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Abstract :

This study aimed to investigate the potential protection conferred by the probiotic strain NC201 against
biotic and abiotic stresses in Pacific blue shrimp Litopenaeus stylirostris that had received the probiotic
throughout their lives. The presence of NC201 in shrimp hemolymph was investigated over the course
of 24 h, before exposure to bacterial or physical stress. Results showed that NC201 had invaded the
shrimp hemolymph 2 h following administration, but had completely disappeared by 48 h. NC201
identification through morphotype observation was confirmed by MALDI-TOF biotyping and results also
indicated that NC201 and Pseudoalteromonas piscicida are closely related. A challenge by immersion
was carried out on subadults using Vibrio nigripulchritudo at 10° CFU/ml. Cumulative mortality was two-
fold lower in the treated group (24%) than in the control group (48%) at 144 h post infection. The
probiotic in the shrimp hemolymph was diminished in infectious conditions compared with non-infectious
ones and V. nigripulchritudo prevalence was simultaneously lower in animals treated with NC201. The
relative expression of genes coding lysozyme and penaeidin 3 was evaluated 24 h post infection and
their transcript numbers were found to be lower in probiotic animals than in control animals for both
genes. Hyposaline stress was also used to evaluate the benefits of NC201 treatment on early juveniles
and subadults. At low salinities, animals showed an increased survival rate when treated with NC201,
by 10 and 17.5% at 48 h post stress, respectively. Moreover, in subadults treated with the probiotic, a
better recovery of the plasmatic osmolality was observed. All these results confirm that NC201 is a good
candidate probiotic for shrimp aquaculture.
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Highlights

» Two hours after NC201 probiotic distribution, NC201 was present in the shrimp hemolymph but
disappeared at 48 hours. » In the first hours of infection with Vibrio nigripulchritudo, pathogen
prevalence was lowered in animals treated with NC201. » NC201 Pseudoalteromonas strain protected
Litopenaeus stylirostris against biotic and abiotic stresses and mortality was two-fold lower in probiotic
animals. » The genes relative expression coding the lysozyme and the penaeidin 3 were lower in
probiotic animals than in control ones.
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Introduction

Stressful environmental conditions linked to pathogen presence can lead to disease outbreaks
in shrimp farming (Kautsky et al., 2000). In New Caledonia, Vibrio nigripulchitudo is
responsible of the “Summer Syndrome” in grow-out ponds since December 1997 (Goarant et
al., 2006); final survival in these ponds are less than 38% while it reachs nearly 60% in
unaffected ones (Lemmonier et al., 2006). Mass mortality of 80% in kuruma shrimp ponds
caused by V. nigripulchritudo was also reported in Japan in december 2005 (Fall et al., 2010).
Protection against V.nigripulchritudo has be demonstrated experimentally by injecting
oxyteracyclin antibiotic in shrimp juveniles (Goarant et al., not published). Instead of using
antimicrobial drugs, vibriosis outbreaks can be countered with probiotics (Irianto and Austin,
2002; Verschuere et al., 2000), whose use has become increasingly common over the last
decade (Aguirre-Guzman, 2012; Carnevali et al., 2017; Zorriehzahra et al., 2016). Probiotics
are viable cell preparations that, according to the Food and Agriculture Organization and World
Health Organization, provide a beneficial effect to the host (Akhter et al., 2015). Many studies
have been carried out on the probiotic effects of Bacillus spp. and Lactobacillus spp. (Balcazar
et al., 2007; Luis-Villasefior et al., 2011; Vieira et al., 2007; Zokaeifar et al., 2012; Ramirez et
al., 2017). Several modes of actions of probiotics have been described in literature (Kesarcodi-
Watson et al., 2008). Host protection against pathogens is one of the potential roles of
probiotics. Castex et al. (2009) have demonstrated that susceptibility of shrimps to V.
nigripulchritudo was reduced by feeding them with Pediococcus acidaliciti probiotic feed.
Increasing numbers of studies are looking at the marine bacteria Pseudoalteromonas. This
bacterial genus, which is specifically marine, is known for its ability to colonize marine animals,
such as sponges, mussels, tunicates and pufferfish (Holmstrom and Kjelleberg, 1999) and
belongs to the digestive tract microbial community of Pacific white shrimp Litopenaeus
vanamei (Tzuc et al., 2014). Pseudoalteromonas abilities to protect animals against pathogens
were demonstrated in Pacific and flat oysters larvae with Pseudoalteromonas sp
D41(Kesarcodi-Watson et al., 2012), in Seriola lalandi larvae fish with Pseudoalteromonas sp
SLP1(Leyton et al., 2017) and in the swimming crab larvae with Pseudoalteromonas aliena
KCCM 11207P (Morya et al., 2014).

Probiotics can inhibit the pathogen’s development or propagation as observed in
Pseudoalteromonas flavipulchra JG1 that can produce an antibacterial protein and five small-
molecule compounds, which probably act synergistically against Vibrio anguillarum (Yu et al.,

2012). Richards et al. (2017) have shown that Pseudoalteromonas piscicida released



antimicrobial substances such as proteolytic enzymes and transferred lytic vesicles to destroy
vibrios. Another mechanism of action is the probiotic ability to modulate the innate immune
system of the host. In kuruma shrimp, survival rate was improved by using probiotic-
incorporated diet and significant up-regulation of lyzozyme gene expression was observed
(Maeda et al., 2014). In the same way, mortality was lowered in whiteleg shrimp when
probiotic Bacillus subtilis has been administrated in rearing water for 8 weeks followed by a
challenge with Vibrio harveyi (Zokaeifar et al., 2014); an up-regulation of several immune
genes (prophenoloxydase, peroxinectin, serine protein) was also observed in this experiment.
Penaeid shrimp are exposed to different salinities during their migration, and osmoregulatory
mechanisms allow them to tolerate environmental changes. During rainfall season and after a
tropical storm, pond water salinity can be close to freshwater salinity in New Caledonia.
Osmotic stress was used by Palacios and Racotta (2007) to assess postlarval quality, and
osmotic pressure variations can also be a means of estimating the physiological status of shrimp
(Lignot et al., 2000). Moreover, other studies have shown lower cumulative mortality in
shrimps exposed to sudden salinity changes when probiotics were administered (Franco et al.,
2016; Liu et al., 2010). Therefore, probiotics can also enhance an animal’s ability to adapt to
environmental variations.

Recently, the bacterial strain NC201 belonging to the Pseudoalteromonas genus was isolated
from the natural environment in New Caledonia (Dufourcq et al., 2014). Previous work has
demonstrated that NC201 had no pathogenic effect on L. stylirostris larvae and led, in larval
rearing conditions, to survival rates equivalent to larvae treated with antibiotics (Pham et al.,
2014). The isolated strain, identified as Pseudoalteromonas sp. NC201, was studied for its
antibacterial potential and its whole genome was sequenced (Sorieul et al., in preparation).
The aim of the present study was to assess the probiotic effect of Pseudoalteromonas sp. NC201
in L. stylirostris juveniles and subadults when they were confronted with a pathogenic infection
or a drastic salinity variation. The probiotic impact on the total culturable heterotrophic flora
and the host immune response were evaluated in non-infected and infected conditions, and the
plasmatic osmotic pressure was measured during the salinity stress test. Experimental
conditions triggering a beneficial effect due to the probiotic constitute a study framework that

will allow a deeper exploration of the physiological processes involved in shrimp health status.

Materials and methods

Animals



All the L. stylirostris shrimp used in the experiments were reared at the experimental station of
Saint-Vincent (Boulouparis, New Caledonia). The breeders were stocked for 8 months in
outdoor earthen ponds before transfer to the hatchery. Nauplii and post-larvae were obtained
according to a pre-established protocol (Pham et al., 2012) and were stocked in 2-m3
cylindroconical tanks filled with 5-um filtered seawater at a density of 180 larvae per liter the
first day. The larval production batch was split into two groups immediately after hatching. One
group was treated with the NC201 probiotic (P) every other day throughout their life, at a final
concentration of 10° CFU.L?, and the other group was reared under standard conditions (C)
with erythromycin treatment (2.5 ppm) at days 3, 5, 7 and 9 according Pham et al. ( 2014). Total
culturable heterotrofic flora and vibrios concentrations were checked at days 0, 5 and 9 on
Zobell and TCBS culture plates.

In hatchery, rearing water was maintained at 29°C and salinity at 35 ppt. Feeding started 24 h
after stocking. Microparticles and Artemia salina nauplii were then added ad libitum throughout
the larval rearing period. The water was renewed at a rate of 50% on days 9 and 11, and then
every day from day 13 onward. When they had reached postlarval stage 4 (day 19), animals
were moved to 2-m? outdoor tanks where they were stocked at a density of 20.L* for 15 days.
To obtain juveniles (0.4 g) and subadults (15 g) in each population, postlarvae were kept in 2-
m3tanks at a density of 2/L and were sampled 1 and 5 months later, respectively. During rearing
in 2-m? tanks, the water was 100% renewed over 18 h every other day before the probiotic
administration. Animals were fed ad libitum with local commercial pellets (SICA-NC®) twice
a day. The sinking pellets size varied from 1 to 3 mm (according to animals size) and were

composed of 40% proteins.

Probiotic production and pathogen culture

Pseudoalteromonas sp. NC201 (Pham et al., 2014) was used as the probiotic strain and Vibrio
nigripulchritudo, pathogen of L. stylirostris (Goarant et al., 2006), was used for the bacterial
challenge. All bacterial strains were grown in the same Zobell marine bacteria culture medium,
under the same culture conditions: 0.5 L broth medium in 1-L bottles, 16 h at 28°C, and 120
rpm shaking. To obtain a bacterial concentration at 10° CFU.mL? in the rearing water, an
absorbance Abs) of a 5-fold diluted culture sample (Abs must be inferior to 1) with growth
media was assessed with a colorimeter (Fisher Scientific model 40) at 600 nm to determinate
the culture bacteria concentration, considering that 0.5 DO is equivalent to 1.39*10° CFU.mL"

1 (the correlation was established in previous studies).



Pathogen infection

Pathogen infection with V. nigripulchritudo was carried out on 128 subadult shrimps (15 g)
from each of the C and P groups. These shrimps were then split up into 200-L tanks at a density
of 32 animals per tank in quadruplicate. No feed was added to the tanks during sampling period.
Four hours before infection, the probiotic treatment was added to the group P tanks. To carry
out the experimental infection, the water volume was lowered to 100 L and inoculated with V.
nigripulchritudo at a density of 10° CFU.mL™. Two hours following inoculation, the tank water
was renewed entirely. During the experimental infection, water was kept around 29°C.
Mortality was checked twice a day, Animal was considered as dead when it laid on its side and
no movement was detected. The results were monitored as following: non-infected control
animals (NIC), non-infected probiotic animals (NIP), infected control animals (I1C) and infected
probiotic animals (IP). Animal sampling occurred before probiotic administration at TO, 10
animals were taken from the C and P populations. Prior to haemolymph sampling, shrimp were
rinsed with sterile seawater. Then, about 250 uL hemolymph was withdrawn from the ventral
sinus using a 1-mL sterile syringe and needle (23-gauge) was inserted at 3 mm depth. A volume
of 20 pL hemolymph was used in bacterial counts. Similar samplings were performed on 10
animals from NIC, NIP, IC and IP animals at 4, 10 and 24 h post infection (T4, T10 and T24).
At T24, 150 pL of hemolymph were used for RNA extraction.

Resistance to salinity stress

Two in vivo experiments were carried out comparing the control group (C) with the probiotic
group (P). Different salinity media (3 ppt, 5 ppt and 55 ppt) were prepared from Sum-sterilized
seawater (32 to 34 ppt according the experiments period) by adding either freshwater or marine
salt (Reef Crystals, Aquarium Systems). Media were prepared 2 days before the challenge to
allow evaporation of any potential chlorine residue from the tap water before shrimp transfer.
In the first trial, early juveniles (mean weight 0.4 g) were transferred directly from seawater at
34.3 ppt to 3 ppt (C3 and P3 treatments) or 55 ppt (C55 and P55 treatments) for 72 h. A control
treatment was also carried out by transferring from seawater to seawater. The water
temperature was 21.7°C. Each treatment was tested in triplicate with 12 animals per 20-L
aquarium. In a second experiment conducted on subadults (15 g), only hyposaline conditions
(5.0 ppt = 0.0) were compared with control conditions (32.7 ppt = 0.1) in 30-L aquaria. Forty
animals of each group (C and P) were distributed among five aquaria, at a density of eight
animals per aquarium, from seawater to seawater (C33 and P33 treatments) or to desalted water

(C5 and P5 treatments). Shrimp survival was monitored twice a day over 48 h and water



temperature was maintained at 25.1°C. All aquaria were constantly aerated and no feed was
provided during the stress test. Water salinity was checked with an osmometer (WESCOR
Vapro 5600, USA) and osmolality was expressed in mOsm.kg ™. The hemolymph osmolality

of the subadults was measured on 10 puL sampled from 10 animals of each treatment.

Bacterial count and identification

The total culturable heterotrophic flora (THF) in the shrimp hemolymph was determined on
juvenile animals (8 g) using a plate count method after 75 days of impregnation with the
probiotic and the infection challenge. A hemolymph volume of 20 pL from each of 10 shrimp
was plated in duplicate on glycerol containing Zobell agar. The THF was expressed in
CFU.mL™. NC201 was counted based on morphological identification (round, shiny, and bright
egg-yolk-like orange-yellow) and V. nigripulchritudo was identified by color (colonies appear
dark-grey/black when glycerol is present in the medium). Eight randomly selected colonies
showing a similar morphology to NC201 were isolated and stored for MALDI-TOF
identification.

Using a MALDI-TOF Microflex coupled to Biotyper 3.0 software (Briker Daltonik), a standard
protein profile of NC201 was established after reading eight spots of NC201 in triplicate.
Profiles of Pseudoalteromonas flavipulchra (DSM 14401), P. peptidolytica (DSM 14001) and
P. piscicida (DSM 6809) were also established in the same conditions and added to the
reference bank used for further analysis. The range of masses observed was set between 2 and
20 kDa. An a-cyano-4-hydroxycinnamic acid (HCCA) matrix was used on samples directly
spotted on the reflective plate without any further extraction steps. Eight strains (six and two
from the P shrimp and C shrimp groups, respectively) presenting the NC201 morphotype were
analyzed. The profiles of these randomly isolated colonies were compared to the database for
identification. Biotyper 3.0 software was used to establish distances scores between the

measured spectra.

Relative gene expression of antimicrobial peptide genes

Hemolymph was collected from subadults (15 g) 24 h post infection. Ten non-infected and ten
infected animals from each group (C and P) were sampled and 150 ul of hemolymph of each
animal were preserved in an equal volume of sodium citrate prior to hemocyte pelleting by
centrifugation. Total RNA was extracted using RNeasy columns (Qiagen) according to the
manufacturer's instructions. RNA quantity, purity and integrity were verified

spectrophotometrically (A260/A280) and by electrophoresis on 1% agarose gels. The extracted



total RNA (200 ng) was linearized through incubation at 70°C for 5 min then reverse
transcribed.

Expression levels of the genes Litsty pen3 and lys (GenBank accession numbers AY 351655 and
CV699332), coding for the antimicrobial peptides (AMPS) penaeidin 3 and lysozyme,
respectively, were measured by quantitative real-time PCR (RT-gPCR). This analysis was
performed on an ABI7300 Real-Time PCR System (Applied Biosystems). Amplification
efficiencies of all gPCR primers were determined using a previously described method (Pfaffl,
2001). Melting curves were used to verify the specificity of the amplification. The results were
normalized with the elongation factor EF1-a (accession no. AY 117542.1), a housekeeping gene
already used as a reference standard in L. stylirostris (Pham, 2011). The real-time PCR primer
sequences of antimicrobial peptides were previously published in de Lorgeril et al., (2008).
Each run included the cDNA control, negative controls (total RNA treated with DNase 1), and
blank controls (water). The relative expression of Litsty pen3 and lys to EF1-o at each condition

were calculated with the 2"°P® method (Livak and Schmittgen, 2001).

Statistical analysis

Cumulative mortality data were normalized through an arcsine square root transformation
before analysis with a two-way analysis of variance (ANOVA) followed by Tukey’s tests.
The data obtained from the RT-PCR analysis were analyzed by two-way analysis of variance
(ANOVA), followed by Tukey’s tests. Differences were considered significant at P < 0.05. All
statistical analyses were performed using Excel Stat.

Results

Effect of NC201 administration on THF evolution in the hemolymph

The bacterial flora in the shrimp hemolymph in C (control) and P (probiotic) groups was
assessed. The average count of total heterotrophic flora (THF) was between 2 and 3 log
CFU.mL* (Figure 1A). No significant difference of THF between C and P groups was noted
over the time course of the experiment, but a slight increase of THF was observed 6 h post
administration in the probiotic group. The percentage of NC201 in the THF (orange-yellow
colonies) among cultivable flora in the hemolymph was evaluated on morphological
characteristics (Figure 1B). Before administration of NC201 in the P group, no orange colonies

were observed in either group. In the C group, a small proportion of orange-yellow colonies,



below 5% of the THF, was detected in the first 12h, while in the P animals, the percentage of
orange-yellow colonies reached 47% two hours after administration and slowly decreased to
22% over 24 h.

NC201 identification by MALDI-TOF-MS

The strain NC201 was analyzed by MALDI-TOF-MS (Figure 2). NC201 displayed a profile
composed of 11 major peaks at m/z 4237, 4491, 4738, 5140, 6119, 7208, 7529, 9477, 9947 and
11337. After comparison with the database and the other Pseudoalteromonas analyzed, an
additional 10 distinguishable peaks were observed. These peaks were used as a reference for
comparison with the spectrum of the closely related P. flavipulchra and P. piscicida. The
comparison with P. piscicida DSM6609 (Figure 2) revealed 10 peaks in common, within the
m/z + 2, distributed along the mass range: 4237, 4739, 5669, 6120, 6430, 7530, 8449, 9477,
9947, 11337. NC201 was also compared with P. flavipulchra NCIMB2033 (data not shown),
with which there were seven shared peaks: 4739, 6120, 6430, 7208, 7530, 8449, and 9477,
within m/z + 2. Only the peak at 7208 is specific to NC201 and P. flavipulchra NCIMB 2033,
the six others are common to all three strains.

The six colonies, with the same morphotype (orange-yellow) as NC201, randomly picked from
the P animals showed a spectral profile identical to NC201 (Table 1). The two colonies isolated
in C animals with a morphotype similar to NC201 showed spectra that did not match with
NC201 (data not shown).

Resistance to infectious stress

A pathogenic challenge with Vibrio nigripulchritudo was used to determine the sensitivity to
pathogens of animals treated with NC201 (P) compared with non-treated ones (C). Non-
infected control (NIC) and probiotic treated animals (NIP) displayed no significant mortality
over the course of the experiment (Figure 3). In IC animals, mortality started 24 h post
challenge. At 48 h post infection, infected control (IC) animals showed a mortality of 17%,
whereas infected probiotic (IP) animals did not yet display any mortality. At 68 h post infection,
IC animals showed an increased mortality of 28% while the IP showed a significantly lower
one of 7%. From then on, the mortality increased gradually in IC animals to reach 48% at 144
h post infection. Mortality also increased gradually in IP animals to reach 24% at 144 h post
infection. The cumulative mortality of the 1C animals was significantly higher than that of the
IP ones from the onset of observed mortality in IC animals at 24 h post infection and throughout
the observed period (144 h).



Bacterial count in hemolymph during the infectious challenge

The total heterotrophic flora (THF) present in the hemolymph was counted over the course of
the experiment (Table 2). Initial populations in NIC and NIP animals were of 3.12 log (£0.59)
and 3.21 log (+0.44) CFU.mL™, respectively. At 24 h post infection, the THF in NIC, NIP, IC
and IP animals amounted to 3.75 log (£0.92), 3.97 log (x0.92), 3.87 log (x0.44) and 3.97 log
(+0.44) CFU.mL™, respectively. THF of all treatments seemed to increase over time, although
not significantly. No significant difference in the amount of THF could be observed between
treatments.

The presence of the probiotic and the pathogenic bacterium V. nigripulchritudo was monitored
during the infectious challenge (Table 2 and figure 4). Before infection, 15% of the THF was
represented by NC201 in NIP and IP populations (Figure 4A). The NC201 concentration in the
NIP group decreased slowly to reach 12%, 9% and 3% at 4 h, 10 h and 24 h post infection,
respectively. In the IP group, the NC201 percentage in the hemolymph was only 2% at 4 h post
infection, and continued to decrease to reach 0.5% at 24 h.

No V. nigripulchritudo was detected in animals of both the control or probiotic groups before
the infection challenge (Figure 4B). At 4 h post infection, the proportion of the pathogen in the
IC group was 33 % (110 CFU.mL™), which decreased to 17% (460 CFU. mL™) at 10 h and
22% (1614 CFU.mL™) at 24 h. However, from 4 to 24 h, no significant difference was noted in
the 1C group. In the IP group, V. nigripulchritudo represented 3 and 2% (88 and 16 CFU.mL™)
of the THF at 4 and 10 h, respectively, and reached 13% (1218 CFU.mL™?) at 24 h. This
represents a significant increase at 24 h in the IP group. At 4 and 10 h, the proportion of V.
nigripulchritudo found in the THF was significantly lower in IP than in IC animals, whereas
the difference observed at 24 h was not significant. A small amount of V. nigripulchritudo was
detected in shrimps hemolymph 4 h and 10 h after infection in the NIP group (0.41 log £ 0.82
CFU/mL) and the NIC group (0.46 log + 0.86 CFU/mL), respectively (Table 2). At 24 h, the
V. nigripulchitudo concentration was 0.95 log + 1.05 CFU/mL in the NIP population while it
reached 2.27 log = 1.21 CFU/mL in the NIC one.

Expression level of lysozyme and penaeidin 3

The expression levels of two genes linked to the immune response, lysozyme (lys) and
penaeidin 3 (pen3), were measured 24 h after exposure to the pathogenic Vibrio. The expression
level of lys in unchallenged animals was significantly lower in NIP than in NIC animals (Figure

5). The challenged animals showed a lower expression than the unchallenged ones, but this



diminution was not significant for either population. Comparing challenged animals, lys relative
expression was also lower in the IP group than in the 1C group. The number of pen3 transcripts
in unchallenged conditions was lower for the control than for probiotic animals, although this
difference was not significant (Figure 5). At 24 h after infection, a non-significant increase of
pen3 expression was observed in IC animals but not in NIC ones, while there was a significant
decrease in IP animals compared with NIP ones. With a number of transcripts higher for the IC
group than the IP group, the difference between the infected populations was significant.

Resistance to salinity stress

The first osmotic stress experiment was conducted on juvenile stage animals (0.4 g) in
hypersaline (55 ppt) and hyposaline (3 ppt) conditions (Figure 6). Three hours after transferring
animals to 55 ppt, mortalities of 5% and 3% were observed in the control (C55) and probiotic
(P55) groups, respectively. Mortality increased in the C55 group to reach 16% at the end of the
trial while the loss in the P55 group was only 6%. In the 3 ppt condition, 10% and 9% of the
control population (C3) and the probiotic ones (P3) had died by 12 h, respectively. At 24 h,
mortalities reached 23% in the C3 group while no additional dead animals were found in the
P3 group. Cumulative mortalities were significantly different at the end of the experiment
between C55 (16%) and P55 (6%) on the one hand, and between C3 (23%) and P3 (14%) on
the other. At both salinity levels, the final survival rate was significantly improved by the
addition of NC201. The control conditions without osmotic stress showed a 100% survival rate
over the 72 h of the experiment for both treated and non-treated populations (data not shown).
As subadult animals (15 g) were more sensitive to hyposaline conditions, the experiment was
performed at 5 ppt instead of 3 ppt (Figure 7). The transfer to isosaline conditions (33 ppt)
induced mortality after 10 h and by the end of the experiment, 7.5 and 10% had been lost in the
control and probiotic treated animals, respectively. In hyposaline conditions, mortality started
after 6 h of exposure, at 8% for the control and 3% for probiotic animals. In the first 24 h of
exposure, a regular increase of mortality was observed in both C and P populations, which
reached 43 and 35%, respectively, although the difference was not significant. Twenty-six
hours after the stress was applied, a significant difference in mortality was observed between
the two groups, with 50% and 35% for C5 and P5 populations, respectively. Final cumulative
mortality at 48 h was not significant, at 57% and 40% for the control and the treated groups,

respectively.

Plasmatic osmotic pressure



The use of shrimp subadults (15 g) allowed us to measure variations of hemolymph osmolality
according to external osmolality, as illustrated in figure 8. Average salinity in the tanks in the
isosaline transfer was 32.7 ppt (962 mOsm.kg™?). A slight decrease of the osmolality in both
control (C33) and probiotic (P33) populations in the first 8 h was observed, from 780 mOsm.kg"
! to 740 mOsm.kg?, followed by an increase back to the initial value at 24 h. The transfer to
hyposaline conditions at 5 ppt (147 mOsm.kg?) induced a strong drop in the osmolality of the
control group (620 mOsm.kg™ at 4h, 520 mOsm.kg™* at 8h) as well as in the probiotic group
(595 mOsm.kg™ at 4h, 540 mOsm.kg™ at 8h) with no significant difference. Twenty-four hours
post challenge, the osmolality in these animals had increased significantly (p < 0.05) to 590

mOsm.kg™ and 640 mOsm.kg™ for the C5 and P5, respectively.

Discussion

In Litopenaeus vannamei, shrimp microbiota can depend on larval developmental stages
(Nimrat et al., 2012; Zheng et al., 2016), overall health status (Zheng and Wang, 2016), diet
(Zhang et al., 2013) or probiotic administration (Sha et al., 2016). In our study, the total
culturable heterotrophic flora (THF) in subadult L. stylirostris hemolymph showed no
quantitative difference in noninfectious conditions, but this bacteria population may only
represent a small proportion of the bacteria present in the shrimp hemolymph. However,
animals that had received the probiotic showed a peak proportion of NC201 in the first hours
of administration, representing up to 47% of the THF. In L. vannamei, Nimrat et al. (2012)
showed that the quantity of THF found in whole postlarvae was not impacted by the use of
Bacillus spp as a probiotic administered through feed; however, the Bacillus proportion in the
THF increased from PL1 to PL22 to reach 10 fold higher in treated animals than in control ones.
The authors suggested that these results might be due to a progressive substitution of a part of
the gut microflora by the administered probiotic. Similar results were reported in
Fenneropenaeus indicus postlarvae by Ziaei-Nejad et al. (2006), where a commercial Bacillus
spp. probiotic mixture could represent 88% of the total bacteria, while THF quantity was similar
in control and treated groups. These results agree with ones obtained for Pseudalteromonas
NC201 and support the hypothesis that the hemolymph microflora is tightly regulated (Wang
and Wang, 2015).

Orange-yellow strain pigmentation was used as a primary tool to distinguish and quantify
NC201 in the THF of treated animals. However, some colonies (less than 5%) observed in the

THF of control animals showed a morphotype similar to NC201. Then, this quick identification



method was completed with the analysis of the proteic spectrum, as NC201 displayed a unique
pattern of peaks in MALDI-TOF analysis, and allowed us to conclude that yellow colonies in
control treatment was different from NC201. In addition, the profile of NC201 represents
another profile of Pseudoalteromonas to add to the MALDI-TOF biotyper profile database
established by Emami et al. (2016). NC201 displayed one of the two peaks common to all
Pseudoalteromonas at m/z 4236, the other common peak at m/z 5095 could not be distinguished
(Dieckmann et al., 2005). It is possible that the peak at m/z 5095 is present but not
distinguishable due to the intensity of the m/z 5140 peak. Comparison of the NC201 mass
spectrum to other published Pseudoalteromonas (Emami et al., 2016), revealed numerous
shared peaks with other species. The NC201 strain showed three peaks similar to those found
in P. ulvae and P. aurantia and four peaks similar to those of P. citrea. The profile of NC201
was established without any extraction step prior to MALDI-TOF analysis. This process could
help refine the profile of the probiotic strain and allow a finer comparison with the spectra of
other Pseudoaltermonas obtained after an extraction step (Dieckmann et al., 2005; Emami et
al., 2016). Pseudoalteromonas flavipulchra NCIMB2033 and P. piscicida DSM14401 profiles
showed that the biotyping method could be reliably used for the Pseudoalteromonas genus.
Closely related species show profiles similar enough to be classified as belonging to the same
genus, but with enough distinctive peaks to tell these species apart and avoid misidentification
(Emami et al., 2016). As 16S ribosomal RNA sequences proved insufficient for species
identification of Pseudoalteromonas as demonstrated by Beurmann et al. ( 2017), the MALDI-
TOF identification method provides a reliable alternative (Carbonnelle et al., 2012). Moreover,
the comparison of the NC201 spectrum to the closely related P. flavipulchra and P. piscicida
confirmed the greater distance between P. flavipulchra NCIMB 2033 and NC201 than between
P. piscicida and NC201. Studies on NC201 genome sequence have already been conducted for
identification at species level (Sorieul et al., in preparation).

We observed both an rapid invasion of the hemolymph of L. stylirostris by NC201 and an
overall tendency for high bacterial presence (up to 0.9 log in the hemolymph) in our study, as
reported in L. vannamei juveniles (Gomez-Gil et al., 1998), which is over 1 log higher than
levels of bacteria found in healthy M. japonicus (Fagutao et al., 2009; Wang et al., 2014).
Although NC201 represented half the bacteria present in the hemolymph at 2 h post
administration, the colonization of the shrimp hemolymph was transient, since it disappeared
completely between 24 h and 48 h. There could be several potential causes of this
disappearance. We should ask whether NC201 was targeted by the immune system, whether it

migrated to other tissues, or whether these bacteria simply died out because they are not adapted



for persistence in the hemolymph. Another explanation for the disappearance of NC201 from
the hemolymph could be the autolytic activity observed in some Pseudoalteromonas strains
(Holmstrom and Kjelleberg, 1999). More studies must be conducted to evaluate these
hypothesis.

NC201 belongs to the Pseudoalteromonas genus and was selected for its antibacterial potential
towards pathogenic Vibrio (Pham et al., 2014). A number of studies have shown the interest of
using strains of this genus in aquaculture, including two Pseudoalteromonas sp. (Goulden et
al., 2012; Leyton et al., 2017) and P. undina (Banerjee and Ray, 2017). Due to their synthesis
of antibacterial compounds, these marine bacteria can have a beneficial (Kesarcodi-Watson et
al., 2012) or detrimental (Neu et al., 2014) effect on marine organisms and are therefore a
source of potential probiotics.

MALDI-TOF results showed NC201 to be related to P. piscicida and P. flavipulchra, two
species with high antibacterial potential belonging to the pigmented clade (Offret et al., 2016).
In our study, it appears that NC201 has a protective effect on L. stylirostris against a V.
nigripulchritudo challenge, as survival rates were significantly improved by the probiotic
treatment in subadults confronted with infectious stress. Animals treated with probiotics and
then infected with V. nigripulchritudo showed a delay of 24 h in the onset of mortality compared
with infected controls. Probiotics have been reported to improve survival rates in L. vannamei
infected with V. parhaemolyticus (Kongnum and Hongpattarakere, 2012) or V. harveyi (Vieira
et al., 2007). The delay of mortality in the probiotic group in our experiment could be explained
either by a direct antibacterial action of NC201 against V. nigripulchritudo, as shown by studies
of NC201 inhibitory potential (Sorieul et al., in preparation), or by an indirect effect such as an
improvement in the overall shrimp health or the stimulation of its immune system. Four hours
after infection, the pathogen prevalence in our study was much higher in animals that had not
received a probiotic treatment. The NC201 presence in the hemolymph and its previously
described antibacterial effect against V. harveyi, V. nigripulchritudo and V. penaeicida (Pham
etal. 2014, Sorieul et al., in preparation) could explain this delay in appearance of the pathogen.
Similar results were observed by different authors, who have demonstrated that probiotics could
lower the prevalence of pathogens such as bacteria (Vieira et al., 2007) or viruses (Leyva-
Madrigal et al., 2011) in L. vannamei. The experimental infection was performed four hours
after probiotic administration, at the time corresponding to the peak presence of NC201 in the
hemolymph. A direct antibacterial effect would therefore have been possible, in a similar way
as seen in hemolymph of Marsupenaeus japonicas, which maintains a low bacterial presence

(Wang et al., 2014). Surprisingly, V. nigripulchitudo was also observed in non-infected



populations, but in lower concentration than in infected control ones. Three virulence patterns
have been described in V. nigripulchritudo in New Caledonia: non-pathogenic, moderately
pathogenic and highly pathogenic stains (Labreuche et al., 2012). The transfer and handling
could have stressed the animals and favoured the non-pathogenic V. nigripulchitudo settlement,
associated with weak mortalities in NIC and NIP populations. Whereas this phenomenon could
be prevented in IC and IP populations by the experimental infection with highly pathogenic
strains. Molting stage of animals sampled is another issue that must be pointed out when
experimenting with crustaceans as it could affect the bacteria invasion in hemolymph and
explain the large fluctuations in individual data.

Wang et al. (2014) have shown that the hemolymph microflora is highly controlled, mainly
through antimicrobial peptides (AMP) synthesized by the hemocytes. In our study, two AMP
markers, lysozyme (lys) and penaeidin 3 (pen3), were used for their involvement in the immune
response in previous works (Fall et al., 2010; Mufioz et al., 2002). In our experiment, 24h after
the V. nigripulchritudo challenge, lower lys and pen3 expression levels were observed in shrimp
treated with NC201 compared to control ones. A lower lys gene expression was also observed
in selected line compared to control line in L. stylirostris (de Lorgeril et al., 2008) but these
data cannot clearly explain even if some authors suggest a migration of AMP expressing
haemocytes towards infected tissues (Bachére at al., 2004). In contrast, pen3 expression level
was higher in selected animals when challenging with V. penaeicidae. In another study,
overexpression of pen3 in L. vannamei hemocytes has been reported following injection of a
mix of pathogens, including V. alginolyticus (Destoumieux et al., 2000). As the onset of
mortality was delayed by 24 h between the control and IP in our study, it would have been
interesting to include further time points to monitor the subsequent evolution. As demonstrated
by Burge et al. (2007), lys expression level in L. vannamei exposed to V. campbellii over a 48
h time course was dependent sampling time.

A weak Vibrio concentration in treated shrimp hemolymph in the first 24 h of infection could
explain the lower AMP expression levels. The probiotic might inhibit pathogenic Vibrio to such
an extent that the immune system of the shrimp did not register any threat markers and lowered
the expression levels of its effectors. This effect could be compared with the usual consequences
of antibiotic treatment on shrimp immune status, lowering expression levels of key immune
genes (Fagutao et al., 2009). Thus, the lowered expression of the AMP markers in shrimp
hemolymph treated with NC201 could be linked to the lower exposure to V. nigripulchitudo.
Hemolymph osmolality is a direct marker of the impact of a salinity change on the physiology

of an animal (Lignot et al., 2000; Péqueux, 1995). The impact of different factors on this



physiological parameter has already been studied in L. stylirostris (Mugnier and Soyez, 2005;
Wabete et al., 2006). In both hyper and hyposaline challenges, early juveniles treated with
probiotics showed an improved survival rate compared with controls. We noted that hyposaline
stress had a stronger impact on survival rate than hypersaline stress, as already reported in L.
vannamei postlarvae (Liu et al., 2010). The faster effect of hyposaline stress was therefore
chosen for experiments on subadult stages. Survival rates were also improved by the probiotic
treatment in shrimp subjected to hyposaline stress. This result is quite interesting for shrimp
industry in New Caledonia as drastic salinity variations can be observed in growout ponds
during the rainy seasons. NC201 showed not only a protective effect against vibrio infection,
but also during a salinity challenge, probably due to a general improvement of the shrimp’s
health status (Lignot et al., 2000). We can hypothesize an indirect effect of the probiotic, as all
energy not consumed to face a biotic stress is available to deal with abiotic variations. To
confirm this idea, plasmatic osmotic pressure was measured in probiotic and control
populations. A slight variation in osmotic pressure was observed in the isosaline transfer and
could be due to transfer stress (Wabete et al., 2008). In our study, the strong disturbance
observed at low salinity was not significantly different between the populations until 8 h post
challenge, but probiotic animals had recovered faster than the control population by 24 h post
challenge. Stressors could induce alterations of osmoregulatory transport (Lignot et al, 2000),
with greater cell damage in control animals. However, monitoring over a longer period would
allow us to see whether treated animals are able to make a full recovery in a shorter time than
control ones. Overall improvement of shrimp health is suggested by the increased survival rate
during the abiotic challenges and confirms the probiotic effect of NC201.

This study confirms the safety of NC201 administration for subadult shrimp and highlights the
protective effect of this bacterial strain against both biotic and abiotic stresses. However, the
basis of this beneficial effect has yet to be explained. We will focus our next study on the
observation of additional immune parameters as well as oxidative stress markers and their
evolution over a time course. The same experimental approach could be used to measure
expression level of other genes involved in the response to stresses like immune response, but

also homeostasis and osmotic balance.

Acknowledgments
This work was partly supported by the Provincial Institutions (Province Sud, Province Nord et
Province des lles Loyauté) and the Government of New Caledonia. The authors thank the

zootechnical staff of SASV for supplying the animals, and the Institut Pasteur of New Caledonia



(IPNC) and “Plateforme de Recherche pour les Sciences du Vivant de Nouvelle-Calédonie”
(PFV-NC) for providing access to the MALDI-TOF platform and gPCR facility. Any opinions,
findings, and conclusions or recommendations expressed in this material are those of the

authors and do not necessarily reflect the views of the supporting bodies mentioned herein.



References:

Aguirre-Guzmén, G., 2012. The use of probiotics in aquatic organisms: A review. Afr. J.
Microbiol. Res. 6, 4845-4857. doi:10.5897/AJMR11.1038

Akhter, N., Wu, B., Memon, A.M., Mohsin, M., 2015. Probiotics and prebiotics associated with
aquaculture: A review. Fish Shellfish Immun. 45, 733-741. doi:10.1016/j.si.2015.05.038

Bachere, E., Gueguen, Y., Gonzalez, M., de Lorgeril, J., Garnier, J., Romestand, B., 2004.
Insights into the anti-microbial defense of marine invertabrates: the penaeid shrimps and
the oyster Crassostrea gigas. Immunological Reviews, VVol. 198, 149-168.

Balcazar, J.L., de Blas, I., Ruiz-Zarzuela, 1., Vendrell, D., Calvo, A.C., Méarquez, 1., Gironés,
0., Muzquiz, J.L., 2007. Changes in intestinal microbiota and humoral immune response
following probiotic administration in brown trout (Salmo trutta). Brit. J. Nutr. 97, 522—
527. d0i:10.1017/S0007114507432986

Banerjee, G., Ray, A.K., 2017. The advancement of probiotics research and its application in
fish farming industries. Res. Vet. Sci. 115, 66—77. doi:10.1016/j.rvsc.2017.01.016

Beurmann, S., Ushijima, B., Svoboda, C.M., Videau, P., Smith, A.M., Donachie, S.P., Aeby,
G.S., Callahan, S.M., 2017. Pseudoalteromonas piratica sp. nov., a budding, prosthecate
bacterium from diseased Montipora capitata, and emended description of the genus
Pseudoalteromonas. Int. J. Syst. Evol. Micr., 67, 2683-2688. doi 10.1099/ijsem.0.001995

Burge, E.J., Madigan, D.J., Burnett, L.E., Burnett, K.G., 2007. Lysozyme gene expression by
hemocytes of Pacific white shrimp, Litopenaeus vannamei, after injection with Vibrio.
Fish Shellfish Immun. 22, 327-39. doi:10.1016/j.fsi.2006.06.004

Carbonnelle, E., Grohs, P., Jacquier, H., Day, N., Tenza, S., Dewalilly, A., Vissouarn, O.,
Rottman, M., Herrmann, J.L., Podglajen, I., Raskine, L., 2012. Robustness of two
MALDI-TOF mass spectrometry systems for bacterial identification. J. Microbiol.
Methods 89, 133-136. d0i:10.1016/j.mimet.2012.03.003

Carnevali, O., Maradonna, F., Gioacchini, G., 2017. Integrated control of fish metabolism,
wellbeing and reproduction: The role of probiotic. Aquaculture 472, 144-155.
doi:10.1016/j.aquaculture.2016.03.037

Castex, M., Lemaire, P., Wabete, N., Chim, L., 2009. Effect of dietary probiotic Pediococcus
acidilactici on antioxidant defences and oxidative stress status of shrimp Litopenaeus
stylirostris. Aquaculture 294, 306-313. doi:10.1016/j.aquaculture.2009.06.016

de Lorgeril, J., Gueguen, Y., Goarant, C., Goyard, E., Mugnier, C., Fievet, J., Piqguemal, D.,
Bachére, E., 2008. A relationship between antimicrobial peptide gene expression and

capacity of a selected shrimp line to survive a Vibrio infection. Mol. Immun. 45, 3438—



3445. doi:10.1016/j.molimm.2008.04.002

Destoumieux, D., Mufioz, M., Cosseau, C., Rodriguez, J., Bulet, P., Comps, M., Bachere, E.,
2000. Penaeidins, antimicrobial peptides with chitin-binding activity, are produced and
stored in shrimp granulocytes and released after microbial challenge. J. Cell Sci. 113 ( Pt
3, 461-469. doi:10.1016/j.bbagen.2015.12.010

Dieckmann, R., Graeber, I., Kaesler, 1., Szewzyk, U., Von Do6hren, H., 2005. Rapid screening
and dereplication of bacterial isolates from marine sponges of the Sula Ridge by Intact-
Cell-MALDI-TOF mass spectrometry (ICM-MS). Appl. Microbiol. Biotechnol. 67, 539—
548. d0i:10.1007/s00253-004-1812-2

Dufourcq, R., Chalkiadakis, E., Fauchon, M., Deslandes, E., Kerjean, V., Chanteau, S., Petit,
E., Guezennec, J., Dupont-Rouzeyrol, M., 2014. Isolation and partial characterization of
bacteria (Pseudoalteromonas sp.) with potential antibacterial activity from a marine costal
environment from New Caledonia. Lett. Appl. Microbiol. 58, 102-8.
doi:10.1111/lam.12162

Emami, K., Nelson, A., Hack, E., Zhang, J., Green, D.H., Caldwell, G.S., Mesbahi, E., 2016.
MALDI-TOF mass spectrometry discriminates known species and marine environmental
isolates of Pseudoalteromonas. Front. Microbiol. 7, 1-13. doi:10.3389/fmicb.2016.00104

Fagutao, F.F., Yasuike, M., Santos, M.D., Ruangpan, L., Sangrunggruang, K., Tassanakajon,
A., Takahashi, Y., Ueno, R., Kondo, H., Hirono, 1., Aoki, T., 2009. Differential gene
expression in black tiger shrimp, Penaeus monodon, following administration of
oxytetracycline and oxolinic acid. Dev. Comp. Immun. 33, 1088-92.
d0i:10.1016/j.dci.2009.05.010

Fall, J., Kono, T., Tanekhy, M., Itami, T., Sakai, M., 2010. Expression of innate immune-related
genes of Kuruma shrimp, Marsupenaeus japonicus, after challenge with Vibrio
nigripulchritudo. Afr. J. Microbiol. Res. 4, 2426-2433.

Franco, R., Arenal, A., Santiesteban, D., Sotolongo, J., Pimentel, E., Carrillo, O., Bossier, P.,
Faculty, A.S., Habana, L., Engineering, F.B., 2016. Psychrobacter sp. 17-1 enhances
growth and survival in early postlarvae of white shrimp, Penaeus vannamei Boone, 1931
(Decapoda, Penaeidae). Crustaceana 89, 1467-1484. doi:10.1163/15685403-00003595

Goarant, C., Reynaud, Y., Ansquer, D., de Decker, S., Saulnier, D., le Roux, F., 2006.
Molecular epidemiology of Vibrio nigripulchritudo, a pathogen of cultured penaeid shrimp
(Litopenaeus stylirostris) in New Caledonia. Syst. Appl. Microbiol. 29, 570-80.
doi:10.1016/j.syapm.2005.12.005

Gomez-Gil, B., Tron-Mayeén, L., Roque, A., Turnbull, J.F., Inglis, V., Guerra-Flores, A.L.,



1998. Species of Vibrio isolated from hepatopancreas, haemolymph and digestive tract of
a population of healthy juvenile Penaeus vannamei. Aquaculture 163, 1-9.
d0i:10.1016/S0044-8486(98)00162-8

Goulden, E.F., Hall, M.R., Pereg, L.L., Hgj, L., 2012. Identification of an antagonistic probiotic
combination protecting ornate spiny lobster (Panulirus ornatus) larvae against Vibrio
owensii infection. PLoS One 7. doi:10.1371/journal.pone.0039667

Holmstrom, C., Kjelleberg, S., 1999. Marine Pseudoalteromonas species are associated with
higter organisms and produce biologically active extracellular agents. FEMS Microb.
Ecol. 30, 285-293. d0i:10.1111/j.1574-6941.1999.tb00656.x

Irianto, A., Austin, B., 2002. Probiotics in aquaculture. J. Fish Dis. 25, 633-642.
d0i:10.1046/j.1365-2761.2002.00422.x

Kautsky, N., Ronnback, P., Tedengren, M., Troell, M., 2000. Ecosystem perspectives on
management of disease in shrimp pond farming. Aquaculture 191, 145-161.
d0i:10.1016/S0044-8486(00)00424-5

Kesarcodi-Watson, A, Kaspar, H, Lategan, M.J., Gibson, L., (2008) Probiotics in aquaculture:
The need, principles and mechanisms of action and screening processes. Aquaculture
274:1-14.

Kesarcodi-Watson, A., Miner, P., Nicolas, J.L., Robert, R., 2012. Protective effect of four
potential probiotics against pathogen-challenge of the larvae of three bivalves: Pacific
oyster (Crassostrea gigas), flat oyster (Ostrea edulis) and scallop (Pecten maximus).
Aquaculture 344-349, 29-34. doi:10.1016/j.aquaculture.2012.02.029

Kongnum, K., Hongpattarakere, T., 2012. Effect of Lactobacillus plantarum isolated from
digestive tract of wild shrimp on growth and survival of white shrimp (Litopenaeus
vannamei) challenged with Vibrio harveyi. Fish Shellfish Immun. 32, 170-177.
d0i:10.1016/j.fsi.2011.11.008

Labreuche, Y., Pallandre, L., Ansquer, D., Herlin, J., Wapotro, B., Le Roux, F., 2012.
Pathotyping of Vibrio isolates by Multiplex PCR reveals a risk of virulent strain spreading
in new caledonian srhimp farms. Microb. Ecol. Vol. 63, 1, 127-138.
doi.org/10.1007/s00248-011-9951-3

Lemonnier, H., Herbland, A., Salery,L., Soulard, B. (2006). "Summer syndrome" in
Litopenaeus stylirostris grow out ponds in New Caledonia: zootechnical and
environmental factor. Aquaculture, 261,1039-1047.

Leyton, Y., Sayes, C., Megjias, C., Abarca, M., Wilson, R., Riquelme, C., 2017. Increased larval

survival of Seriola lalandi using Pseudoalteromonas sp. as probiotics. Rev. Biol. Mar.



Oceanogr. 52, 95-101. doi:10.4067/S0718-19572017000100007

Leyva-Madrigal, K.Y., Luna-Gonzéalez, A., Escobedo-Bonilla, C.M., Fierro-Coronado, J.A.,
Maldonado-Mendoza, I.E., 2011. Screening for potential probiotic bacteria to reduce
prevalence of WSSV and IHHNV in whiteleg shrimp (Litopenaeus vannamei) under
experimental conditions. Agquaculture 322-323, 16-22.
doi:10.1016/j.aquaculture.2011.09.033

Lignot, J.H., Spanings-Pierrot, C., Charmantier, G., 2000. Osmoregulatory capacity as a tool in
monitoring the physiological condition and the effect of stress in crustaceans. Aquaculture
191, 209-245. doi:10.1016/S0044-8486(00)00429-4

Liu, K.-F., Chiu, C.-H., Shiu, Y.-L., Cheng, W., Liu, C.-H., 2010. Effects of the probiotic,
Bacillus subtilis E20, on the survival, development, stress tolerance, and immune status of
white shrimp, Litopenaeus vannamei larvae. Fish Shellfish Immun. 28, 837-44.
d0i:10.1016/j.fsi.2010.01.012

Livak, K.J., Schmittgen, T.D., 2001. Analysis of Relative Gene Expression Data Using Real-
Time Quantitative PCR and the 2—-AACT Method. Methods 25, 402-408.
d0i:10.1006/meth.2001.1262

Luis-Villasefior, I.E., Macias-Rodriguez, M.E., Gdmez-Gil, B., Ascencio-Valle, F., Campa-
Cordova, A.1., 2011. Beneficial effects of four Bacillus strains on the larval cultivation of
Litopenaeus vannamei. Aquaculture 321, 136-144.
doi:10.1016/j.aquaculture.2011.08.036

Maeda, M., Shibata, A., Biswas, G., Korenaga, H., Kono, T., Itami, T., Sakai, M., 2014.
Isolation of Lactic Acid Bacteria from Kuruma Shrimp (Marsupenaeus japonicus)
Intestine and Assessment of Immunomodulatory Role of a Selected Strain as Probiotic.
Mar. Biotechnol. 16, 181-192. doi:10.1007/s10126-013-9532-1

Morya, V.K., Choi, W., Kim, E.K., 2014. Isolation and characterization of Pseudoalteromonas
sp from fermented Korean food, as an antagonist to Vibrio harveyi. Appl. Microbiol.
Biotechnol. 98, 1389-1395. doi:10.1007/s00253-013-4937-3

Mugnier, C., Soyez, C., 2005. Response of the blue shrimp Litopenaeus stylirostris to
temperature decrease and hypoxia in relation to molt stage. Aquaculture 244, 315-322.
doi:10.1016/j.aquaculture.2004.11.010

Mufioz, M., Vandenbulcke, F., Saulnier, D., Bacheére, E., 2002. Expression and distribution of
penaeidin antimicrobial peptides are regulated by haemocyte reactions in microbial
challenged shrimp. Eur. J. Biochem. 269, 2678-2689. do0i:10.1046/j.1432-
1033.2002.02934.x



Neu, A.K., Mansson, M., Gram, L., Prol-Garcia, M.J., 2014. Toxicity of bioactive and probiotic
marine bacteria and their secondary metabolites in artemia sp. and caenorhabditis elegans
as eukaryotic model organisms. Appl. Environ. Microbiol. 80, 146-153.
doi:10.1128/AEM.02717-13

Nimrat, S., Suksawat, S., Boonthai, T., Vuthiphandchai, V., 2012. Potential Bacillus probiotics
enhance bacterial numbers, water quality and growth during early development of white
shrimp (Litopenaeus vannamei). Vet. Microbiol. 159, 443-450.
doi:10.1016/j.vetmic.2012.04.029

Offret, C., Desriac, F., Le Chevalier, P., Mounier, J., J??gou, C., Fleury, Y., 2016. Spotlight on
antimicrobial metabolites from the marine bacteria Pseudoalteromonas: Chemodiversity
and ecological significance. Mar. Drugs 14. doi:10.3390/md14070129

Palacios, E., Racotta, 1.S., 2007. Salinity stress test and its relation to future performance and
different physiological responses in shrimp postlarvae. Aquaculture 268, 123-135.
doi:10.1016/j.aquaculture.2007.04.034

Péqueux, A., 1995. Osmotic Regulation in Crustaceans. J. Crustac. Biol. 15, 1-60.

Pfaffl, M.W., 2001. A new mathematical model for relative quantification in real-time RT-PCR.
Nucleic Acids Res. 29, 45e—45. doi:10.1093/nar/29.9.e45

Pham, D., Charmantier, G., Wabete, N., Boulo, V., Broutoi, F., Mailliez, J.R., Peignon, J.M.,
Charmantier-Daures, M., 2012. Salinity tolerance, ontogeny of osmoregulation and
zootechnical improvement in the larval rearing of the Caledonian Blue Shrimp,
Litopenaeus stylirostris (Decapoda, Penaeidae). Aquaculture 362-363, 10-17.
doi:10.1016/j.aquaculture.2012.07.026

Pham, D., Ansquer, D., Chevalier, A., Dauga, C.C., Peyramale, A., Wabete, N., Labreuche, Y.,
2014. Selection and characterization of potential probiotic bacteria for Litopenaeus
stylirostris shrimp hatcheries in New Caledonia. Aquaculture 432, 475-482.
doi:10.1016/j.aquaculture.2014.04.031

Ramirez, C.N.B., Rodrigues, M.S., Guimardes, A.M., Guertler, C., Rosa, J.R., Seiffert, W.Q.,
Andreatta, E.R., Vieira, F. do N., 2017. Effect of dietary supplementation with butyrate
and probiotic on the survival of Pacific white shrimp after challenge with Vibrio
alginolyticus. Rev. Bras. Zootec.

Richards, G.P., Watson, M.A., Needleman, D.S., Uknalis, J., Fidelma Boyd, E., Fay, J.P., 2017.
Mechanisms for Pseudoalteromonas piscicida-induced killing of vibrios and
otherbacterial patogens. Applied and Environmental Microbiology. Vol 83, issue 11.

Sha, Y., Liu, M., Wang, B., Jiang, K., Qi, C., Wang, L., 2016. Bacterial population in intestines



of Litopenaeus vannamei fed different probiotics or probiotic supernatant. J. Microbiol.
Biotechnol. 26, 1736-1745. doi:10.4014/jmb.1603.03078

Tzuc, J.T., Escalante, D.R., Herrera, R.R., Cortés, G.G., Arena Ortiz, M.L., 2014. Microbiota
from Litopenaeus vannamei: digestive tract microbial community of Pacific white shrimp
(Litopenaeus vanname). SpringerPlus. 3:280.

Verschuere, L., Rombaut, G., Sorgeloos, P., Verstraete, W., 2000. Probiotic bacteria as
biological control agents in aquaculture. Microbiol. Mol. Biol. Rev. 64, 655-71.
d0i:10.1128/MMBR.64.4.655-671.2000.Updated

Vieira, F. do N., Pedrotti, F.S., Buglione Neto, C., Mourifio, J.L.P., Beltrame, E., Martins, M.,
Ramirez, C., Alejandro, L., Arana, V., 2007. Lactic-acid bacteria increase the survival of
marine shrimp,. Braz. J. Oceanogr. 55, 251-255.

Wabete, N., Chim, L., Lemaire, P., Massabuau, J.C., 2008. Life on the edge: Physiological
problems in penaeid prawns Litopenaeus stylirostris, living on the low side of their
thermopreferendum. Mar. Biol. 154, 403-412. doi:10.1007/s00227-008-0931-1

Wabete, N., Chim, L., Pham, D., Lemaire, P., Massabuau, J.C., 2006. A soft technology to
improve survival and reproductive performance of Litopenaeus stylirostris by
counterbalancing physiological disturbances associated with handling stress. Aquaculture
260, 181-193. doi:10.1016/j.aquaculture.2006.06.041

Wang, X.W., Wang, J.X., 2015. Crustacean hemolymph microbiota: Endemic, tightly
controlled, and  utilization =~ expectable.  Mol. Immun. 68, 404-411.
doi:10.1016/j.molimm.2015.06.018

Wang, X.W., Xu, J.D., Zhao, X.F., Vasta, G.R., Wang, J.X., 2014. A shrimp C-type lectin
inhibits proliferation of the hemolymph microbiota by maintaining the expression of
antimicrobial peptides. J. Biol. Chem. 289, 11779-11790. doi:10.1074/jbc.M114.552307

Yu, M., Wang, J., Tang, K., Shi, X., Wang, S., Zhu, W., Zhang, X., 2012. Purification and
characterization of antibacterial compounds of Pseudoalteromonas flavipulchra JG1.
Microbiology 158, 835-42. doi:10.1099/mic.0.055970-0

Zhang, Q., Tan, B., Mai, K., Zhang, W., Ma, H., Ai, Q., Wang, X., Liufu, Z., 2011. Dietary
administration of Bacillus (B. licheniformis and B. subtilis) and isomaltooligosaccharide
influences the intestinal microflora, immunological parameters and resistance against
Vibrio alginolyticus in shrimp, Penaeus japonicus (Decapoda: Penaeidae). Aquac. Res.
42,943-952. doi:10.1111/j.1365-2109.2010.02677.x

Zhang, S., Li, J., Wu, X., Zhong, W., Xian, J., Liao, S., Miao, Y., Wang, A., 2013. Effects of

different dietary lipid level on the growth, survival and immune-relating genes expression



in Pacific white shrimp, Litopenaeus vannamei. Fish Shellfish Immun. 34, 1131-8.
doi:10.1016/j.fsi.2013.01.016

Zheng, C.N., Wang, W., 2016. Effects of Lactobacillus pentosus on the growth performance,
digestive enzyme and disease resistance of white shrimp, Litopenaeus vannamei (Boone,
1931). Aquac. Res. 2767-2777. doi:10.1111/are.13110

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

Ziaei-Nejad, S., Rezaei, M.H., Takami, G.A., Lovett, D.L., Mirvaghefi, A.R., Shakouri, M.,
2006. The effect of Bacillus spp. bacteria used as probiotics on digestive enzyme activity,
survival and growth in the Indian white shrimp Fenneropenaeus indicus. Aquaculture 252,
516-524. doi:10.1016/j.aquaculture.2005.07.021

Zokaeifar, H., Babaei, N., Saad, C.R., Kamarudin, M.S., Sijam, K., Balcazar, J.L., 2014.
Administration of Bacillus subtilis strains in the rearing water enhances the water quality,
growth performance, immune response, and resistance against Vibrio harveyi infection in
juvenile white shrimp, Litopenaeus vannamei. Fish Shellfish Immun. 36, 68-74.
doi:10.1016/j.fsi.2013.10.007

Zokaeifar, H., Balcazar, J.L., Saad, C.R., Kamarudin, M.S., Sijam, K., Arshad, A., Nejat, N.,
2012. Effects of Bacillus subtilis on the growth performance, digestive enzymes, immune
gene expression and disease resistance of white shrimp, Litopenaeus vannamei. Fish
Shellfish Immun. 33, 683-9. doi:10.1016/j.fsi.2012.05.027

Zorriehzahra, M.J., Delshad, S.T., Adel, M., Tiwari, R., Karthik, K., Dhama, K., Lazado, C.C.,
2016. Probiotics as beneficial microbes in aquaculture: an update on their multiple modes
of action: a review. Vet. Q. 2176, 1-14. doi:10.1080/01652176.2016.1172132



Table 1: Biotyping scores and identification of bacterial colonies with NC201 morphotypes
isolated in L. stylirostris treated with NC201.

Time post probiotic ) o

administration (h) Tissue Identification Score
2 Hemolymph NC201 2,513
2 Hemolymph NC201 2,582
2 Hemolymph NC201 2,59
6 Hemolymph NC201 2,55
6 Hemolymph NC201 2,598
12 Hemolymph NC201 2,27




Table 2: Evolution (log) of the total culturable heterotrophic flora (THF), probiotic (NC201)
and pathogens (Vn) in the L. stylirostris hemolymph during V. nigripulchritudo infection, of
non infected control animals (NIC), non infected animals treated with NC201 (NIP), infected
control animals (IC) and infected animals treated with NC201 (IP). On the same line, values

with different letters are statistically different (p < 0.05).

Time post infection ( h)
Treatment |Flora 0 4 10 24
THF 3124059 | 295+125 | 317+088 | 3.75+0.92
NIC NC201 0 0 0 0
Vi 0@ 02 0.46°+086 | 227°+1.21
THF 321044 | 298+090 | 282+135 | 3.97+0.92
NIP NC201 | 1.28% 149 | 174+180 | 148158 | 237+121
Vin 0 041+082 | 126+129 | 095+1.05
THF 3124059 | 254+043 | 343+065 | 3.87+0.66
I NC201 0 0 0 0
Vn 02 211P+217 | 258P+166 | 3.14°+1.48
THF 321044 | 247113 | 290+082 | 3.97+081
I NC201 | 1.28+149 | 1.60+138 | 036+1.07 | 0.61+1.08
vin 02 1.89°+1.35 | 079P+1.25 | 2.05°+1.02




Figure 1: Evolution of the total heterotrophic flora (log) in the L. stylirostris hemolymph (A),
orange colonies percentage in the THF of L. stylirostris hemolymph (B). Control treatment (C),
animals treated with NC201 (P). Bars sharing different letters are significantly different (P <
0.05)

Figure 2: Protein profile of NC201 (top) and P. piscicida DSM 6609 (bottom) analyzed by
MALDI-TOF.

Figure 3: Cumulative mortality in subadult shrimp (15g) challenged with V. nigripulchritudo.
Non infected control shrimp (NIC), non infected shrimp treated with probiotic (NIP), infected
control shrimp (IC) and infected shrimp treated with probiotic (IP). Statistical difference (P <
0.05) are marked with an asterisk (*).

Figure 4: Proportion of NC201 (A) and V. nigripulchritudo (B) in the THF of subadult shrimp
(159) challenged with V. nigripulchritudo. Non infected shrimp treated with probiotic (NIP),
infected control shrimp (IC) and infected shrimp treated with probiotic (IP). Bars sharing
different letters are significantly different (P < 0.05).

Figure 5: Relative expression of lysozyme and penaeidin 3 in hemocytes of subadult shrimp
(150), at 0 and 24 hours after challenge with V. nigripulchritudo. Non infected control shrimp
(NIC), non infected shrimp treated with probiotic (NIP), infected control shrimp (IC) and
infected shrimp treated with probiotic (IP). Bars sharing different letters are significantly
different (P < 0.05).

Figure 6: Cumulative mortality in juvenile shrimp (0,59) challenged by salinity stress. Control
shrimp in hyposaline conditions (C 3ppt), shrimp treated with NC201 in hyposaline conditions
(P 3ppt). Control shrimp in hypersaline conditions (C 55ppt), shrimp treated with NC201 in
hypersaline conditions (P 55ppt). Statistical difference (P < 0.05) are marked with an asterisk
(*).

Figure 7: Cumulative mortality rate in subadult shrimp (15g) challenged by a hyposaline stress.
Control shrimp-in isosaline conditions (C 33ppt), shrimp treated with NC201 in isosaline
conditions (P 33ppt), shrimp in hyposaline conditions (C 5ppt) and shrimp treated with NC201
in hyposaline conditions (P 5ppt). Statistical difference (P < 0.05) are marked with an asterisk
(*).

Figure 8: Hemolymph osmolality of the in subadult (15g) L. stylirostris following isosaline (33
ppt) and hyposaline (5ppt). Control shrimp in isosaline conditions (C 33ppt), shrimp treated
with NC201 in isosaline conditions (P 33ppt), control shrimp in hyposaline conditions (C 5ppt)
and shrimp treated with NC201 in hyposaline conditions (P 5ppt). Statistical difference (P <

0.05) are marked with an asterisk (*).



Highlights

e Two hours after NC201 probiotic distribution, NC201 was present in the shrimp
hemolymph but disappeared at 48 hours.

e In the first hours of infection with Vibrio nigripulchritudo, pathogen prevalence was
lowered in animals treated with NC201.

e NC201 Pseudoalteromonas strain protected Litopenaeus stylirostris against biotic and
abiotic stresses and mortality was two-fold lower in probiotic animals.

e The genes relative expression coding the lysozyme and the penaeidin 3 were lower in

probiotic animals than in control ones.
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