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Abstract

Senegalese sol&dlea senegalensis) has been proposed as a high-potential species
for aquaculture diversification in Southern Europpdas been demonstrated that a
proper feeding regimen during the first life staggkiences larval growth and survival,
as well as fry and juvenile quality. The bactesi@hinShewanella putrefaciens Pdpl1
(SpPdp11) has shown very good probiotic propemi€xnegalese sole, but
information is scarce about its effect in the estlistages of sole development. Thus,
the aim of this study was to investigate the eftdBpPdpll, bioencapsulated in live
diet, administered during metamorphosis (10-21 d@pHom the first exogenous
feeding of Senegalese sole (2-21 dph). To evalhatpersistence of the probiotic
effect, we sampled sole specimens from metamorphuwgil the end of weaning (from
23 to 73 dph). This study demonstrated that prabaxtministration from the first
exogenous feeding produced beneficial effects omre§aese sole larval development,
given that specimens fed this diet exhibited higivet less dispersed weight, as well as
increases in both total protein concentration dkadliae phosphatase activity, and in
non-specific immune response. Moreover, real-ti@& Blocumented changes in the
expression of a set of genes involved in centrabhbwic functions including genes
related to growth, genes coding for proteasesydnol several digestive enzymes), and
genes implicated in the response to stress amdnmunity. Overall, these results
support the application of SpPdpl1 in the firs Btages of. senegalensis as an

effective tool with the clear potential to benafile aquaculture.
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1. Introduction

In the past five decades, aquaculture has becomefdahe fastest-growing food
industries. It is estimated that, currently, mdvan half of the total food of aquatic
origin consumed by the world population comes ftbim sector [1]. Senegalese sole
(Solea senegalensis) is a flatfish considered one of the most intengsspecies for
European aquaculture diversification owing to it¢ritional properties, high
commercial value and growing market demand [2]h@ligh the Senegalese sole
production cycle can be successfully completedsim farms, the consolidation of its
industrial production is hampered by several factocluding high larval mortality rates
related to nutrition, growth dispersion, difficulty establishing optimal weaning
conditions, elevated incidence of skeletal anorsah@ad high vulnerability to infectious
diseases [2]. As in all flatfish, sole metamorpkasicharacterized by a dramatic
anatomical transformation that involves a remodglbf the head and a change to an
asymmetric shape. Such transformation is assocwtada change from a pelagic to a
benthic habitat that implies important changewdfhabits and digestive physiology.
As a result, the early stages of larval developraedtparticularly metamorphosis are
critical periods of sole rearing, determining ftlyrowth features in later production
steps [2]. Along these lines, it is worth notingttbacterial colonization of the fish gut
occurs during the larval stage, when the gastrsimal tract is not yet fully developed,
and that the composition of the larval microbicaembles the microflora of the first
ingested live feed rather than that of the surrcumnénvironment [3]. In fish, the
intestinal microbiota plays a pivotal role, beingalved in the stimulation of epithelial
proliferation, in nutrition and digestion throudtetproduction of vitamins and

enzymes, and in the immune system developmenedidbkt (reviewed in [4]).
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Therefore, it is of utmost importance to provideraper feeding regimen during the
first life stages to produce juvenile sole of hogrality.

In the search for increased productivity and ecdndranefits, aquaculture practices
can sometimes produce a degree of stress in &sinedsing their immune competence
and making animals more susceptible to diseasecesly to infections ([5] and
references within). Control of pathogenic bacteriaquaculture has traditionally been
carried out by administration of antibiotics or olwherapeutic agents. However, the
massive use of antimicrobials has a negative enwiemtal impact and promotes
increased resistance, jeopardizing the viabilitthef sector and affecting animal health
and welfare, food safety and environmental provec6]. Therefore, viable alternatives
to stimulate the natural mechanisms of animal imendefence are essential. In this
context, probiotics constitute a promising ecolaficand economically sustainable
option to improve the health status of cultured fighile reducing the use of antibiotics
and other chemotherapeutic agents [7]. In fish agjtiare, probiotic-supplemented
diets favourably affect growth performance and fefidgiency in addition to improving
animal welfare, stress tolerance and resistandeséases, particularly through the
modulation of the intestinal microbiota and the ioma system [7]Shewanella
putrefaciens Pdpl1 (SpPdpll) is a bacterial strain initialtased from the skin mucus
of healthy gilthead seabreai®pérus aurata) that exerts remarkable probiotic
characteristics in gilthead seabream and Senegsdéséarming [8]. Several studies
have demonstrated that juvenile specimers sénegalensis that received SpPdpl1l in
the diet displayed a modulation of the intestinadrobiota and liver fatty acid
composition, enhanced growth, and heightened pathoggistance [8, 9]. Moreover,
the dietary administration of this probiotic to @nile sole can improve stress tolerance
to high stocking densities by modulating the exgigas of important immune genes and

the intestinal conditions [5]. Furthermore, whemaustered jointly with the antibiotic
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oxytetracycline, SpPdpl1l compensates the apomfiéict of this drug [10]. More
recently, it has been established, also in juvesale, that the administration of
SpPdpll in combination with the prebiotic alginasulted in an increase of the
transcription of genes related to antioxidativeedegs, and, more importantly, these
effects were maintained after the cessation optbéiotic treatment [11]. To our
knowledge, only two studies have investigated ffexts of this probiotic when
administered during the larval developmenSddenegalensis [4, 12]. These studies
have employed probiotic pulses of different duragibut always beginning at
metamorphosis (10 days post-hatching, dph) andhbeg focussed on the modulation
of the gut microbiota composition. Therefore, thisreo information concerning the
effect of SpPdpll when administeredt@enegalensis larvae from the first exogenous
feeding, and little is known about the moleculachsnisms underlying the effect of
this probiotic in the early life stages of the Sgalese sole.

In an attempt to answer these questions, we heoenpared the effects of two
different probiotic administration protocols duriBgnegalese sole larval development,
one from the first exogenous feeding until the ctatipn of metamorphosis (2-21 dph)
and the other during metamorphosis (10-21 dph)e¥&nined the transcriptional
expression of 18 genes encoding proteases (ingudigestive enzymes) or coding for
relevant proteins involved in major biological feilwns such as growth, stress response
and immunity. To assess the persistence of theikttory effects of the probiotic
during sole larval development and after the susiperof the treatment, we evaluated
early and late responses (at 23 and 73 dph). Eftectveight, total protein content,
alkaline phosphatase activity, intestinal microbiobmposition and innate immune
parameters were also investigated to support thledical interpretation of the gene

expression results.
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2. Materialsand M ethods

2.1. Fish rearing conditions and experimental design.

Animals were cultured according to the EuropearobiGuidelines (2010/63/EU)
and Spanish legislation (RD 1201/2005 and law 3272@t the Spanish Institute of
Oceanography (Santander, Spain), and all experswesite approved by the Ethics and
Animal Welfare Committee of this institution. Embsywere obtained from wild,
naturally spawning captive broodstock held undéuanadcondition. Eggs were
incubated at 19.0 £ 0.5 °C in 70 | cylinder-conic&lubating tanks with gentle aeration
and a continuous water flow of 0.5 | rifinAfter hatching, larvae were distributed into
280 | circular polyester resin tanks (40 larvae With constant aeration and water
renewal. Temperature was maintained at 18.3 +@ & salinity at 35.4 ¢'l
throughout the experiment. Continuous illuminatidri,000 lux at the surface of the
water was provided until 10 dph, and then a 12:I2dycle was established until day
21, whereas a 0:24 L:D cycle was used after thegiektage [13]. Continuous water
inflow was maintained at 5-80 % exchange (2—21 dpbjeasing from weaning until
400 %, to supply appropriate oxygen and nitriteelsevor sole larval and post-larval
culture [14, 15]. The feeding regimen was as dbedrby Cafavate and Fernandez-
Diaz [13]. From 2 to 10 dph, larvae were fed twacgay with rotifers enriched with the
marine microalga&lannochloropsis gaditana andlsochrysis galbana. From 10 to 60
dph, a co-feeding consisting Aftemia and the commercial pellet diet Gemma Micro
(total lipids 15 %, crude protein 55 %, SkrettiBgirgos, Spain) was introduced.
Artemia nauplii (AF strain INVE Aquaculture, Ghent, Belgi)iwere supplied from 10
to 12 dph and\rtemia metanauplii (EG strain, INVE Aquaculture, Ghenglddum)
thereafter. Boti\rtemia stages were previously enriched with a commeesstallsion

(DHA Super Selco, INVE Aquaculture, Ghent Belgiuamd then added to the tanks
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four times a day, whereas dry feed was supplielak ¢igpes a day (four of them at
night). Artemia doses were increased (from 2 to 14 metanaupfi) mith larval age.
Weaning started at 48 dph and finished at 66 dplerwarvae were fed with dry feed
only (total lipids 17 %, crude protein 58 %, Gemmeal, Skretting, Burgos, Spain).
During this period, the amount of dry feed was gedly increased (from 11.2 g'm
45.5 % of total feed to 39.2 g7y while Artemia doses were progressively reduced
(from 14 metanauplii ). At the end of the experiment, the fry were fet%h df total
tank biomass.

The experimental design of this study is shownup@ementary Fig. 1. Three
groups on feeding regimens were compared: two groegeiving the SpPdpl1l
probiotic bacterial strain (CP and PP) and therobgroup (CC). The group CP group
received the probiotic through the living vectorAofemia, throughout metamorphosis,
from 10 to 21 dph. On the other hand, the PP gveagpgiven the probiotic,
bioencapsulated in rotifers Artemia, from the first exogenous feeding to the end of
metamorphosis (2 to 21 dph). The control group, @& fed a standard diet without
probiotics. Each diet was evaluated in triplicate.

Sampling times were selected on the basis of clsaing@aorphogenesis in order to
cover metamorphosis, weaning and post-weaningngdhat those are the most
important stages in Senegalese sole developmeuns, @hleast ten specimens from
each group were collected once metamorphosis wapleted (23 dph), at the
beginning and at the end of weaning (48 and 66,dptg at 73 dph. Fish were
anaesthetized with tricaine methanesulphonate (R5;2insed with distilled water,

weighed, immediately frozen in liquid nitrogen astdred at -80 °C for later use.
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2.2. Total protein content and alkaline phosphatase activity

Total protein content and alkaline phosphataseificivere determined in cytosolic
extracts. At least three larvae from each batclheaed on 48, 66 and 73 dph, were
pooled and lysed in buffer containing 20 mM TrisdHgH 7.6, 0.5 sucrose, 0.15 M
KCI, 20 mM DTT, 1 mM PMSF and protease inhibitoBsgima, P2714) at a ratio of 3
ml/g. The mixture was manually homogenized witHastic pestle, and cell debris was
cleared by centrifugation (14000gx10 min, 4 °C). The supernatant was treated with
Benzonase and ultracentrifuged (1000@§) 80 min, 4 °C) as described [16]. Protein
content was determined by the Bradford method {5ifjg Coomassie Brilliant Blue R-
250 staining (Bio-Rad Laboratories, Hercules, G7jllowing a spectrophotometric
assay, alkaline phosphatase activity was determisgd) a commercial kit
(Biosystems, Barcelona, Spain) according to theufsnturer’s instructions. In brief,
the kit employs a 2-amino-2- methyl-1-propanol (AMfffer. Alkaline phosphatase
catalyses the hydrolysis of the colourless orgphmsphate ester substrate, p-
nitrophenylphosphate, to give p-nitrophenol andgaaic phosphate, which is
transferred to AMP. At the pH of the assay (alk&)jrthe p-nitrophenol is in the yellow
phenoxide form. The rate of absorbance increag®4anm is directly proportional to

the alkaline phosphatase activity in the samplé. [18

2.3. Intestinal microbiota analysis

Six larvae from each batch were collected on d&y$8 and 73 dph, and the
digestive microbiota was studied. The whole intetiwere aseptically removed and
stored at —20 °C until further analysis. The intedtcontents were homogenized in 1
ml of PBS (pH 7.2), and a 1 ml aliquot was cengéd at 1000 gy for 5 min. Total

DNA was extracted from the samples according totiiez et al. [19], with some



195

196

197

198

199

200

201

202

203

204

205

206

207

208

209

210

211

212

213

214

215

216

217

218

219

10

modifications as described by Tapia-Paniagua ¢2@]. Agarose gel (1.5 % [wt/vol])
electrophoresis in the presence of ethidium bromide used to visually check for
DNA quality and yield. DNA from an axenic culturé®pPdpll in TSB was used as a
positive control for the presence of the probioiicsitestinal samples.

DNA was amplified using the 16S rDNA bacterial damspecific primers 677-GC-R
(5"-CGGGGCGGGGGCACGGGGGGATMTCTACGCATTTCACCGCTAC-3nd
309-F (5"-ATCCCTACGGGAGGCWGCAG-3"). Primer 677-CG&iries a 35-bp GC
clamp. Both primers amplify the V6-V8 regions ofSLEODNA and yield 470-bp
amplicons. The PCR mixes and conditions were agqusly described [20]. The
amplicons obtained were separated by denaturirdjegragel electrophoresis (DGGE)
according to the specifications of Muyzer et al][@sing a Dcod€” system (Bio-Rad
Laboratories, Hercules, CA). The gels were subsatustained with AQN@[22]. A
DGGE analysis of all samples was performed twid¢e Structural diversity of the
microbial community was determined on the basiBGfGE patterns, which were
analysed using the Software FPQuest version 4.pli@dgpMaths BVBA, Sint-Martens-
Latem, Belgium). A similarity matrix using the Bra@urtis dissimilarity index was
calculated for densitometric curves. Clusterindp&fGE patterns was achieved by
construction of dendrograms using the unweightedgraups method with arithmetic
averages (UPGMA). To be able to compare intestmatobial communities, we
evaluated several parameters: (1) species rict{Rgsbased on the total number of
bands; (2) Shannon diversity index (H"), accordmthe function H = £ Pi log Pi,
where Pi is defined as (ni/N), ni is the peak stefaf each band, and N is the sum of
the peak surfaces of all bands; and (3) range-wetiigtichness (Rr) [23], calculated as
the total number of bands multiplied by the peragatof denaturing gradient needed to

describe the total diversity of the sample analygsitbwing the formula: Rr = (Rix
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Dg), where N represents the total number of bamdise pattern, and Dg the denaturing

gradient between the first and the last band optteern.

2.4. Immune parameters

The lysozyme activity of samples was measuredviolig a turbidimetric assay
based on the ability of lysozyme to lyse the baatdicrococcus lysodeikticus [24]
using thel.ysozyme Detection Kit (Sigma, LY0100), according to the manufacturer’s
instructions. Briefly, serial dilutions of sampl@spotassium phosphate buffer (66 mM;
pH 6,24) were mixed with a solution Bficrococcus lysodeikticus in the same buffer
(0.1 mg/ml). The reaction was carried out a 25°@ the absorbance at 450 nm
recorded for 5 min. One unit of lysozyme activitasndefined as the reduction in
absorbance of 0.001 mtnThe amount of lysozyme in the samples was catediform
a standard curve made with chicken egg white lyswzgerially diluted in potassium
phosphate buffer (66 mM; pH 6,24) and the resuieevexpressed as U/mg of protein.
Alternative complement pathway (ACH50) activity wasasured using rabbit red
blood cells (RaRBC) as target cells as describe8Suyer and Tort [25]. ACH50 units
were defined as the concentration of larval extgaghg 50% lysis of RaRBC. Disc-
assay method [26] was employed to test bacteriaickatity. One marine pathogenic
(Vibrio harveyi) and one non-pathogenic bacteiaadherichia coli) were used. Sterile
filter paper discs (Whatman®, diam. 6 mm) were iegorated with extracts from 73
dph specimens and then placed on tryptic soy (Bidna) or Luria (LB, Sigma) agar
plates inoculated with. harveyi or E. coli, respectively. Plates were incubated for 48 h

at 22 °C and the presence of inhibition zones @®lwas registered and measured.
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2.5. Absolute transcript quantification by real-time gqRT-PCR

In the transcriptional expression studies, larvaesvsampled at 23 and 73 dph. RNA
preparation, cDNA synthesis and real-time qRT-PCGRewperformed as previously
described [27-29]. Total RNA was extracted fromlpdaspecimens>(3
individuals/pool, 3 pools/condition), using an A DNA/RNA/Protein Mini Kit
(Qiagen Inc., CA, USA) according to the manufaatsrmstructions. Genomic DNA
contamination was avoided by subsequent cleanupRWiteasy reagents (Qiagen Inc.).
RNA integrity was checked using an Agilent 2100dialyzer and the concentrations
were determined by spectrophotometry. Reversedrgion was carried out with 2g
of total RNA using the M-MLYV reverse transcriptas®l random hexamers (Invitrogen,
Spain). Real-time PCR reactions were performedvialame of 25ul with 50 ng/well
of cDNA. In addition, the reaction mixture contain@3uM of each primer, 3 mM
MgCl,, 250uM of each DNT, 0.75 units of Platinum Tag DNA polerase and
1:100000 SYBR Green | dye/fluorescein (Roche, p&ractions were analysed in
quadruplicate on a CFX96 Real-Time PCR System fad-Laboratories), and the
cycling conditions were as follows: an initial deumation cycle of 95°C for 2 min for
Platinum Tagq activation, followed by 40 cycles &% for 15 s (melting) and 70 °C for
30 s (annealing/extension). After denaturation5®@ for 15 s and cooling to 60 °C for
30 s, a melt curve (Tm) was generated by heatiegamples from 60 °C to 95 °C with
0.5 °C increments and 10 s dwell time, and flu@ese was read at each temperature to
confirm the specificity of the reactions for the@ified products. The absolute
quantification of a set of 18 transcripts was eatout (Supplementary Table 1). These
transcripts are involved in growth (GH, SMTL, IGRuiid IGF-IR), encode proteases
(CPAL, TRYP1, CTSZ and PMSD3), or play key rolestiess response (CEBPB,

HSP70, HSP90A and HSP90B) and immunity (C7, HAMRR, LECT2, NCCRP1 and
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TNFAIP9). The primers used in this work are listed able 1. Some of these primer
pairs were described and used in previous stulliezg] 30], but seven of them were
designed especially for this work with the softw@ieyo 7 (Molecular Biology Insights
Inc., Colorado Springs, CO) according to knownrietsons (high Tm> 80 °C, optimal
3-AG value> 3 kcal mot, and no hairpins or duplexes) to obtain high djmyi and
performance. Primers designed with these guidejredded PCR products of the
predicted size that were further verified by nutid® sequencing. No primer dimers
were detected. The absolute quantification reldte<Ct value in real-time PCR to the
input copy number using a calibration curve (y :328x + 39.693;%= 1.00; 100 %
efficiency) that was constructed with Brvitro-synthesized RNA as previously
described [29]. The reliability of an absolute qufezation depends on identical
amplification efficiencies for both the target ahe calibrator. All primers amplified
with the same optimal PCR efficiency (~100 %) ia thnge of 20 pg to 2 x 1pg of
total RNA input with high linearity (¢ 0.98) (Supplementary Table 2 and [5, 28, 30]).
The number of transcript molecules was calculatech fthe linear regression of the

calibration curve as described [27-29].

2.6. Satistics

Comparisons were made using Student&st. The assumption of populations with
equal SDs, an underlying assumption oftthest, was assessed with an F-test. When
the difference between the two SDs was significduet,means were compared with an
alternative non-parametric test (the Mann-Whitrest)t Significant differences were

defined ap < 0.05.
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3. Results and Discussion

Recent studies have demonstrated the beneficigbepies of the probioticS
putrefaciens Pdpll (SpPdpll) administered during Senegalese laoliculture, but
although the durations of the probiotic pulseshese studies are variable, they were
always centred around metamorphosis and post-mepéuoastages [4, 12]. In addition,
little is known about the molecular mechanisms thipport these positive effects.
Thus, this work focusses on clarifying the molecuteechanisms underlying the effects
of short pulses of the probiotic SpPdpll admingsteduring early stages d
senegalensis larval development with special emphasis on thesigience of these

effects along the development of this flatfish.

3.1. Effect of the probiotic SoPdpl11 on growth and protein content

The effect of the probiotic diets on weight alonfjedent stages of post-
metamorphic development (23, 48, 66 and 73 dph)ewvakiated (Fig. 1). The CP
group (larvae fed the probiotic during metamorps0%0-21 dph) weighed slightly
more than the control group, although the diffeemwere not statistically significant at
any of the tested times. However, the probiotic iatstered from the first exogenous
feeding (to the PP group) promoted a statisticgtipificant growth enhancement from
48 dph, and the differences increased with timedi#ahally, these specimens showed
less weight dispersion even at the earliest tinepfi23 dph, when the differences
from the control group were not statistically sfggant (Supplementary Table 3). These
data agree with a previous study [12] that desdréeimilar effect, increasing the
growth and decreasing the size heterogeneify sdnegalensis, when SpPdpl1 was
administered in the diet for a longer period ofeifd0 to 86 dph). These results were

related to superior nutrient utilization and digast In this sense, it is well known that
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weaning is a critical period in sole cultivatioratiusually causes a reduction in growth
rates because of post-larval digestive adaptati@mtinert diet [31, 32]. Nevertheless,
in the above-referenced paper, Lobo et al. [12]alestrated that growth was
significantly enhanced in sole fed with SpPdpllirduthis period. Here, we have
corroborated these results and established tha&tffiet of probiotic administration in
early phases of larval development persists evgarlteweaning, continuing 52 days
after the end of the treatment, in agreement wihralar persistent effect of probiotic
feeding on the modulation of larval intestinal noigiota [4]. The durability of the
probiotic effects both on growth (Fig. 1) and oowth dispersion (Supplementary
Table 3) can be very valuable, on one hand, fonthe culture steps based on an inert
diet and, on the other hand, for preventing thesstcaused by manipulation during the
size classification of the animals in the aquacelfarms [12].

Table 2 shows the total protein content at 48,166 %8 dph in soles receiving the
probiotic (CP and PP) or the standard control (@€t). The CP group showed no
statistically significant difference from the CQogp. By contrast, the animals that
received the probiotic from the first exogenousiieg (PP group) presented a
significant increase in total protein content aagvsampling time, although the
statistical significance was greater at the twerléimepoints (66 and 73 dph). These
results agree with other works in sole larvae thetived SpPdpl1 during development
[12], as well as in juveniles fed with the probaotdr 60 days [33]. The elevated protein
content in the PP animals (Table 2) could be thiseaf the significantly enhanced
growth of these specimens, and it constitutes grortant nutritional advantage that can

increase the commercial value of these fish.
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3.2. Effect of the probiotic SoPdp11 on alkaline phosphatase activity and

intestinal microbiota composition

Alkaline phosphatase (ALP) (EC 3.1.3.1) catalydes lydrolysis of the phosphoric
ester bond between a phosphate group and an orgadical at an alkaline pH for
various types of organic molecules, such as nudestand proteins. ALP is involved in
the defence and integrity of the intestinal mucgsayenting inflammation that could
provoke the establishment of intestinal microfl{84, 35]. Moreover, the levels of ALP
are related to the functionality of the membranfethe enterocytes and to the processes
of absorption through the intestinal epithelium][3Bherefore, it seemed of interest to
explore whether the administration of the probi@mgPdpll td& senegalensis larvae
altered the levels of ALP activity. Table 3 shows tevels of ALP activity detected in
post-larvae at 48, 66 and 73 dph in the experinhgntaips CC, CP and PP. First, it is
remarkable that the levels of ALP activity in caitanimals were very similar at all
three timepoints examined, indicating that, in dtad conditions, intestinal
functionality was similar in this age range. Regagdhe effect of the probiotic, the CP
group (receiving the shortest probiotic pulse) diot show statistically significant
differences from the CC group (control) at any tiHewever, the PP group (receiving
the largest probiotic pulse) showed a significaictease in ALP activity at 48 and 73
dph in comparison to their corresponding contr8is66 dph, this increase in activity
was not statistically significant, probably owirgthe greater variability in the control
group. The enhancing effect of SpPdpll on ALP #agtwould not be in agreement
with the results described by Saez de Rodrigafieal.ef33] who did not report
significant changes in the activity of this enzymeguvenile Senegalese sole specimens
fed this probiotic during 60 days. Therefore, thd@manistration of the probiotic

SpPdpll in early stages 8f senegalensis larval development leads to an increase in
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366 alkaline phosphatase activity in post-larvae, wtdohld be indicative of an increase in
367 enterocyte functionality and intestinal absorptéomd, consequently, of a more efficient
368  nutritive utilization of feeds. The increase in Alaetivity would be in line with the

369 effect of the dietary administration of this praidoon weight and total protein content

370 discussed above.

371 Taken together, these results could be associaitd thve ability showed byS
372 putrefaciens Pdpll to colonize the intestine of larvae and niles of S. senegalensis
373  [4, 12, 20], as well as in other fish species saglyilthead seabrear8. @urata) [8]. In
374 agreement with this suggestion, the analysis basedhe Bray-Curtis similarity of
375 DGGE patterns from intestines of fish showed cled#dfined clusters at 73 dph (Fig.
376  2), showing significant differencep € 0.002) among the CC, CP and PP groups. These
377 differences were concordant with significant vaolas$ in the ecological parameters
378 analysed at 73 dph (Table 4). In this way, the @Rig showed significant reductions in
379 the values of Shannon’s diversity index (H’) andhgexweighted richness (Rr)
380 compared with the CC group. By contrast, fish ie P group showed significant
381 increases regard to all ecological parameters iandddition, also showed significant
382 increases in these parameters when compared withofithe CP group. The number,
383 evenness and genetic variability of species of eosystem are important for its
384 functionality and stability, because they protegaiast alterations of its functionality
385 [36, 37], allowing adaptation to changing condigdi38]. According to this idea, the
386 administration of the probiotic SpPdpl1l to larvde&Senegalese sole from 2 to 21 dph
387 induced shifts in the diversity and genetic vatigbiof the intestinal bacterial
388  microbiota, which could be beneficial. In previatadies similar results were obtained
389 enhancing the development of the gastrointestiaak and histological changes in the

390 enterocytes producing a greater functionality [8]. 2n this context, in this study an
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increase of the activity of ALP has been observed3adph, and it could be also

associated with the changes observed in the intdstiicrobiota.

Significant decreases of the intestinal alkalinegpihatase have been associated
with factors causing dysbiosis [39, 40], whereas ather studies it has been
demonstrated that this enzyme contributed to thenter@ance of the intestinal
microbiota homeostasis, because the oral admitiwtraof intestinal alkaline
phosphatase to mice under antibiotic treatment rezéth the restoration of the gut
microbiota [41]. On the other hand, significantreases of intestinal and serum alkaline
phosphatase have been reported in fish fed digipleamented with probiotic strains
and showing changes in their intestinal microbid, 43]. In addition, the results of
this study contrast with those previously obtaiaed which reported that APL activity
was not affected when the probiotic SpPdpll walyoaaiministered to larvae and

juvenile specimens @&. senegalensis from 10 to 30 dph [33, 44].

Therefore, the results of this work suggest thatatiministration of SpPdp11 during
the early life stages of farmed Senegalese solédW@mye a high impact on the
gastrointestinal tract, favouring greater intedtfnaction, improving the digestive
processes and producing an increase in nutrieotatiien, which is retained even after
the discontinuation of the treatment and would lteawa higher weight and protein

content in the specimens fed with the probiotiarfrine first exogenous feeding.

3.3. Effect of the probiotic SoPdpll on immune parameters

During early development stages fish only posdesis innate immune response to
respond against stress situations and infectiom&valuate the effect of the probiotic
on the Senegalese sole innate immunity, lysozyiterpative complement pathway

and antibacterial activities were measured in efgrilom sole post-larvae receiving the
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two probiotic (CP and PP) or the control diet (GTCAbles 5 to 7). Lysozyme activity is
frequently used as an indicator of innate immuaiftfish, and its levels can vary
depending on age and size, nutritional status @fiedtions, among other factors [45]. In
fact, several studies showed enhanced lyzozymetgigti several species of fish fed
with live and dead probiotics (e.g. [46]). In theent work, at the three ages studied
(48, 66 and 73 dph), fish in the PP group showgtdrilysozyme levels when
compared with fish in the CC group, but statisticaignificant differences were only
found at 73 dph (Table 5). On the contrary, theralitive complement pathway activity
was significantly enhanced in all the groups teateived the probiotic (Table 6). The
complement is a major part of innate immunity iledst fish and is well known for
being responsible for various functions includitigy@ation of invading pathogens,
inflammatory responses and clearance of cell delorigddition, complement system
activation contributed significantly to fish immayby enhancing the adaptive immune
response [47]. Hence, the administration of thdijotec SpPdpl1l to sole larvae may
protect fish against future exposures to pathogeresen produce better responses to
immunization with vaccines. We have also testedatitébacterial activity of whole sole
extracts against both pathogenic and non-pathodpamieria (Table 7). The pathogenic
species tested in this studibrio harveyi, can cause vibriosis one of the most
economically important diseases in sole larvicatand aquaculture [48]. Fish fed the
probiotic diets pointed to an inhibitory effect thre growth ofV. harveyi compared with
the results obtained from the control fish, howedweroli viability was unaffected.
Despite the absence of significant differenceshabdy due to the high variability
exhibited by the control soles, the inhibitory etfagains¥. harveyi in the PP

treatment was about twice higher than in the cd@ group.
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3.4. Absolute transcriptional expression profiles of selected genes

Although proteins are the final gene products, gesescription is a highly regulated
critical step; therefore, analysis of transcriptibexpression patterns provides
information of great interest about the coordindtetttioning of genes in response to
different environmental, physiological and pathatadyvariables [49]. For this reason,
the absolute quantification of a set of 18 tramsrivas carried out. The transcripts
were selected for the relevance of the encode@ipoto different biological functions
related to probiotic administration effects or hgit role in general fish welfare and
health. Although according to their primary functiohese transcripts can be classified
as related to growth, encoding proteases (inclus@wgral digestive enzymes), and
implicated in or immune response, most of themiradectly involved in immunity or
have potential immune roles. These analyses imgadsti the effect of probiotic pulses
at 23 dph, that is, immediately after its admimstn, and at the more distant time
period of 73 dph, to investigate the persistengerobiotic effects on transcriptional

expression profiles.

3.4.1. Transcriptional expression kinetics along sole devel opment

The absolute transcript quantification (determmaif the molecule number / pg of
total RNA of each transcript in each sample) cdrget in the present study allows us
not only to estimate the variation in transcripieks relative to the control, but also to
obtain information about the basal levels and abimeikinetics of the expression
patterns during sole development (Fig. 3 to 6).fBrmentary Table 4 compares the
steady-state levels of transcripts examined at@®B3(sinmediately after the end of
metamorphosis) and at 73 dph (one week after ti@eweaning). Given the

biological relevance of the selected transcripgsesal of them have been previously
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investigated (e.g., [50-52]) in order to characetheir expression kinetics during
Senegalese sole larval development, but most eéthtidies have focussed on the
temporal interval concerning metamorphosis. Consetly this is the first study that
compares the levels of these transcripts in pos&merphic larvae with specimens in
more advanced development stages. As expectedfjcaghdifferences in abundance
were found depending on the transcript. Thus, abyndant (> 500 mol / pg) to
infrequent (<1 mol/pg) MRNAs were quantified (Swgypentary Table 4). Considering
the functional categories, all transcripts relatedrowth should be considered
infrequent, while in the other functional groupsrhare large case by case differences.
Regarding expression patterns over time, 13 olL&h&anscripts analysed showed
statistically significant changes in their levetpédnding on the sampling times, and
noticeably, all these changes involved an incr@asige oldest animals, although the
magnitude of these changes were variable. It ishwoentioning the case of HP, which
increased its levels 86.01 times, although thessitzl significance of this change was
lower than that obtained for other less pronouncerkases, probably because of the
great interindividual variability observed in thranscript (Supplementary Table 4). By
functional categories, regarding genes involvegrowth, only SMTL (somatolactin)
showed a statistically significant increase innlienber of transcripts at 73 dph
compared with 23 dph (Fig. 3 and Supplementaryddhlin agreement with the rise
of plasma somatolactin levels associated withneease of fish size (advancement of
age) described in gilthead seabream [53]. Thedeunes encoding proteases showed a
statistically significant increase in their mMRNA/&s at 73 dph (Fig. 4 and
Supplementary Table 4). However, the changes inIC&Al TRYP1 expression were
greater and more significant than those in therdihe proteases (CTSZ and PSMD3).
CPAL1l and TRYP1 encode digestive enzymes; theretlugeincrease might lead to

further development and functionality of the gasti®stinal tract in older animals. In
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the group of genes related to stress responsivbls of CEBPB and HSP90AB
transcripts remained unchanged, while HSP70 and®BS&R showed a significant
increase in their MRNA abundance at 73 dph (Fend Supplementary Table 4). The
different behaviour of transcripts encoding the tytosolic HSP90 proteins described
in sole is consistent with a previous work analggimeir transcript levels in sole larvae
before and during metamorphosis [52]. In that staiaky in concordance with our
results, HSP90AB mRNA levels hardly varied through-pre-metamorphosis and
metamorphosis, while HSP90AA increased before metphosis and dropped
progressively until 15-16 dph, and this was folloviley mMRNA increasing until the end
of metamorphosis. Along these lines, the auth@s démonstrated that, in fish, the
expression of both HSP90 genes is tightly and wiffeally regulated under diverse
stressors and in response to different hormon&bifa¢52]. Finally, all transcripts
related to immune response showed a significané@se in their levels in animals from
73 dph compared with 23 dph, with C7 and LECT2 gméag the highest significance
(Fig. 6 and Supplementary Table 4). This statifificagnificant increase in the levels
of the immune response-related transcripts atatest time would indicate a general
and nonspecific maturation and improvement of theune system along the

development of Senegalese sole.

3.4.2. Effect of the probiotic SoPdpl1 on transcriptional expression

The effects of the dietary administration of thelpotic SpPdpl1 during early
development stages 8 senegalensis on the transcriptional expression profiles of the
selected transcripts are presented in Fig. 3 wehére the quantified transcripts are
shown grouped according to their primary biologfcalctions. In all cases, the

specimens from the two modalities of the probiatiministration, CP (short pulse from
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10-21 dph) and PP (long pulse from 2-21 dph) weregared with control animals
(CC) receiving the standard diet without probiolicaddition, the effect immediately
after finishing the administration of the probio&3 dph) and its prevalence over time
(73 dph) were studied. Overall, it should be ndbed the inter-individual variation of
most analysed transcripts was in the same rangenimol and in probiotic treated
animals, indicating an equivalent susceptibilityrafividuals to the treatments.

Here, the expression of four genes involved ineih@ocrine growth axis of sole has
been analysed. These genes are GH (growth horm®k@E)l. (somatolactin), IGF-I
(insulin-like growth factor-1) and IGF-IR (insulilike growth factor-1 receptor) (Fig. 3).
The GH / IGF axis regulates several biological fioxts in fish, including growth,
osmoregulation, development and reproduction. I&Exkey factors in the
somatotrophic axis, acting as mediators of theoaatf GH on somatic growth
regulation [54]. Moreover, GH is considered a statar of innate immune parameters
in teleost fish, and numerous studies point tangooirtant role of GH/IGF-I,
particularly during immune organ development (resgd in [55]). To exert their action,
the IGFs bind to a membrane receptor, IGF-IR. Ttheseffect of IGF-1 can be
modulated by altering its own production and reteas well as by adjusting the
expression of IGF-IR [56]. Somatolactin is a tetesygecific hormone belonging to the
GH / prolactin family. Although its physiologicable is not fully understood, both
vivo andin vitro studies have revealed that somatolactin may bsved in acid-base
regulation, calcium regulation, stress respongepriction, control of lipolysis and
energy mobilization, and immune response [53, B}, Bespite the functional
relationships of the proteins coded for these fmnes, each transcript presented a
characteristic expression profile (Fig. 3). Her@#] significantly increased the number
of transcripts, at both 23 and 73 dph, but onlpkhsoles compared with their

respective controls. However, the increase wasgreathe 73-day-old animals (3.8-
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fold increase at 73 dph vs. 1.6-fold at 23 dph¥akt, the increase observed at 73 dph
in the CP (a 2.26-fold increase with respect taatstrol group) group was probably not
significant because of the larger interindividuatigbility in expression observed in the
three experimental groups at 73 dph. Regardingli@fd IGF-IR, although the
expression of the former remains unchanged inwadlied conditions, the expression of
IGF-IR does not appear to be affected immediatiér ghe treatment (23 dph), but in
the long term (73 dph), a significant increase osau both CP and PP animals, and of
a very similar magnitude (Fig. 3). According togheesults, IGF-I showed no variation
in mMRNA levels during Senegalese sole larval dgyelent [50] and neither among
zebrafish larvae showing growth rate variabilit'but IGF-IR mRNA level was
positively correlated with growth rates in fish [58herefore, we can conclude that the
administration of the probiotic SpPdpl1Sasenegalensis larvae causes an increase in
the number of transcripts of the GH and IGF-IR gema®d, consequently, an increase in
their growth. Less obvious is the case of SMTL¢siits expression remains unchanged
at 23 dph, whereas its quantity statistically digantly decreased at 73 dph, by which
time basal levels had substantially increased tsecatiage. This decrease affects the
two groups that received the probiotic, but theusdidn was more pronounced in the PP
soles, that almost recovered the 23 dph contralesgpon levels (Fig. 3). Recently, it
has been described that the administration of SpPtyS. senegalensis larvae causes
an alteration in the lipid metabolism of the figigreasing the ratio of proteins to lipids
and altering the fatty acid content profiles [IPfis could be related to the role of
somatolactin in fish fatty metabolism as an "afiesity hormone" [53], and it would be
consistent with the highest protein content of pbtb-treated soles (Table 2).

The transcripts encoding proteases were CPA1 (ggpeptidase Al), TRYP1
(trypsinogen 1), CTSZ (cathepsin Z) and PMSD3 gasbme 26S non-ATPase subunit

3) (Fig. 4). As stated above, CPAL1 and TRYP1 enchgestive enzymes and presented
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similar transcriptional profiles, whereas the esgren patterns of the other two
proteases, which are involved in diverse biologiaattions, were different. Therefore,
the levels of the CPA1 and TRYPL1 transcripts unéaiva statistically significantly
increase with the probiotic under both administragprotocols (the CP and PP groups)
and at both sampling times except for CPA1 expoesisi the CP group at 73 dph,
where the trend was similar, but the increase dideach statistical significance.
Analysis of digestive enzyme levels provides valeafformation on nutrient
utilization; particularly, the quantification oféir mMRNA levels has been postulated as
a biomarker for evaluation of digestive capacity gnrowth in the early life stages of
Senegalese sole under different dietary sourcds &0 results thus indicate a positive
effect of the probiotic on the utilization and imgoration of nutrients, and therefore, on
the general nutritional status of the animals. CE€8Zodes a lysosomal cysteine
protease belonging to the cathepsin family. AltHotlge primary role of cathepsins
appeared to be intracellular protein degradati@htamover, several studies suggest
that these enzymes may also play more specifidiumsrelated to polypeptide chain
processing, bone modelling, proenzyme activatitn,(f61] and references within).
CSTZ levels were not affected by probiotic admuaigbn at 23 dph. However, at 73
dph, the sole larvae that received the long prabpitlse showed a significant increase
in the CSTZ mRNA expression (Fig. 4). Accordinglilanges in CSTZ expression
level have been observed in trout as an adaptatispecific plant-based diets [62].
PSMD3 codes for an essential non-ATPase regulatdoynit at the proteasome lid.
The proteasome is a large cytosolic protease contpé degrades unnecessary or
damaged proteins. The PMSD3 gene had significamthgased transcriptional
expression at the two sampling times (23 and 73,dph only in the PP group (Fig. 4).
So far, in fish, only one paper exists describmaf PMSD3 transcript level was

increased in response to metal-induced stressammstd-PS (a mimetic of bacterial
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infections) [30]. Nonetheless, these data arenm With a recent paper in gilthead
seabream§ aurata) suggesting that cathepsins and the ubiquitineasdime proteins
genes are co-ordinately regulated during ontogeayirdicating that feeding regimens
can modulate their expression [63].

The genes related to the stress response studikes work were CEBPB, HSP70,
HSP90AA, HSP90AB (Fig. 5). CEBPB codes for a traipsion factor (CCAAT
enhancer binding protein beta) that regulates #és$éiological functions such as cell
cycle, cell proliferation, haematopoiesis, diffdration, adipogenesis, inflammation and
immune response [64, 65]. In fish, CEBPB exhibightiranscriptional diversity and
plasticity, and consequently its expression is aaduby different stimuli including
hyperosmotic stress [66], metal exposition andcitidas [28]. In agreement with these
previous results, CEBPB increased its levels wherptobiotic was administered to the
larvae, both in the CP group and in the PP group3 aph. However, at the earliest
sampling time of 23 dph, the long probiotic pulB® (group) was necessary to obtain a
statistically significant up-regulation (Fig. 5)h& other transcripts analysed in the
category of stress response encoded heat shoairpr@ (HSP70) and heat shock
protein 90 (HSP90), which are multifunction chaperanainly involved in protein
folding that prevent protein aggregation by dinegtpoorly folded proteins to specific
degradation pathways and regulating the activitgtbér cytosolic proteins. Thus, in
fish, as in other organisms, heat shock proteir&H$) play a pivotal role in protein
homeostasis and in the cellular stress responsegy lmeluced in response to a wide
variety of stressors [67]. In aquatic animals, H8RBs play and important role in
health, mainly through their role in relation t@ ttunction of the immune system [68].
Furthermore, HSP70 and HSP90 protein expressioccar®dered markers to assess
nutritional stress in the early life stages of fi6B]. The expression of HSP70 remained

unaffected in the probiotic-treated sole of 23 dpbomparison to the control (Fig. 5),
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but at the sampling time of 73 dph, both probidid-groups (CP and PP) showed up-
regulation of HSP70 mRNA expression, and the ire@eavere of similar magnitude in
both probiotic administration modalities. On theesthand, the transcripts encoding the
two cytosolic forms of HSP90 (HSP90AA and HSP90AR)Ye also induced by the
probiotic, but with different expression profilés,agreement with the differential
regulation of the two genes referenced above. H8R3howed a significant increase
in response to both the short and the long prabpilse at 23 dph, while at 73 dph we
observed a statistically nonsignificant decreasiagd in HSP90AA expression. By
contrast, HSP90AB increased its transcript leueklli tested conditions, although
statistical significance was only reached in thegRRp, at both sampling times (23 and
73 dph). These results agree with previous stymi@sosing that HSP90AA and
HSP90AB are involved in cell proliferation and diféntiation, but with different tissue
patterns of expression and different responsaéssprofiles because of a severe
differential regulation of their expression [53}.ghort, all genes related to stress
response increase their transcriptional expressitimthe administration of the

probiotic SpPdp11; this increase lead to greaterance of sole against stress
situations resulting from many procedures of fighaculture [5] and, consequently, to
a rise in productivity.

The immunity-related genes studies in this worken@&?, HP, HAMP1, LECT2,
NCCRP1 and TNFAIP9 (Fig. 6). C7 is a componentefcomplement system and
belong to the category of acute-phase proteins é\R¥Fhose synthesis increases
immediately upon inflammatory stimuli [70, 71]. tmmmals, TNFAIP9 (tumour
necrosis factor-alpha-induced protein 9) acts @®tective anti-inflammatory factor
whose expression is induced by TMF#2] but as a metalloreductase it can facilitate
the cellular uptake of iron [73]. Although the lmglcal functions of fish TNFAIP9 are

not well understood yet, previous works in Senesgabole suggest that it would be
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regulated more by the inflammatory response theoutih metal homeostasis [5, 30,
74]. Here, C7 and TNFAIP9 transcripts showed singhpression profiles (Fig. 6),
with no differential expression in 23 dph samplekile a highly significant increase in
the number of transcripts was observed in the t@biptic-fed sole groups at 73 dph.
By contrast, HP (haptoglobin) and NCCRP1 (non-dpmecytotoxic cell receptor
protein 1) could be considered early response ggnes that their transcripts were up-
regulated in the experimentally treated specimé28 aph independently of the
duration of the probiotic pulse, whereas the exgiogslevels of treated and control
specimens were similar at 73 dph (Fig. 6). HP is ointhe APPs and could contribute
to the uptake of iron to hamper microbial growtldefence against bacterial infections
in fish. NCCRP1 is a receptor present in non-speciftotoxic cells (NCC), the teleost
equivalent to mammalian NK cells, and the most irtgrt cytotoxic cell effectors in
the innate immune response of teleost fish [75% & membrane protein with antigen-
binding, signalling and transcriptional-activatidomains able to recognize the NK
antigen on a broad range of target cells [76, IN7gccordance with these functions, the
levels of HP and NCCRP1 transcripts are up-regdlai& senegalensis infected with
bacterial pathogens and in response to LPS [S/&8HAMP1 (hepcidin 1) is an
antimicrobial peptide, a component of the innatenime system, which plays an
important role in fish defence against invasivehpgens [79]. The expression of this
gene was up-regulated in all tested experimentaditions (both sampling times and
both probiotic administration protocols) with resp® the values recorded for control
fish, although the increase in the PP group at@8widas not statistically significant,
probably owing to interindividual variability (Fig). In agreement with our results,
HAMP1 expression is influenced by the ration sizguvenile Senegalese sole [80].
LECT?2 (leucocyte cell-derived chemotaxin 2) encaa@sultifunctional protein

involved in growth, differentiation, and autoimmumsponse [81]. Interestingly, this
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673 gene presented a singular expression profile. &two timepoints analysed, LECT2
674  transcript levels were increased in the two fisbugss that received the probiotic (CP
675 and PP). However, this is the only one of the 1&ya®d transcripts that showed a
676  greater response in the group that received thagdro short pulse (CP) than in the
677  group receiving the probiotic for a longer periéay( 6). The up-regulation of LECT2
678 MRNA by the probiotic agrees with previous obseoret in rainbow trout fed different
679 functional diets supplemented with the probi@accharomyces cerevisiae or with

680  prebiotic mannan-oligosaccharides [82].

681 On the basis of the results obtained, the prob®piedpll modulates the expression
682  of most of the immunity-related genes, dependingherduration of the probiotic pulse
683 and on the elapsed time since the treatment. Tdegseare in full agreement with the
684  stimulation of several innate immune parameterswiaa caused by the dietary

685 administration of the SpPdp1l1 probiotic along fin&t fife steps of sole development
686  (Tables 5-7). In line with our results and giveatth diet supplemented with SpPdp11
687 enhanced disease resistance in Senegalese saleapefarmed at high stocking

688 densities [5], the administration of SpPdpll dueagy stages of larval development
689  of S senegalensis would lead to fish immunostimulation beyond theiqe of

690 treatment, thus reducing the impact of infectiarse of the main causes of economic

691 losses in sole farming.

692
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4. Conclusions

In short, previous studies showed the ability ef pnobiotic SpPdpll1 to modulate gene
expression of juvenil& senegalensis specimens. In this study, it has been demonstrated
that the administration of this probiotic duringlgatages of sole larval development
modulates the levels of several transcripts imptidan key cellular functions, notably
related to growth, stress response and immunitg.ifitreased expression levels of
transcripts involved in stress and immune resposisggest that larval specimens fed
the probiotic could be more resistant to stresmsns inherent to the aquaculture
management, as well as to infectious diseasescora with the beneficial effects
reported here and in other studies regarding teetithis probiotic in the culture &
senegalensis. Overall, the results described in this work révleat the administration of
SpPdpll t&. senegalensis from the first exogenous feeding is a highly prsimg tool

to improve the larval development and the aquacailbiithis species and, therefore, to

increase its productivity.
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Figure captions

Fig. 1. Total weight (mg) of Senegalese sole specimenghiedontrol diet (CC) or a
diet supplemented with the probiotic SpPdpl1l fr@dhid?21 dph (CP) or from 2 to 21
dph (PP). Data are means + SEM (n = 10). Compasis@ne made using Student's

test. Statistical significance is expressed as<@:01.

Fig. 2. Non-metric multidimensional scaling (NMDS) platsing the Bray-Curtis
index of the denaturing gradient gel electropharé@®GGE) patterns associated with
the intestinal microbiota of Senegalese sole laata&3 dph (A), 66 dph (B) and 73 dph
(C). Larvae received the probiotic SpPdpl1 fromidlP1 dph (CP) and from 2 to 21
dph (PP). The control group (CC) was fed a standeaidwithout probiotics. Each diet

was evaluated in triplicate.

Fig. 3. Absolute quantification of transcripts related towth (GH, SMTL, IGF-I
and IGF-IR) in 23 and 73 dph Senegalese sole spesified the control diet (CC) or
the diets supplemented with the probiotic SpPdpdmh f10 to 21 dph (CP) or from 2 to
21 dph (PP). Data are means + SEM (n = 3 pooleglesnof at least 3 specimens per
pool). Comparisons were made using Studdrtest. Statistical significance is

expressed agp¥0.05 and *»<0.01 compared with the corresponding CC values.

Fig. 4. Absolute quantification of transcripts coding foofeases (CPAL, TRYPL1,
CTSZ and PMSD3) in 23 and 73 dph Senegalese seténspns fed the control diet
(CC) or a diet supplemented with the probiotic SpFdfrom 10 to 21 dph (CP) or
from 2 to 21 dph (PP). Data are means + SEM (rpe@ed samples of at least 3

specimens per pool). Comparisons were made usuteBtst-test. Statistical
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significance is expressed g§3<0.05, **p<0.01 and ***p<0.001 compared with the

corresponding CC values.

Fig. 5. Absolute quantification of transcripts relatedhe stress response (CEBPB,
HSP70, HSP90A and HSP90B) in 23 and 73 dph Sersgatde specimens fed the
control diet (CC) or a diet supplemented with thebjmotic SpPdpll from 10 to 21 dph
(CP) or from 2 to 21 dph (PP). Data are means + $iEM3 pooled samples of at least
3 specimens per pool). Comparisons were made @&udent’'s-test. Statistical
significance is expressed g3<0.05 and *p<0.01 compared with the corresponding

CC values.

Fig. 6. Absolute quantification of transcripts relatedie tmmune response (C7,
HAMP1, HP, LECT2, NCCRP1 and TNFAIP9) in 23 anddfp® Senegalese sole
specimens fed the control diet (CC) or a diet seqmeinted with the probiotic SpPdpl11
from 10 to 21 dph (CP) or from 2 to 21 dph (APata are means £ SEM (n = 3 pooled
samples of at least 3 specimens per pool). Congreriwere made using Studertt's
test. Statistical significance is expressed@*05, **p<0.01 and **%<0.001

compared with the corresponding CC values.



Table 1

Primers used for absolute mMRNA quantificationsdsi+time gRT-PCR it%. senegalensis.

Gené Scecr:aBszir:)l;\ No. (%is)% Sequence 5°-8° Reference
o e w CSSCOCACMCITCOCGRSCCs g
e rre e [ISIMSOMOKCICIICMIGCONGS g
crozrews o7 EOOTeCCICCIOCTORCTOACS o
G wus o §ESATIOINCOICCIOICTOTECTOTCTOS s o
wweL  rsws s EEACCICTOCccoeTeccs 2
e e s CISMATOMOrCONONCCIOCTIGOceICS 2
w0 s 17 S SECTONCTOVCmoiccaTomeceTos I
oo sz s FEACCMOCOMCONTGNTGAGTAOTIC S TS ot
spoons pesrszs s L SCTICCIOISCOTIIeTAC oG0S 1
ooy Framss o AGCCCOAICCTTOONTTEG S
pvos Fre w0 EEONCTIOCTOONGCTOTIGTOce0S g
L s e §ETICICSCIOICCCOACIOCONED i o
meaps mamso i EECIOSGACISCIOSCATIOONTIES
TRYP1 AB359189 160 E: 5-GACAAGATCGTCGGAGGGTATGAGTGCCAG-3’ This work

: E-CGCCCAGACGCACCTCCACAC-3’

& Gene symbols are according to the NCBI Gene dagaba
® PCR product size (bp).
¢ Sequences of forward (F) and reverse (R) primers.



Table 2

Total protein content in Senegalese sole specinreaded with the probiotic
SpPdpll.

Total protein (ug) / weight (mg)

48 dph 66 dph 73 dph
cc 19.18 + 1.03 20.98+ 0.96 22.06+ 1.31
CP 20.23%= 0.65 21.34+ 0.73 21.25+ 0.81
PP 23.33+ 0.44% 27.58 + 1.40* 32.22 + 1.48*

 Data are means + SEM (n =3 pooled samples ofat B specimens per pool).
Comparisons were made using Studerttest. Statistical significance is
expressed aspk0.05 and *P<0.01 compared with the corresponding CC
values.

 Solea senegalensis specimens were fed the control diet (CC) or a diet
supplemented with the probiotics from 10 to 21 @BR) or from 2 to 21 dph
(PP) and were sampled at 48, 66 and 73 dph.



Table 3
Alkaline phosphatase activity in Senegalese solkeciggens treated with the
probiotic SpPdp11.

Alkaline phosphatase activity (mU/mg of protéin)

48 dph 66 dph 73 dph
cc 13.59 + 0.61 12.30+ 1.14 14.14+ 0.62
CP 14.85+ 0.69 12.27+ 0.96 16.90+ 0.38
PP 19.65+ 0.89* 15.50 + 0.35 21.16+ 1.34*

 Data are means = SEM (n =3 pooled samples ofaat & specimens per pool).
Comparisons were made using Studerttest. Statistical significance is
expressed aspk0.05 and *P<0.01 compared with the corresponding CC
values.
 Solea senegalensis specimens were fed the control diet (CC) or a diet
supplemented with the probiotics from 10 to 21 @BR) or from 2 to 21 dph
(PP) and were sampled at 48, 66 and 73 dph.



Table 4

Species richness (R), range-weighted richness dRd) Shannon diversity
index (H") values of intestinal microbiota DGGE tpats of Senegalese sole
larvaé.

Treatment” dph® R Rr H’
cC 48 16.75 + 5.75 81.25 + 51.00 2.28 +0.05
CP 48 17.62 +2.99 78.50 + 42.50 2.18 +0.10
PP 48 15.00 + 2.10 58.50 + 51.00 2.35 £ 0.07
cC 66 16.00 + 2.44 66.25 + 24.00 2.29 +0.08
CP 66  10.00+4.33 31.25+25.006  1.87+0.10
PP 66 23.00+2.70 107.60 +27°60 2.21+0.14
cC 73 16.00 + 2.60 61.24 +21900 2.19 +0.10
CP 73 11.00+2.f3 29.15+15.00¢ 1.81+0.08¢
PP 73  2500+1.80 11950+16.80 2.25+0.14

@ Data are meansstandard deviation.

P Solea senegalensis specimens were fed the control diet (CC) or a diet
supplemented with the probiotics from 10 to 21 ¢@PR) or from 2 to 21
dph (PP) and were sampled at 48, 66 and 73 dph.

¢ Significant differences compared with the con@dl.
4 Significant differences between the CP and PPpgou



Table' 5
Lysozyme activity in Senegalese sole specimensetleavith the probiotic
SpPdpll.

Lysozyme activity (U/mg of proteif)

48 dph 66 dph 73 dph
CC  37.31+ 3.89 40.68+ 4.94 51.18+ 5.50
CP 39.54+ 5.82 44.03+ 6.60 68.97+ 7.51
PP 42.69+ 6.15 58.46+ 7.32 78.97+ 8.8%

 Data are means = SEM (n =3 pooled samples ofaat & specimens per pool).
Comparisons were made using Studerttest. Statistical significance is
expressed ag0¥0.05 compared with the corresponding CC values.
 Solea senegalensis specimens were fed the control diet (CC) or a diet
supplemented with the probiotics from 10 to 21 @BR) or from 2 to 21 dph
(PP) and were sampled at 48, 66 and 73 dph.



Table 6
Alternative complement pathway (ACH50) activitySenegalese sole specimens
treated with the probiotic SpPdp11.

ACH50 activity (U/mg of proteir?)

48 dph 66 dph 73 dph
CC  30.23+ 2.25 33.71+ 4.58 50.32+ 6.11
CP 52.32+ 4.08* 47.62 + 9.72 81.25+ 7.65*
PP 51.39+ 5.69* 61.24+ 7.51% 92.85+ 8.4

 Data are means = SEM (n =3 pooled samples ofaat & specimens per pool).
Comparisons were made using Studerttest. Statistical significance is
expressed aspk0.05 and *P<0.01 compared with the corresponding CC
values.
 Solea senegalensis specimens were fed the control diet (CC) or a diet
supplemented with the probiotics from 10 to 21 ¢BR) or from 2 to 21 dph
(PP) and were sampled at 48, 66 and 73 dph.



Table 7

Bactericidal activity in Senegalese sole specimieated with the probiotic
SpPdpl1l against pathogenic or non-pathogenic ladtersole.

Disc assay method (mfh)

cc® CP PP
V. harveyi 7.2 + 2.45 10.9+ 1.01 1457+ 1.80'
E. coli 6.6 + 0.78 7.3+ 1.62 7.6+ 2.31

@ Data are means = SEM (n =3 pooled samples ofiat B:specimens per pool).
 Solea senegalensis specimens were fed the control diet (CC) or a diet
supplemented with the probiotics from 10 to 21 @PR) or from 2 to 21 dph
(PP) and were sampled at 73 dph. Comparisons wade msing Studentts

test with the corresponding CC valuegs: not quite significant.
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Highlights

* S senegalensis larvae were fed the probiotic SpPdpl11 during early life stages.

e SpPdpll increased growth and decreased size dispersion in post-larvae.

e SpPdpllincreased ALP activity and affected intestinal microbiota composition.
e SpPdpll modulated expression of genesinvolved in growth, stress response and

immunity.



