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Lactic acid bacteria (LAB) probiotics were evaluated for their impact on the microbiota and development of pikeperch (Sander lucioperca) larvae during their initial feeding stage (first 21 days). Pikeperch larvae were exposed to LAB probiotics in two ways: (1) via the live-feed only (Treatment 1, live-feed) or (2) via the live-feed and the larval culture water (Treatment 2, probiotic) in comparison to a control group without LAB supplementation. Total length (TL), myomere height (MH), and survival rate were significantly increased in the probiotic compared the Control group. The administration of probiotics significantly positively influenced the microbiome’s diversity. Specifically, the relative abundance of Cytophagales decreased and that of several other taxa increased in both probiotic treatments although differences between treatments became statistically insignificant by day 21. Furthermore, the different treatments had distinct and significant impacts on digestive enzyme development such as protease and lipase, with the most prominent differences occurring at seven days post-hatching (dph). Taken together, these results indicate that the use of LAB in both the live-feed and rearing water has a positive impact on the larvae microbiota and digestive enzyme development in turn positively impacting their development and viability under intensive rearing conditions.
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1 Introduction

Pikeperch (Sander lucioperca) is a sought-after freshwater and brackish water fish belonging to the Percidae family. It greatly appeals to recreational fishermen and the gastronomic industry (Kestemont et al., 2015). Due to its high demand and high value, pikeperch is currently a focal species in the European Union’s efforts to diversify inland brackish aquaculture. However, the development of larval rearing in recirculating aquaculture systems (RAS) faces several challenges including low-stress resistance, nutritional deficiencies, and cannibalism, which collectively result in low survival rates at the larval stage (Steenfeldt et al., 2015; Policar et al., 2019).

To ensure adequate nutrition of the larvae, live feeds such as rotifers and artemia are essential (Imentai et al., 2019a, b; Yanes-Roca et al., 2018, 2020a, 2020b). Nevertheless, using live feeds carries the risk of introducing pathogenic bacteria into the closed system (Lubzens et al., 1989). Probiotics are live microbial supplements that positively influence the host animal by promoting a healthy balance of intestinal microbes (Gatesoupe, 1999; Balcázar et al., 2006). Exposing fish larvae to probiotics has been demonstrated to enhance their overall health status and support their resilience against specific pathogens and diseases (Avella et al., 2010; Vanbelle et al., 1990). This effect is primarily attributed to the reliance of gastrointestinal microbiota on external environmental conditions (Carnevali et al., 2017). Probiotics also compete with harmful pathogens for nutrients and attachment sites, thereby bolstering the immune system (Hai, 2015).

The defense mechanisms crucial for the underdeveloped immune system of fish larvae, as noted by Hai (2015), highlight the importance of supplementing live feeds with probiotic bacteria. This supplementation provides advantages such as enhanced nutritional content, improved growth performance, and increased survival for larval fish in Recirculating Aquaculture Systems (RAS), as suggested by studies by Borges et al. (2021) and Nayak (2010).

Most probiotic microorganisms belong to the category of lactic acid bacteria (LAB) which are characterized as gram-positive, generally non-motile, non-sporulating bacteria known for their production of lactic acid as a major product of fermentative metabolism (Klein et al., 1998; Ljung and Wadström Torkel, 2018). Among these, Pediococcus acidilactici CNCM I-4622 (MA 18/5M) is one of the most documented LAB strains in aquaculture, with positive findings in several finfish larvae in particular (Gatesoupe, 2002; Zacarias-Soto et al., 2011; Lamari et al., 2013; Ringø et al., 2018).

Recent studies in pikeperch have provided evidence of the beneficial effects of incorporating LAB probiotics into their diet (Ljubobratovic et al., 2017, 2019; Yanes-Roca et al., 2020b), but such studies lack a closer look into the effects over the digestive enzymes and the microbiome.

The aim of the study was to assess the impact of P. acidilactici CNCM I-4622 (MA 18/5M) on the time-development of the intestinal microbiome and of key digestive enzyme activities in relation to the morphological development and larvae-rearing performance of pikeperch during the initial 21 days post-hatching (dph).




2 Materials and methods



2.1 Experimental fish and system

The experiment took place at the University of South Bohemia’s Facility of Fisheries and Protection of Waters in the Czech Republic (USB, FFPW), where from fertilized eggs were also sourced as follows. Locally managed broodstock were hormonally induced to spawn using Human Chorionic Gonadotropin (hCG; Chorulon, Intervet International B.V., Ljubljana, Slovenia) as previously documented (Křištan et al., 2013; Blecha et al., 2015, 2016) and broodstock allowed to naturally nest spawn as outlined by Malinovskyi et al (Malinovskyi et al., 2018, 2019). After laying the naturally fertilized eggs, the broodstock was removed, and the eggs were left in the spawning tank for incubation at a consistent water temperature of 16 ± 0.5°C for 8 days until hatching.

The larval rearing system consisted of an indoor RAS equipped with mechanical and biological filtration, UV-disinfection, aeration, photo- and thermo-control and consisting of 12 rectangular tanks (3 liter/tank) maintained under a constant 12:12 h light: dark photoperiod. During the trial, water quality parameters were maintained within a suitable range for the species and averaged: salinity (3.0 ± 0.5 ppt), dissolved oxygen (8.0 ± 1 mg/L), temperature (17.1 ± 0.2°C); ammonia (0.20 ± 0.05 mg/L), nitrite (0.02 ± 0.01 mg/L) and nitrate (0.10 ± 0.03 mg/L).




2.2 Experimental design and rearing protocol

At 3 dph and prior to the start of exogenous feeding, newly hatched larvae were transferred from the incubation tank and randomly stocked into the larval rearing system (12 tanks; density of 100/L) when the trial started.

The trial tested 3 experimental groups in quadruplicate as follows: A Control group without probiotic administration (Control) and two probiotic groups managed identically but with either 1) Probiotic administered via the live feed only (treatment 1; live feed) or 2) Probiotic administration via the live feed and by direct application into the larvae rearing water (Treatment 2, probiotic). The test probiotic was P. acidilactici CNCM I-4622 supplied in the commercial lyophilized form (Bactocell Aqua 100; 100 × 109; Lallemand, Blagnac, France) applied over the trial’s duration at a daily dose of 1 g/m3 (1 × 105 CFU/mL) in the live feed culture tank as well as in the larval rearing water. To do so and 12 hours prior to the first feeding of the day, the required quantity of the probiotic was diluted directly into the harvested live feed, as well as into 1 L of larval rearing water prior to spreading the mixture at the tank surface.

The live-feed feeding schedule (Table 1) followed a previously established protocol (Yanes-Roca et al., 2020b). In brief, larvae were fed 3 times a day (0800, 1130, and 1530) with enriched saltwater rotifers (Brachionus plicatilis) using Nannochloropsis occulata (1mL/L enrichment; Nanno 3600, Reed Mariculture, Campbell, USA) from 4 dph until 15 dph. Artemia feeding commenced at 12 dph using unenriched Artemia until the end of the trial at 21 dph. Live feed input was adjusted based on residual counts performed before each meal to achieve the target live prey densities (Table 1). The flow rates within each rearing tank were set at 100 mL/min at the start of the trial and progressively increased to 250 mL/min. (Table 1). To maximize larval feeding efficiency, the water flow was temporarily halted for 2 hours at each meal.


Table 1 | Experiment husbandry schedule. Amount of daily feed offered and recirculation flow changes with time are shown.



The trial was terminated at 21 dph before initiating the transition to inert feed and to the emergence of cannibalistic behaviors.




2.3 Larval development and survival

At 3 (trial start), 12 and 16 dph, 10 larvae/tank/time point were randomly collected using a 300 microns net. Total length (TL), myomere height (MH), and eye diameter (ED) were measured, and air bladder inflation was assessed following a standardized methodology (Yanes-Roca et al., 2018) using a microscope equipped with a digital camera and an imaging software (Olympus cellSens, v 1.3). At day 21 dph, 25 larvae/tank were collected for morphometric analysis as done at prior time-points, and survival rates per tank were evaluated by volumetric counting of larvae.




2.4 Microbiome analysis

At 4, 7, 14, and 21 dph, a minimum of 5 larvae/tank/time-point were collected along with triplicates of water samples (500 mL) from the larval culture tanks. Larvae were pooled per tank within a dry-aseptic vial and immediately snap-frozen using liquid nitrogen. Pellets resulting from the immediate centrifugation of water samples were processed likewise. Altogether, 80 samples were then stored at -80°C prior to DNA extraction. Using Micro (Qiagen, Hilden, Germany), DNA templates were extracted from 24 water samples, 55 individual larvae and a single gut dissected from a 21-day old individual used as an internal control with the potential to distinguish between fish gut and surface microbiome (all sample metadata available in Supplementary Table 1).



2.4.1 Amplicon library preparation and sequencing

The amplification of the 16S rRNA gene was carried out according to Earth Microbiome Project standards (EMP, http://earthmicrobiome.org/protocols-and-standards/16s/) as described previously (Brown et al., 2020). Four negative and four positive controls were amplified along with the samples. The negative controls included one blank extraction control and three blank PCR controls. The positive controls, employed to assess amplification bias and the detection limit, consisted of commercially supplied gDNA templates, ATCC® MSA-1000™ and ATCC® MSA-1001™ (ATCC, Virginia, USA), both comprising the same 10 bacterial species with different distribution. The purified and equimolarly pooled amplicons were sequenced on Illumina MiSeq using v2 chemistry with 2 x 250 paired ends.




2.4.2 Analysis of the amplicon data

Initially, amplicons were quality-checked using FastQC (Andrews, 2010). Downstream processing, i.e. demultiplexing, merging, trimming, quality filtering, and OTU (operational taxonomic units) clustering, was performed by implementing corresponding scripts from USEARCH v9.2.64 (Edgar, 2013). OTU taxonomy was generated using BLASTn searches of representative sequences against the SILVA_139_SSUREF_Nr99_tax database (Quast et al., 2013). On average, we have retrieved 7816 ± 4956 reads per a sample, 18682 ± 4783 reads per a positive control, and 1080 ± 1187 reads per a negative control. The OTU profiles of the negative controls, containing from 0 to 2346 reads, were inspected for potential contaminants. Altogether, 5 OTUs were filtered out from the OTU table. Four were found consistently across 3 negative controls (Sphingomonas, Staphylococcus, Acidovorax, and Cutibacterium), and two (Acetobacter and Streptococcus) exceeded the abundance of 90 reads in any of the negative controls (Supplementary Table 1).





2.5 Digestive enzyme activities

Samples of pikeperch larvae at four-time points (hundred larvae at 4 dph (25 per tank), twenty 7 dph-larvae (5 per tank), twenty 14 dph-larvae (5 per tank), and four 21 dph-larvae (1 per tank)) were pooled and homogenized in triplicates in 10 volumes (v/w) of ice-cold Milli-Q water using an Ultra-Turrax T8 (IKA©-Werke, Germany). Homogenates were centrifuged at 3,300 x g for 3 min at 4°C, and the supernatant was collected and kept at -80°C until the analysis of pancreatic (α-amylase, bile salt-activated lipase, total alkaline proteases) and gastric (pepsin) enzyme activities (Solovyev and Gisbert, 2016). Whole body samples were used for 4, 7, and 14 dph larvae, while heads and tails were removed for 21 dph larvae.

Alkaline proteases activity was spectrophotometrically assayed at 366 nm using azocasein as substrate, according to García-Carreño and Haard (1993). One unit of activity was defined as 1 μmol of azo dye released per min per mL.

Alpha-amylase (E.C. 3.2.1.1) was analyzed by incubation with 0.3% soluble starch, and the increase in absorbance of the supernatant was determined at 580 nm (Métais and Bieth, 1968). Alpha-amylase activity corresponded to the mg of starch hydrolyzed at 37°C per 30 min and per mL.

Bile salt-activated lipase (BAL, E.C. 3.1.1) activity was measured by incubating the extracts with p-nitrophenyl myristate and reading the absorbance of the supernatant at 405 nm (Iijima et al., 1998). BAL activity was defined as the μmol of myristate hydrolyzed per min per mL.

Lastly, pepsin (E.C. 3.4.23.1) was quantified by incubation with a 2% hemoglobin solution. The absorbance was measured at 280 nm (Worthington Biochemical Corporation, 1972). One unit of activity corresponded to the μmol of tyrosine released per min per mL.

Soluble protein of extracts was analyzed using bovine serum albumin as standard (Bradford, 1976). Absorbance was read in a spectrophotometer (Beckman Coulter DU800, Fullerton, CA), and specific activity is expressed as mU or U mg protein-1.




2.6 Statistical analysis

Differences between the body morphometry were evaluated with linear mixed models (LMM, package lme4, version 1.1-7); (Bates et al., 2015) testing the effect of the probiotic treatment on fish TL, MH, and ED (response variables). The tank was included as a random effect. Prior to LMM, the different response variables were transformed with the Box-Cox transformation, which gives the best power estimate for each variable (package car, version 2.1.2; Fox and Weisberg, 2011). After that, multiple pairwise comparisons between treatments were obtained using Tukey’s all-pair comparisons, applying the Bonferroni correction to adjust the p-values (package multcomp, version 1.3-3; Fox and Weisberg, 2011).

For digestive enzyme activity data, the one-sample Shapiro-Wilk test and the Levene tests were performed prior to data analysis to verify the data normality and homogeneity of variance, respectively. The one-way ANOVA followed by a Tukey HSD multiple comparison test was used to determine statistical differences between treatments for each digestive enzyme and larval age and between ages for each digestive enzyme and treatment. If normal distribution or homoscedasticity were not achieved, data were transformed using logarithm or arcsine square root. When transformations did not succeed, the Welch test was performed, followed by the T3 Dunnet for no homoscedastic data. In contrast, the Kruskall-Wallis non-parametric test was applied in the case of no normal distribution, followed by pair-wise Mann-Whitney test comparisons with Bonferroni correction.

Survival rate was compared between treatments using a generalized linear mixed model (GLMM) with survival (i.e., the proportion of alive fish at 21 dph as a response variable) fitted with a binomial error structure and with enrichment as a fixed effect and the tank as a random effect. After GLMM, pairwise comparisons were obtained with Tukey’s all-pair comparison test. A Bonferroni correction was applied to adjust the p-values of multiple comparisons (Hothorn et al., 2008).

Microbiome analyses, data visualization, and statistical tests were performed in the R environment using MicroEco package and its dependencies (https://github.com/Russel88/MicEco/tree/v0.9.15). The decontaminated OTU table was initially cleaned from archaeal, mitochondrial, chloroplast, and unclassified taxa and rarefied. Differences between microbiome diversity measures were statistically evaluated for the control group across the 4 analyzed time points using the Kruskal-Wallis Rank Sum Test. The alpha diversity indices were calculated and the pair differences between different treatments were statistically evaluated using Dunn’s Kruskal-Wallis Multiple Comparisons.





3 Results



3.1 Larval growth

At the start of the trial, there was no difference in pikeperch larval TL (5.25 ± 0.5 mm) between groups. At 12 dph and at 21 dph (end of trial), TL was significantly greater in the probiotic compared to the live-feed and Control groups (Figure 1A; LMM, p-value <0.05), although no significant differences were detected at 16 dph. In contrast, MH from the Probiotic group was significantly higher at 16 dph compared to the live feed group. Figure 1B; LMM p-value <0.001). There was no treatment effect on ED (LMM, p-value >0.05, data not shown).




Figure 1 | Boxplots of pikeperch larval (A) total length and (B) myomere height per group at days 12 (n = 40), 16 (n = 40), and 21 dph (n = 100). Whiskers indicate the maximum and minimum values excluding out layers (black dots), the line in the middle of the box is the median value, and the upper and lower quartiles are the ends of the box. Statistically significant differences between treatments are marked with an asterisk.






3.2 Survival

At the end of the trial (21 dph), survival was significantly improved in the probiotic compared to the control and live-feed groups (Figure 2; GLMM and pairwise comparisons; p < 0.001). Survival of the probiotic group was 1.7 times higher than that of the control group and 1.5 times higher than that of the live-feed group, with no significant differences between live-feed and control groups.




Figure 2 | Box plot of survival rate per experimental group at the end of the trial (21 dph; n = 4). Whiskers indicate the maximum and minimum values excluding out layers (black dots), the line in the middle of the box is the median value, and the upper and lower quartiles are the ends of the box. Statistically significant differences between treatments are marked with an asterisk.






3.3 Microbiome

The microbiome of pikeperch larvae across experimental groups and sampling points was clearly dominated by a Cytophagales OTU, which was detected in low relative abundance (0.1%) in a single water sample (Figure 3A). Besides the order Cytophagales, the larvae-specific microbiome included families such as Rhizobiaceae, Parachlamydiaceae, and Peptostreptococcaceae (Figure 3A).




Figure 3 | Water and Pikeperch larvae microbiome abundance per experimental groups; each column stands for an individual; numbers stand for time points, experimental groups (C, Control; LF, live-feed; P, probiotic) per time point (4, 7, 14 and 21 dph) (A). Development of the gut microbiome of the control group in time: alpha diversity measure, letters stand for anova results (B). Microbiome content averaged per a time point using 15 most abundant bacterial families from the control group (C).





3.3.1 Microbiome dynamics in early pikeperch ontogeny

Microbiome development of the control group displayed a pronounced diversity dynamic across time-points among which the microbiome alpha diversity significantly varied (Kruskal-Wallis Rank Sum Test, p< 0.0021, Figure 3B; Supplementary Table 2). The control group sampled at 4 dph showed a very low mean microbiome diversity (Richness: 9.50 ± 5.24, Shannon index: 0.10 ± 0.09; Supplementary Table 2), possibly reflecting the limited feeding ability of the early larvae and thus the minimal influx of environmental bacteria. Following a live-feed introduction at 4 dph, the microbiome diversity in the control group at 7 dph rapidly increased (Richness: 58.40 ± 14.76, Shannon index: 1.73 ± 0.61; Supplementary Table 3). This was followed by a diversity decrease at 14 dph (Richness: 9.00 ± 3.70, Shannon index: 0.09 ± 0.04; Supplementary Table 3). At the last sampled time point (21 dph), the microbiome diversity reached higher values again (Richness: 31.83 ± 9.15; Shannon index: 0.70 ± 0.37; Supplementary Table 3).




3.3.2 Effects of administrated probiotics on the microbiome of pikeperch larvae

Probiotic administration significantly affected microbiome diversity. Early larvae (7 dph) from the probiotic group had significantly higher microbiome diversity than the control group (Kruskal-Wallis Rank Sum Test, p< 0.012, Figure 4A; Supplementary Table 3). At 14 dph, significant increases in microbiome Shannon diversity in both probiotic-administered groups compared to the Control were observed (Dunn’s Kruskal-Wallis Multiple Comparisons, p<0.03, Figure 4A; Supplementary Data 2). In particular, the relative abundance of Cytophagales decreased in both probiotic treatments at the benefit of several other minor taxa which increased in proportion, e.g. Aeromonadaeae, Parachlamydiaceae, Legionellaceae, and Pirellulaceae (Figure 4C). There was no more statistical treatment effect on microbiome diversity at 21 dph (Figures 4A, B; Supplementary Data 2), which was marked, in particular, by an increased diversity in the Control group compared to the prior time point. However, at that time-point, the microbiome diversity was visible higher in the probiotic compared to the live-feed and Control group, and this was again associated with a decreased prevalence of Cytophagales. Finally, there was no effect of probiotic administration on the microbiome diversity of the larval-rearing water.




Figure 4 | Microbiome characteristics among different experimental groups within three time points (7, 14 and 21 dph). Differences in alpha diversity measures between the experimental groups evaluated using Dunn’s Kruskal-Wallis Multiple Comparisons (A). Venn diagrams showing the numbers of shared and unique OTUs for the experimental groups; the percentage stands for number of reads (B). Differential analysis on the taxonomic abundance of shared taxa; the taxa are ordered according to qvalue from low to high (C). Asterisks stand for significant differences between pairs. Non-significant values are not depicted.






3.3.3 Administration of probiotics in the water

When looking at the water samples analysis results, it can be observed the Flavobacteriaceae, Chitinophagaceae, Saprospiraceae, and Spirosomaceae families were more prevalent in the probiotic group compared to the control. Simultaneously, a higher abundance of Rhodobacteraceae and Sphingobacteriaceae in the rearing water of the probiotic compared to the control group at the 21-day mark was observed (Figure 3C).





3.4 Enzymes activity

Alkaline proteases specific activity increased in both experimental treatments compared to the control at 7 dph (Table 2). Thus, probiotic larvae showed the highest activity at 7 dph, followed by live feed and control fish (9.27 ± 1.81, 6.23 ± 0.66, and 2.13 ± 0.83 mU/mg protein, respectively; p<0.05). However, these differences were compensated with age, where live feed treatment reported the lowest activity, although these differences were not significant at 21 dph. Moreover, lipase activity was higher in probiotic-larvae with respect to control fish at 21 dph (10.71 ± 2.84 vs. 5.39 ± 1.89 mU/mg protein; p<0.05) whereas live feed-larvae resulted in intermediate values (6.22 ± 1.75 mU/mg protein). Pepsin activity seems to increase with age in both experimental treatments. By contrast, α-amylase activity was not affected by experimental treatments despite a tendency to be higher in probiotic larvae throughout the whole experimental period. The activities of the alkaline proteases, α-amylase and lipase increased with age in the control larvae but not in the experimental fish, with a peak of activity registered for alkaline proteases and lipase at 14 dph and at 21 dph for α-amylase (Table 2).


Table 2 | Specific activity (U/mg protein for α-amylase and mU/mg protein for alkaline proteases, bile salt-activated lipase and pepsin) of digestive enzymes of 4, 7, 14 and 21 dph pikeperch larvae under the different experimental conditions (Control, probiotic, live feed).







4 Discussion

The study aimed at characterizing the development of the intestinal microbiome and digestive enzyme activities in first-feeding pikeperch larvae in relation to development and survival; and its potential modulation by probiotic intervention. The study documented the predominance of phylum Cytophagales prior to and over the first-feeding phase of pikeperch larvae and the progressive, albeit fluctuating, increase in the diversity and richness of the larvae microbiome. Interestingly, at this early life stage, the larvae microbiome was apparently not associated with the water microbiota makeup. Still, its diversity is positively modulated by the administration of the probiotic P. acidilactici CNCM I-4622 (MA 18/5M). Probiotic administration was also associated with enhanced activity of some digestive enzymes, larval growth, and survival. Taken together, the study contributes to knowledge on pikeperch larvae microbiome and highlight the potential contribution of P. acidilactici CNCM I-4622 (MA 18/5M) administration on the maturation of the gut microbiome and digestive capacity and, as a result, on the growth and robustness of first-feeding pikeperch larvae.

The factors responsible for microbiome differences, whether biotic (such as nutrition or immunity) or abiotic, are of key importance. Like in many fish species, pikeperch larvae exhibit substantial microbiota diversity among individuals (Ljubobratovic et al., 2017; Dulski et al., 2018).



4.1 Growth and survival

There was a positive effect on growth of pikeperch larvae with the application of P. acidilactici CNCM I-4622 (MA 18/5M) during the first 21 days post-hatching, especially between the treatments that were exposed to probiotics versus the control treatment; such positive results were also observed in other species such as Nile tilapia (Oreochromis niloticus) and swordtail (Xiphophorus Heller; Lara-Flores et al., 2003; Dharmaraj and Dhevendaran, 2010) and may be attributed to enhanced intestinal maturation and digestive capacities upon probiotic supplementation.

Simultaneously, the use of this commercial probiotic on the live feed cultures as well as in the larval rearing water (probiotic treatment) significantly increased larval survival. Such increases in survival rate upon probiotics administration in the water have been previously described in the shrimp Penaeus vannamei (Zhou et al., 2009). In prior studies, probiotics applied in the live feed instead of in water were more effective for improving growth and survival in Sparus aurata and Dicentrarchus labrax larvae (Carnevali et al., 2004, 2006; Suzer et al., 2008). This study did not compare probiotic administration strategies but documented the superior benefit of applying the probiotic in the live-feed and directly in the larval-rearing water. Probiotic administration in the larval rearing water could have increased its uptake hence direct benefit to the larvae. Still, it may also have positively modulated the rearing water quality inherent to the multifaceted mode of action and benefits of probiotics. Although some studies have documented an effect of LABs supplementation on water biochemistry (Eissa et al., 2022), no statistical differences in ammonia, nitrate, or nitrite levels were observed between the treatments in this study.

Such direct effects of probiotics on larval growth and survival are directly connected to the gastrointestinal colonization by the probiotic, as highlighted in studies by Balcázar et al. (2006) and Fuller (1989), and specifically documented for P. acidilactici CNCM I-4622 (MA 18/5M) (Merrifield et al., 2009; Fergusson et al., 2010; Harper et al., 2011).




4.2 Effect on microbiome

The utilization of probiotics in the present study has proven effective in controlling bacterial levels and enhancing microbiome diversity in larvae, in accordance with prior studies (Hines et al., 2021, Hines et al., 2022; Walburn et al., 2019; Rasmussen et al., 2022). In RAS, the proliferation of undesirable bacteria is a common issue, and various studies have emphasized the critical importance of managing bacterial populations in live feed to mitigate adverse effects (Ringø, 1999; Verschuere et al., 2000; Villamil et al., 2003; Rurangwa and Verdegem, 2015; Bentzon-Tilia et al., 2016). Such effects were observed during the trial when looking at the effect on the abundance of Cytophagales, which was significantly lower than the control, confirming the effect on bacterial population control. The limited larvae microbiome diversity (Shannon index) at 4 dph compared to the water microbiome is possibly reflecting the limited influx of the bacteria from the environment at an early larval ontogeny stage, in which they rely on their oil droplet and lack a functional digestive tract.

Regarding gut-specific microbiomes such as Rhizobacteriaceae, Parachlamydiaceae, and Peptostreptococacea, the effect on microbiome abundance after days 4 dph was significantly higher from both treatments when compared to the control, matching results from several studies such as in Asian seabass (Lates calcarifer) and roach (Rutilus rutilus caspicus) (Tarkhani et al., 2020; Ghanei-Motlagh et al., 2021).

The omnipresence across the developmental time points and treatments of OTU1 suggests the taxon possibly represents a functionally important member of the pikeperch gut microbiome. We found its taxonomical assignment (Candidatus Campbel lbacteria (Patescibacteria) based on SILVA) misleading since the blastn hits against the Patescibacteria group (taxid:1783273) retrieved nucleotide identity lower than 85%. Additional blastn searches against nt database pointed out a high similarity (97.49%-99.69%) of this predominant taxon to the order Cytophagales (Bacteroidetes/Chlorobi group). The internal controls, i.e., water samples and a dissected gut from 21-day old individual (see Materials and methods), further allowed for the identification of gut and environment-specific bacteria.

When examining the water samples collected over the course of 21 days, notable differences in the abundance of certain families become evident. Specifically, Flavobacteriaceae, Chitinophagaceae, Saprospiraceae, and Spirosomaceae were more prevalent in the probiotic group compared to the control. These species are well-known for their ability to degrade polymeric organic substances (Leahy and Colwell, 1990; Raj and Maloy, 1990). Additionally, there was a higher abundance of Sphingobacteriaceae at the 21-day mark in the probiotic group. This particular species is recognized for its fermentative capabilities concerning carbohydrates and its possession of Menaquinone, also known as vitamin K2. Vitamin K plays essential roles in blood coagulation and bone mineralization in fish; its deficiency can lead to severe consequences, including increased mortality, anemia, prolonged blood clotting times, and histopathological changes in the liver and gills (Yabuuchi et al., 1983; Krossøy et al., 2011). While no specific analysis on Vitamin K was conducted, the variance in the abundance of this family among the treatments could potentially serve as a critical factor affecting the survival outcomes. Further research to test this hypothesis is required. Another noteworthy observation is the higher abundance of Rhodobacteraceae in the rearing water of the probiotic compared to the control group at the 21-day mark. This family’s capacity for demineralizing nitrogen in the form of ammonium (Lidbury et al., 2015), and its potential role in N2O reduction (Choi et al., 2021) may have influenced the results. Rhodobacteraceae is recognized as a dominant family in bioreactor environments (Chen et al., 2019), and may play a significant role in nitrogen conversion within RAS (Attramadal et al., 2014). Conducting more comprehensive investigations into the influence of Rhodobacteraceae will provide valuable insights into whether their contributions significantly impact overall larval fitness.

The probiotic treatment exhibited slightly lower ammonia (NH3 = 0.18 ± 0.03 mg/L) and nitrate (NO3 = 0.08 ± 0.04 mg/L) levels than the live feed and control treatments. These distinctions may be attributed to the fact that larvae in the probiotic treatment were exposed to the probiotic through both the live feed and the culture water, potentially resulting in superior water conditions compared to the live feed treatment, where the water wasn’t exposed to P. acidilactici MA 18/5M.

Water addition of LAB is indeed more clearly associated with modulation of the microbial quality of the water via the direct suppression of potential pathogens in rearing water, the microbiological maturation of water, and displacement of opportunistic bacteria (Verschuere et al., 2000; Al-Dohail et al., 2009).

In general, the larval microbiome exhibited significant differences that most likely directly enhanced digestive enzyme activity, aligning with findings reported in seabass and Nile tilapia studies (Lara-Flores et al., 2003; Tovar-Ramırez et al., 2004). This effect can be observed in the trial results when examining the development of digestive enzymes over the course of 21 days.




4.3 Effect on digestive enzymes

It was previously documented that probiotics produce and stimulate specific and total activities of digestive enzymes (Sáenz de Rodrigáñez, 2009). As a consequence, an enhancement in larval digestive processes, growth, and survival should be expected by the use of these microorganisms in larval rearing protocols. In our present experiment, alkaline proteases activity was improved in pikeperch larvae during the first larval development stages (7dph) by adding probiotics to the feeding protocol in both probiotic and live feed treatments compared to the control. This improvement might be attributed to larval gut-colonization by the probiotic enhancing digestibility as previously reported by Suzer et al. (2008) in Sparus aurata. With age, the reported differences in activity were compensated with the normal increase in tissue proteins in rapid-growing larval tissues (Hamza et al., 2016; Pérez et al., 2020).

The marked difference in protease activity observed at 7 dph species in the probiotic group coincided with a higher prevalence of Pseudomonas and Flavobacterium, both of which are capable of producing proteases (Solanki et al., 2021). This finding corresponds with earlier research conducted in various species, including grey mullet (Hamid et al., 1979), salmon (Hoshino et al., 1997), arabesque greenling (Morita et al., 1998), and roach (Skrodenyte-Arbaciauskiene, 2007). Furthermore, Pseudomonas species have been identified as producers of lipase in arctic char and European seabass larvae by Ringø et al. (1995) and Gatesoupe et al. (1997), which is consistent with the results observed here at 7 dph. Finally, De Schryver et al. (2010) have documented an increase in pepsin activity in the European seabass in relation to alterations in microbiome abundance, providing a potential correlation with the findings on day 7 post-hatching. Another interesting finding was the significantly higher abundance of Idiomarinaceae at 21 dph in the larval microbiota of the probiotic compared to the control group. Idiomarinaceae, a gram-negative bacteria, is known for distinctive traits such as its primary reliance on amino acid catabolism for carbon and energy rather than sugar fermentation (Hou et al., 2014). This family of bacteria is also recognized for its production of diverse enzymes, including lipase (Li et al., 2014) again suggesting a link between microbiome modulation and digestive enzyme capacity upon administration of the test probiotic.





5 Conclusions

Our results indicate a positive effect of Pediococcus acidilactici CNCM I-4622 (MA 18/5M) application in live-feed and water. Pikeperch larval microbiota, increased in microbiome abundance as well as in digestive enzyme activities at earlier stages. Furthermore, larval growth and survival was improved. However, elucidating the interactions among the aforementioned factors will be crucial for advancing our knowledge and achieving greater progress. Novel insights into pikeperch larvae’s intestinal microbiota and host-microbiota relationships could lead to the development of effective microbiota-based methods to enhance their health, performance, and resilience. Furthermore, future research in metabolic analyses of IGF receptors and binding proteins similar to those in pikeperch larvae is recommended.
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