °C), the supernatants discarded, and the
cell pellets were resuspended in NSW. Dilutions were performed to
obtain 1.1×106 CFUmL−1 inocula. Fifty (50) μL of the Pseudovibrio
suspensions were added to the wells. Each assay was performed in
triplicate. The plates were incubated for 48 h and 72 h at 28 °C.
Following incubation, antibacterial activity was assessed by measuring
inhibition zones around the well containing the Pseudovibrio.

2.4. Amplification of 16S rRNA gene sequencing

The three most bioactive isolates (Ps11, ps17, and Ps18) were
identified by molecular analysis. Bacterial DNA was extracted following
the procedure outlined by Anand et al. (2006) with slight modifications.
In summary, fresh individual colonies of each Pseudovibrio isolate were
suspended in 500 μL of buffer solution (100mM NaCl, 0.1 mM EDTA,
10mM Tris-HCl pH 8.0) and 80 μL of 10% SDS. Buffered solutions were
left for one hour in a water bath at 55 °C with the addition of 600 μL of
phenol and centrifuged at 16000 g for 10min. The supernatants were
recovered and 100 μL of chloroform-isoamyl (24:1) was added. The
mixtures were stirred and centrifuged at 16000 g for 10min at 4 °C.
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Two-hundred fifty (250) μL of 100% ethanol and 500 μL of ammonium
acetate (5M) were added to the mixtures. The solutions were stored at
−20 °C overnight. Solutions were then centrifuged at 16000 g for
15min at 4 °C and the supernatants were removed. The pellets were
washed twice with 300 μL of 70% ethanol and allowed to dry for 2 h at
45 °C. Resulting DNA was finally resuspended in 50 μL of Milli-Q water.
Amplification of the 16S rRNA gene was performed by PCR using the
bacterial universal primers 27F (5´-AGAGTTTGATCMTGGCTCAG-3′)
and 1492R (5´-TACGGYTACCTTGTTACGACTT-3′), specific for the do-
main bacteria (Lane, 1991). The PCR products of the 16 s rRNA strains
Ps11, Ps17 and Ps18 were sent to Macrogen (Seoul, Korea) for se-
quencing. The sequences obtained were compared against public da-
tabase using NCBI BLASTn, focusing on hits with an identity> 95%.

2.5. Safety evaluation of P. denitrificans on P. vannamei postlarvae survival

To rule out negative effects of P. denitrificans on shrimp larvae
health, early zoea-1 stage shrimp were exposed to Pseudovibrio isolates
Ps11, Ps17 and Ps18. The bioassay was performed in 6-well cell culture
plates. Ten P. vannamei zoea-1 stage shrimp larvae were placed into
each well. Pseudovibrio isolates were cultured as described previously.
The Pseudovibrio cultures were centrifuged (3000 g, 10min, 4 °C) and
resulting bacterial pellets resuspended in sterile seawater and adjusted
by optical densitometry (OD600 ~ 0.55) to equivalent colony con-
centrations of 1.5× 108 CFUmL−1. One-thousand (1000) μL of each
Pseudovibrio suspension were directly applied to wells containing zoea-1
shrimp larvae (final dose of 1.5× 107 CFUmL−1). A control group
containing zoea-1 stage shrimp larvae not exposed to Pseudovibrio was
also included in the assay. Each treatment with 6 replicas. Survival was
evaluated after 48 h of direct exposure. Survival of zoea-1 stage shrimp
larvae in the control treatment was set to 100% and other treatments
were normalized accordingly.

2.6. In vivo assay: effect of P. denitrificans on P. vannamei postlarvae
exposed to Vibrio pathogens

2.6.1. Effect of P. denitrificans on the survival of P. vannamei postlarvae
and juvenile by challenge test with V. campbellii and V. parahaemolyticus

First, the protective effect of P. denitrificans Ps11, Ps17 y Ps18 was
assessed in healthy P. vannamei postlarvae (PL2), challenged with V.
campbellii (LM2013). In the challenge test, 800 PLs were distributed in
16 glass flasks containing 2000mL of filtered and UV sterilized sea
water (Fifty PL2 per replicas). Continuous aeration was provided, and
the temperature was set at 30.5 ± 0.4 °C. The PL2 were fed with
commercial diet every four hours during all the bioassay. Three treat-
ments (Ps11, Ps17 and Ps18) and a control (without P. denitrificans
application) were applied. The Pseudovibrio isolates were prepared as
described previously and applied in the water every twelve hours at a
final concentration of 105 CFUmL−1. Each treatment had four re-
plicates. After five days the PLs were challenged with V. campbellii
(106 CFUmL−1 of sea water). Water exchange (50%) was performed
twenty-four hours post-exposure (hpe) and the survival of shrimp
larvae quantified 48 hpe. In order to prepare bacterial inoculum, V.
campbellii was plated on trypticase soy agar (2% NaCl TSA), and eight
colonies were transferred to 1000mL of 2% NaCl TSB and incubated for
seven hours at 30 °C, with constant movement. Afterward, the culture
was centrifuged (4000 g, 10 min, 25 °C), the supernatants discarded,
and the cell pellets were resuspended in sterile saline solution (2%
NaCl). Vibrio suspension was adjusted by optical densitometry at a
density of 108 CFUmL−1, and immediately inoculated to the con-
centration described before.

The protective effect of three isolates was also verified by a chal-
lenge test using healthy P. vannamei juveniles of weight 1.93 ± 0.66 g,
with V. parahaemolyticus (BA94C2). In the challenge test, 160 shrimp
juveniles were distributed in 16 glass flasks containing 2000mL of fil-
tered and UV sterilized sea water (Ten shrimp juveniles per

experimental unit). Continuous aeration was provided, and the tem-
perature was set at 31.2 ± 0.6 °C. The shrimp juveniles were fed with
commercial diet every 8 h during all the bioassay. Three treatments
(Ps11, Ps17, and Ps18) and a control (without P. denitrificans applica-
tion) were applied. The Pseudovibrio isolates were prepared as described
previously and applied in a single daily dose with the food at a con-
centration of (105 CFU g−1). Each treatment had four replicates. After
twelve days the shrimp juveniles were challenged with V. para-
haemolyticus (106 CFUmL−1 of sea water). Water exchange (50%) was
performed at 24 hpe and the survival was determined by counting the
shrimp juveniles every four hours until 72 hpe. V. parahaemolyticus was
activated in 2% NaCl TSB and the bacterial inoculum was prepared
under the same conditions as V. campbellii inoculum. V. para-
haemolyticus was immediately inoculated to the concentration de-
scribed before.

2.6.2. Competitive exclusion effect of P. denitrificans against luminescent V.
harveyi in naturally infected P. vannamei postlarvae

An in vivo trial was conducted to evaluate the ability of selected
Pseudovibrio strains to exclude luminescent V. harveyi from infected P.
vannamei shrimp postlarvae cultures. Three-day-old P. vannamei post-
larvae (PL3) cultures infected with luminescent V. harveyi were ob-
tained from a commercial shrimp hatchery and transferred to our
bioassay settings at CENAIM. Postlarvae infection with luminescent V.
harveyi at concentrations of 4.5× 106 CFU g−1 was determined in our
labs. One hundred PL3 shrimp postlarvae were randomly allocated to
twelve 40-liter glass aquariums containing full strength filtered sea-
water 34.5 Practical Salinity Unit (PSU). The bioassay had 3 treatments
(shrimp postlarvae treated with Pseudovibrio strains Ps11, Ps17, and
Ps18) and one control group (untreated postlarvae). Each treatment
had three replicates. Pseudovibrio suspensions were prepared similarly
as described in previous sections. Three isolated of Pseudovibrio (Ps11,
Ps17, and Ps18) were evaluated individually at a final concentration of
105 CFUmL−1. After 48 of Pseudovibrio inoculation, 1 g of postlarvae
samples from each aquarium was withdrawn. Postlarvae samples were
washed and macerated in sterile saline solution (2% NaCl) (w/v), and
serially diluted from 10−1 to 10−5 in sterile saline solution. Then,
100 μL of each dilution was plated on Petri dishes containing MA and
Thiosulfate-citrate-bile salts-sucrose agar (TCBS modified 2% NaCl).
The number of CFU g−1 was determined after 18–24 h of incubation at
28 °C.

2.7. Effect of Pseudovibrio application in P. vannamei grow-out ponds

2.7.1. Production of bacterial biomass
Two P. denitrificans isolates, Ps17 and Ps18 were grown by streaking

individual Petri dishes and incubated at 26 °C for 48 h. Subsequently,
individual colonies of P. denitrificans were transferred to LB medium (in
NSW) and incubated for 48 h at 26 °C. After the incubation period, the
bacterial culture was centrifuged at 4000 g for 10min at 4 °C, and re-
sulting microbial pellets resuspended in NSW and stored at room tem-
perature (25 °C). The final concentration (CFUmL−1) and bacterial
viability were determined by plating the bacterial suspension in MA, as
described previously.

2.7.2. Pond bioassay
Twelve 400 m2 square earthen ponds of CENAIM's Experimental

Station (Santa Elena Province) were randomly allocated to three
Pseudovibrio application treatments; Pseudovibrio strain Ps17,
Pseudovibrio strain Ps18 and no strain application (control group). Each
treatment had four replicates ponds. A total of 3200 shrimp post-larvae
PL12 stage were stocked in each pond (stocking density of 8 post-larvae
per square meter). P. denitrificans isolates were applied in a single daily
dose in the food at a concentration of (105 CFU g−1) from the first day
of culture throughout the whole production cycle that lasted 108 days.
Each day the Pseudovibrio were incorporated into the commercial
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pelleted feed (28% protein) and were immediately supplied to the as-
signed ponds. The commercial feed dose used was 3% of the average
body weight of the shrimp, the latter being weekly verified.
Environmental parameters such as temperature, dissolved O2, and
salinity, were monitored daily. Final shrimp survival (%), average
weight (g), production yields (kg/ha) and feed conversion ratio (FCR)
were the response variables of treatment effects evaluated at harvest. In
addition, to confirm the presence of the Pseudovibrio in the treated
shrimp, hepatopancreas, stomach, and intestine, were analyzed sepa-
rately by classical microbiology. After the shrimp reached 2 g of body
weight, 45 shrimp were randomly collected per treatment (15 per pond)
every fifteen days during the whole production cycle. The shrimp were
opened under strict conditions of asepsis to extract the three organs.
Three pool were made per pond, consisting of 5 hepatopancreas, 5
stomachs and, 5 intestines. Each pool of organs was analyzed as an
independent sample by triplicate. The presence of Pseudovibrio in the
water and sediment of the ponds was also confirmed by microbiological
analyzes. The microbial counts were expressed in CFU g−1 and CFU
mL−1, according to the sample analyzed (liquid or solid).

2.8. Statistical analysis

Data analysis for in vitro and in vivo assays was carried out using the
statistical software SPSS (version 21). All data were analyzed using one-
way ANOVA, after verification of the normality and variance homo-
geneity assumptions. When significant differences were detected a
Dunnett's post hoc analysis was applied. The level of significance was set
at (P < .05). The data expressed in percentages were transformed
(using arcsin), and the assumptions were fulfilled before performing the
statistical analysis.

3. Results

3.1. Isolated bacteria and morphological characterization

Forty-three isolates of Pseudovibrio spp. were isolated from several
samples of A. gerardogreeni and classified according to morphological
and biochemical features. Thirty-nine isolates exhibited morphological,
physiological and biochemical characteristics similar to P. denitrificans
(Shieh et al., 2004), while four isolates coded as Ps12, Ps35, Ps39, and
Ps40, differed in three biochemical tests (Ornithine decarboxylase, ly-
sine decarboxylase and citrate utilization) in respect to the original
description of P. denitrificans (Table 1). In all 43 Pseudovibrio isolates, a
sticky consistency was observed in the colonies, a characteristic not
previously mentioned in the literature.

3.2. Anti-Vibrio bioactivity of Pseudovibrio isolates

3.2.1. Competitive exclusion test by spot inoculation on agar
Among the 43 isolates of Pseudovibrio spp. evaluated against pa-

thogenic Vibrio spp., fifteen showed bioactivity against the five patho-
genic Vibrio spp., twenty-three isolates exhibited bioactivity against at
least one pathogen, while five isolates did not show any anti-Vibrio
bioactivity. Most isolates of Pseudovibrio showed inhibitory zones of
8–15mm in diameter (Fig. 1, Table 2). The isolates coded as Ps6, Ps11,
Ps17, Ps18, and Ps37, showed larger anti-Vibrio bioactivity, forming
exclusion zones larger than 20mm against the five pathogens tested
(Table 2). Three of the pathogenic Vibrio spp., V. campbellii, V. vulnificus
and V. parahaemolyticus efficiently excluded by P. denitrificans (Fig. 1)
were resistant to the antibiotic oxytetracycline.

3.2.2. Competitive exclusion by agar well diffusion test
The five isolates of Pseudovibrio (Ps6, Ps11, Ps17, Ps18, and Ps37)

exhibiting higher anti-Vibrio bioactivity presented inhibition zones for
all the Vibrio tested. However, the largest inhibition zones were exerted
by the strains Ps11, Ps17, and Ps18 (Table 3). Therefore, only strains

Ps11, Ps17, and Ps18 were further tested in the in vivo assays.

3.3. Molecular identification of the most bioactive Pseudovibrio strains
against pathogenic Vibrio

Molecular analysis confirmed that Pseudovibrio isolates Ps11, Ps17,
and Ps18 with largest anti-Vibrio bioactivity corresponded to
Pseudovibrio denitrificans species previously described by Sertan-De
Guzman et al. (2007) and Shieh et al. (2004). The partial 16S rDNA
sequences of Ps11, Ps17 y Ps18 were submitted to GenBank and the
accession number was assigned as Ps11MH201036, Ps17MH201037,
Ps18MH201038. Followed by BLAST analysis, the partial 16S rRNA
gene sequence of Ps11, Ps17 y Ps18 showed 100% similarity to P. de-
nitrificans. Strains Ps11, Ps17 y Ps18 was deposited in the repository of
the Centro Nacional de Acuicultura e Investigaciones Marinas
(Ecuador).

3.4. Safety of P. denitrificans strains on shrimp early larvae P. vannamei

To rule out negative effects of P. denitrificans on shrimp larvae, early
zoea-1 stage shrimp were exposed to isolates Ps11, Ps17 and Ps18. After
48 h of direct exposure, the survival of zoea-1 exposed to all the three P.
denitrificans isolates was higher than 94%, not significantly different
(P < .05) to the control treatment.

3.5. In-vivo trial with P. denitrificans

3.5.1. Effect of P. denitrificans on survival of P. vannamei postlarvae and
juvenile by challenge test with V. campbellii and V. parahaemolyticus

In the first challenge, the survival of the postlarvae challenged with
V. campbellii increased in the three groups treated with the presumptive
probiotics Ps11, Ps17, and Ps18. Significant differences in survival were
observed (P < .05) between the postlarvae treated with the isolates
Ps11 and Ps17 (survival 56 ± 10% and 53 ± 9%) and the control
group (survival 30 ± 8%) (Fig. 2A). In the second challenge, per-
formed using juvenile shrimp challenged with V. parahaemolyticus, the
survival in the control group was 17 ± 9%, while the survival
(38 ± 10%, 45 ± 6% and 42 ± 12%) in the treatments was sig-
nificantly higher (P < .05), for Ps11, Ps17 and Ps 18 respectively
(Fig. 2B).

3.5.2. Beneficial effect of the Pseudovibrio excluding luminescent Vibrio in
naturally infected P. vannamei larvae

The evaluated Pseudovibrio (Ps11, Ps17 and Ps18) efficiently dis-
placed the luminescent V. harveyi in infected P. vannamei postlarvae
(PL3). After 48 h P. denitrificans was established in the postlarvae bac-
terial population, reaching 50% of total shrimp postlarvae cultivable
bacterial biomass (Fig. 3). Total Vibrio and V. harveyi were significantly
reduced (P < .05) with respect to the control group. In this trial it was
observed that, in addition, the survival of postlarvae exposed to P. de-
nitrificans was 57 ± 17%, 79 ± 12%, and 69 ± 22%, for Ps11, Ps17
and Ps18, respectively, while the survival of the control was 49%,
without significant difference (P < .05).

3.6. P. denitrificans application in the cultivation of P. vannamei: pond
bioassay

Environmental parameters were kept within acceptable ranges for
P. vannamei culture throughout the experiment. The average tempera-
ture was 26.5 °C, dissolved oxygen levels always remained above
3.5 mg L−1 and the salinity fluctuated between 34 and 45 g L−1. The
final survival for treatments Ps17, Ps18 and control was 79 ± 5%,
66 ± 7%, 63 ± 7%, respectively. Survival of treatment Ps17 was
significantly higher (P < .05) as compared to treatment Ps18 and
control group (Table 4). The production yield of P. denitrificans treated
pond Ps17 was also significantly higher (P < .05) as compared to
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treatment Ps18 and the control group. Feed conversion ratio among
treatments was not different (P < .05), ranging between 1.0 and 1.3
(Table 4). Regarding the presence of P. denitrificans in the analyzed
shrimp, on day 30, (103 CFU g−1) were registered in the stomach and
(104 CFU g−1) in the digestive tract. The values increased to
(105 CFU g−1) in the digestive tract and (104 CFU g−1) in the stomach
on day 45 and remained in the same order of magnitude throughout the
experiment. There was, however, no evidence of P. denitrificans colonies
in the hepatopancreas analyzed. In the water and sediment of the
treated ponds, the values fluctuated between (103 at 104 CFU g−1) and
(102 at 104 CFUmL−1), for water and sediment, respectively.

4. Discussion

Commercial probiotics used in shrimp culture belong

predominantly to the genera Lactobacillus and Bacillus (Hong et al.,
2005; Martínez Cruz et al., 2012). Although some commercially used
species are marine, the majority of commercial probiotic bacteria are of
terrestrial origin, because they were initially formulated for other ter-
restrial animals (Lauzon et al., 2008). Although these formulated bac-
teria are of proven efficacy for the original target organisms, their ef-
ficiency can be compromised when the environmental conditions are
very different, as in the case of marine shrimp cultures. The penaeid
shrimp are subject to high salinity and temperature, which favor the
growth of Vibrio spp. (Vezzulli et al., 2013; Zhang et al., 2016b). The
optimum range of salinity and temperature to cultivate P. vannamei, is
20 to 35 ups and between 22 and 32 °C. Using metagenomics, Zhang
et al. (2016b), shows that salinity modifies the microbiota in shrimp,
finding that at higher salinity, Vibrio are dominant to the detriment of
Lactobacillus, while Vezzulli et al. (2013), report that a temperature

Table 1
Characteristics of strains Pseudovibrio isolates.

Characteristics
tested

Isolates exhibiting biochemical features of P. denitrificans.
Ps:1,2,3,4,5,6,7,8,9,10,11,13,14,15,16,17,18,19,20,21,22,23,24,25,26,17,28,29,30,31,32,33,34,36,37,38,41,42,43.

Isolates
exhibiting a
difference in
three
biochemical
tests in respect
of P.
denitrificans.
Ps:12, 35, 39 y
40.

Pseudovibrio
denitrificans
strain DN34Ta

Colony
characteristics

Convex colony, with an entire margin, big size, chewy appearance, whitish when young and turns brown on marine
agar as the culture ages, nonluminescent

Convex colony,
with an entire
margin, big size,
chewy
appearance,
translucent
when young and
turns in bone
color on marine
agar as the
culture ages,
nonluminescent

Circular,
nonluminescent,
with an entire
margin,
translucent.

Gram reaction − − −
Cell shape Rod, straight or curved Rod, straight or

curved
Rod, straight or
curved

Motility + + +
Range

temperature
for growth

25–31 °C 25–31 °C 30 °C

Range NaCl
requirement
for growth

3–4% 3–4% 3%

Fermentation of
glucose

+ − +

Fermentation of
mannose

+ + +

Fermentation of
sucrose

+ + +

Nitrate reduction + + +
Oxidase + + +
N-Acetyl-D-

glucosamine
+ + ND

Catalase + + +
Gelatinase + + +
Arginine

dihydrolase
− − −

Ornithine
decarboxylase

− + −

Lysine
decarboxylase

− + −

Citrate utilization − + −
H2S production − − −
Esculin hydrolysis + + +
Indole production + + +

a Data from Shieh et al., 2004.
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lower than 37 °C negatively affects the growth of the Lactobacilli.
Marine biodiscovery is a promising alternative, for isolating marine

bacteria that function as effective probiotics for cultivable marine or-
ganisms. Marine invertebrates, particularly sponges, host a great bac-
terial diversity. Among the cultivable marine bacteria, the genus
Pseudovibrio stands out, and in the last decades it has been the target of
studies due to its versatility of producing bioactive molecules against
Gram-negative and positive bacteria (O'Halloran et al., 2011; Penesyan
et al., 2011; Bondarev et al., 2013; Naughton et al., 2017; Romano,
2018). In this study, we isolated several isolates of P. denitrificans, ex-
hibiting probiotic qualities for shrimp, due to their strong anti-Vibrio
bioactivity. These qualities were demonstrated in our trials, challenge
test and in culture ponds.

In this study, bioactivity was found against V. parahaemolyticus, V.
campbellii, V. vulnificus and V. harveyi and the highly virulent patho-
genic V. parahaemolyticus strain BA94C2 positive to PirA/PirB, toxins
associated to AHPND pathologies in shrimp cultures (FAO, 2013; Lai
et al., 2015; Lee et al., 2015; Dong et al., 2017a; Zheng et al., 2018). To
our knowledge, this is the first report analyzing the anti-Vibrio potential
of Pseudovibrio against pathogenic Vibrio spp. in shrimp. The anti-
bacterial activity of the genus Pseudovibrio has been mentioned in nu-
merous studies (O'Halloran et al., 2011; Crowley et al., 2014; Raina
et al., 2016; Naughton et al., 2017), against Gram-positive and Gram-
negative bacteria, including E. coli, Bacillus subtilis, Kluyveromyces
marxianus, Salmonella enterica serotype Typhimurium, methicillin-re-
sistant Staphylococcus aureus (MRSA) and Clostridium difficile (Flemer
et al., 2012; Margassery et al., 2012). Recently, activity against two

pathogenic Vibrio found in corals, Vibrio coralliilyticus and Vibrio owensii
(Raina et al., 2016) was reported. The antibacterial activity of Pseudo-
vibrio strains has been associated with its metabolome, sulfuric acid,
tropodiethetic acid (TDA) (Penesyan et al., 2011; Crowley et al., 2014;
Harrington et al., 2014). The TDA can kill or inhibit Vibrio spp. pa-
thogens in fish larvae (Grotkjær et al., 2016). In addition, Pseudovibrio
being a bacterium typical of marine environments (Versluis et al.,
2018), the salinity favors their growth. Moreover, Pseudovibrio isolates
had an optimal growth between 25 at 31 °C. These conditions favor its
ability to compete against Vibrio spp.

A very important step to evaluate probiotic features is to rule out the
innocuity of bacterial candidates. The results corroborate the innocuity
of three Pseudovibrio isolates assessed in zoea-1 shrimp larvae. The
microbiological analysis confirmed that the Pseudovibrio were asso-
ciated with the zoea-1, without provoking adverse effects. Several
Pseudovibrio spp. have been reported as symbionts of many marine
benthic invertebrates, including shrimp (Romano, 2018). In addition,
Pseudovibrio is well equipped to survive in adverse environments where
nutrients may fluctuate, such as shallow seawater (Fukunaga et al.,
2006) and are able to proliferate in ultra-oligotrophic sea waters
(Schwedt et al., 2015). This metabolic versatility of the genus favors its
association with their invertebrate hosts and are beneficial or at least
neutral (Versluis et al., 2018; Alex and Antunes, 2018), since most of
them are commonly associated with healthy animals. After the safety
trials, the next step was to determine the effectiveness of P. denitrificans
against pathogenic Vibrio spp. in vivo tests.

In order to verify the effectiveness of the P. denitrificans as probiotic,

Fig. 1. Bioactivity of Pseudovibrio isolated, against pathogenic Vibrio. A) Pseudovibrio spp., front V. harveyi (E22). B) Pseudovibrio spp., front Vibrio campbellii (LM-
2013). C) Pseudovibrio spp., front V. vulnificus (S2) and disc of oxytetracycline and D) Pseudovibrio spp., front V. parahaemolyticus (BA94C2) and a disc of oxyte-
tracycline.
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two challenge tests were performed employing two highly virulent vi-
brios V. campbellii and V. parahaemolyticus. A significant increase in the
survival of larvae and juveniles challenged. Additionally, the trial
performed in PL3, which was naturally infected with V. harveyi,
strongly indicates the P. denitrificans capabilities to compete and dis-
place pathogenic Vibrio spp. present in shrimp postlarvae cultures en-
hancing their survival. This finding is very relevant, considering that
bacteria of the Vibrio genus are quite adapted to the culture environ-
ment of marine organisms (Moss and Leamaster, 2000; Tzuc et al.,

2014). There were no significant differences in the survival of shrimp
larvae treated with (Ps11, Ps17 end Ps18) compared to the control
group. The high mortality observed in the postlarvae in the control
group was likely related to the high load of luminescent V. harveyi
present. Luminescent Vibrio spp. have been associated with severe
mortalities in shrimp culture, mainly larvicultures in shrimp hatcheries
(Defoirdt et al., 2012; Zhou et al., 2012).

The pond trial confirmed the beneficial effects of P. denitrificans
application, demonstrating its effectiveness on growing out production,
increasing survival, average shrimp harvest weight, and yields. Best
production performance was registered with P. denitrificans isolate Ps17
when compared to isolate Ps18. This result indicates that tested P. de-
nitrificans isolates can exert different effects, and therefore caution
should be exercised when extrapolating the beneficial effect of P. de-
nitrificans strains. The variability in bioactivity obtained from different
isolates indicates the need to start similar studies using several isolates.
In our study, we employed nine samples of sponge, taken in different
places, to increase the possibility of obtaining a wide genetic pool of
bacteria. Similar results have been found in other bacteria. Thus, the
strain (ILI) of V. algynoliticus functions as a probiotic for shrimp
(Rodríguez et al., 2007), while other strains of the same species have
been reported as pathogenic (Liu et al., 2004). In the same way,
Sonnenschein et al. (2018), reports different toxicity against microalgae

Table 2
Antagonistic activity of different isolates of Pseudovibrio against five shrimp pathogenic Vibrio spp., by Spot Inoculation on Agar. Exclusion halo expressed in (mm)
after incubation for 72 h.

Codes V. parahaemolyticus (27969) V. campbellii (LM2013) V. parahaemolyticus (BA94C2) V. vulnificus (S2) V. harveyi (E22) Spectrum

Ps-1 15 11 11 15 20 5/5
Ps-2 15 24 – 16 21 4/5
Ps-3 17 11 12 17 15 5/5
Ps-4 – 30 – 7 17 3/5
Ps-5 8 26 13 15 26 5/5
Ps-6 23 25 21 25 19 5/5*
Ps-7 8 18 11 15 18 4/5
Ps-8 – – – – – 0/5
Ps-9 – 21 10 13 18 4/5
Ps-10 5 8 13 10 15 3/5
Ps-11 23 22 21 20 25 5/5*
Ps-12 – 3 11 – 18 2/5
Ps-13 – – 15 – – 1/5
Ps-14 10 21 13 11 20 5/5
Ps-15 – – 6 – 12 1/5
Ps-16 11 1 8 21 21 4/5
Ps-17 22 30 35 27 31 5/5*
Ps-18 32 35 40 21 35 5/5*
Ps-19 – 21 6 21 11 3/5
Ps-20 6 35 10 22 29 4/5
Ps-21 – – – – – 0/5
Ps-22 18 16 17 19 17 5/5
Ps-23 – – – 27 – 1/5
Ps-24 – – – 12 – 1/5
Ps-25 10 12 15 11 18 5/5
Ps-26 – 4 – – – 0/5
Ps-27 – 17 – 1 – 1/5
Ps-28 10 11 15 15 21 5/5
Ps-29 19 15 17 16 12 5/5
Ps-30 – 5 – 6 – 0/5
Ps-31 – – 4 – – 0/5
Ps-32 15 15 14 11 11 5/5
Ps-33 – – 15 9 4 1/5
Ps-34 22 24 12 22 25 5/5
Ps-35 12 7 10 5 – 2/5
Ps-36 6 3 4 12 – 1/5
Ps-37 22 24 23 22 25 5/5*
Ps-38 6 13 4 11 – 2/5
Ps-39 – – – 13 – 1/5
Ps-40 – – – 16 – 1/5
Ps-41 15 14 14 15 11 5/5
Ps-42 5 – 13 – – 1/5
Ps-43 3 14 4 11 – 2/5

(−) means non-bioactive and (*) means activity> 20mm for all pathogens.

Table 3
Antagonistic activity of most active isolates of Pseudovibrio against pathogenic
Vibrio spp. of shrimp, by Well Agar Diffusion Method. Exclusion halo expressed
in (mm) after incubation for 72 h.

Codes V.
parahaemolyticus
(27969)

V.
campbellii
(LM2013)

V.
parahaemolyticus
(BA94C2)

V.
vulnificus
(S2)

V.
harveyi
(E22)

Ps-6 12 9 11 13 10
Ps-11 14 12 10 14 11
Ps-17 13 15 12 13 12
Ps-18 14 14 13 12 13
Ps-37 10 11 10 12 9
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of different strains of roseobacters.

5. Conclusion

Marine biodiscovery is a promising alternative for isolating marine
bacteria, working as effective probiotics for cultured marine organisms.
To identify, Pseudovibrio spp. highly bioactive against pathogenic Vibrio
spp. of shrimp, several samples were taken from different morphotypes
of A. gerardogreeni sponge, at several places of the Marine Protected
Area El Pelado (REMAPE). Forty-three isolates were obtained, between
them, three isolates coded as Ps11, Ps17 and Ps18 showed the highest
bioactivity against Vibrio spp. highly pathogenic of shrimp. The anti-
Vibrio bioactivity demonstrated by in vitro assays was confirmed by the
beneficial effect observed in the challenge tests, the naturally infected
larvae, and the shrimp culture ponds. The results of this study indicate
that Pseudovibrio can be used as a biological control for Vibrio spp. in
shrimp culture. Further study is needed to evaluate the practical con-
centrations on a commercial scale.
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