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Abstract

:

Here, the olive leaf extract (OLE) rich in polyphenols was employed as a prebiotic agent, together with Lactobacillus reuteri and Bacillus clausii, to develop synbiotics. The prebiotic effect of olive leaf extract on the probiotic strains was tested at concentrations of 0, 50, 100, 400, and 1000 μg mL−1, and also 20 and 40 mg mL−1. Olive leaf extract at 40 mg mL−1 showed the best prebiotic activity on L. reuteri and B. clausii. A basal diet and two experimental synbiotic-containing diets were prepared. The synbiotic diets were manufactured by adding to the basal diet 5 × 106 CFU g−1 L. reuteri + 5 × 106 CFU g−1 B. clausii + 0.25 mg g−1 OLE and 1 × 107 CFU g−1 L. reuteri + 1 × 107 CFU g−1 B. clausii + 0.25 mg g−1 OLE. The diets were administered to the freshwater crayfish Astacus astacus (1.35 ± 0.04 g) in an 84-day feeding trial. The diet containing 5 × 106 CFU g−1 L. reuteri + 5 × 106 CFU g−1 B. clausii + 0.25 mg g−1 OLE significantly improved (p < 0.05) final weight, specific growth rate, body condition, and survival rate. A significant growth of Enterobacteriaceae, which include strains with proven beneficial activities for intestinal health and general animal welfare, significantly increased in crayfish fed with synbiotics. The obtained results could be suitable for functional feed development in crayfish farming.
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Key Contribution: Polyphenols extracted from olive leaf were employed as prebiotic agents with Lactobacillus reuteri and Bacillus clausii to develop synbiotics. Synbiotics promoted crayfish growth and gut resident probiotics belonging to the Enterobacteriaceae family, with proven beneficial activities for intestinal health and general animal welfare.










1. Introduction


Freshwater crayfish farming, widely practiced worldwide, faces challenges such as environmental sustainability, animal welfare, and profitability [1]. Diseases are often identified as the main menace to aquaculture activity. Losses can be caused by bacteria, viruses, and parasites responsible for slowing growth, lowering the quality of the final product, and, in the most serious cases, leading to the massive loss of farmed species [2]. Using antibiotics, vaccines, and other conventional pharmacological strategies to manage pathogens is not always desirable nor possible [3,4]. Currently, the aquaculture industry is focusing on developing innovative nutritional supplements and combinations of prebiotics and probiotics, also notorious as synbiotics. It has been reported in several studies carried out on farmed aquatic species that pre- and probiotics can act in synergy to positively influence growth, nutritional and digestive efficiency, carcass composition, and the immune response responsible for resistance to stress [5,6,7,8,9]. Recently, the development of second-generation synbiotics with polyphenols as prebiotic components has been proposed [10].



Polyphenols are a large class of phytocompounds characterized by antioxidant and antimicrobial activities widely exploited in aquaculture [11,12,13,14,15,16]. Plants, parts of plants, and agricultural by-products rich in polyphenols are used as a whole or extracted with solvents and mixed within the aquafeed [17]. For a long time, man has used the different parts (fruits and leaves) of the olive tree (Olea europaea L.) for nutritional and medicinal purposes [18]. Olive by-products, of which leaves represent the most substantial part, are rich in polyphenols such as oleuropein, glucoside-7-flavone, verbascoside, ligstroside, tyrosol, and hydroxytyrosol [19,20,21,22].



Among the probiotics, lactic acid bacteria (LAB) are promising candidates due to their properties capable of inducing growth, improving gut health, and boosting immunity against pathogenic bacteria [23,24,25]. The genus Lactobacillus is the largest of the lactic acid bacteria, with more than 200 recognized species and subspecies with fermentative metabolism and the ability to tolerate oxygen [26]. It is amply reported that Lactobacillus reuteri, belonging to the Lactobacillaceae family, has long been used as a probiotic in humans and other animals [27,28,29,30]. L. reuteri shows diversified and useful biochemical properties, such as tolerance to low pH and bile salts [31] and elevated activity of phytate degradation [32]. L. reuteri produces folate and cobalamin, also known as vitamin B12 [33]. Moreover, it produces a wide range of antimicrobial substances such as lactic acid, hydrogen peroxide [34], reutericyclin [35], and reuterin [36]. The latter is a potent antimicrobial agent also able to shape and model the content and spatial configuration of the gastrointestinal microbiota [37]. Further, its capabilities also extend to the inhibition of several Gram-positive and Gram-negative bacteria, fungi, and protozoa [38]. Among the most classic but always valid probiotic bacteria, there are both sporal and vegetative forms of Bacillus species (Bacillus clausii, Bacillus cereus, Bacillus pumilus), characterized by several different properties such as colonizing, immunostimulating, and antimicrobial activity [39]. B. clausii, a rod-shaped and motile Gram-positive bacterium, is capable of forming spores and is available in the Italian market for human consumption with the trade name of Enterogermina®, provided as spores (2 × 109) suspended in water [40]. The application of Bacillus spp. strains as probiotics not only ameliorate growth performance and pathogen inhibition in fish culture [41,42] but also improve water quality, decomposing and consuming organic material present in the water bodies [43].



Astacus astacus, or noble crayfish, is a native species common to nearly all freshwater bodies in Europe, and also a common human food source [44,45]. In the last years of the 19th century, with the introduction of non-native species, such as Pacifastacus leniusculus and Faxonius limosus, and the simultaneous spread of the highly infectious crayfish plague, transmitted by the oomycete Aphanomyces astaci, A. astacus populations in Europe acutely decreased [45,46,47]. Today, A. astacus is the European autochthonous crayfish species with the highest commercial value and is still of consumer interest because of its abundant meat content and high protein content. A. astacus is considered a luxury food product due to the limited availability, which increased its economic value. It is indeed available in small quantities only in local markets. A. astacus is the only native crayfish species in Estonia, where there are about 20 crayfish farms growing A. astacus. pointing at its potentiality to diversify the aquaculture production [48].



In this context, the purpose of this study was to investigate the adequacy of olive leaf extract rich in polyphenols as prebiotic agents and verify the ability of polyphenols to create functional synergy with the probiotics to develop phytoproduct-based synbiotics. The synbiotics were administered as a dietary supplement to freshwater crayfish A. astacus in feeding trials with the aim of evaluating the effects on the growth performance and the qualitative and quantitative composition of the microbiota with a culture-dependent approach.




2. Materials and Methods


2.1. Prebiotic Agent


The prebiotic employed in this study consisted of olive leaf extract (OLE) (Olea europaea L.) provided by EPO S.r.l., Milan, Italy, as hydroalcoholic dry extract (70% v/v ethanol) (OLE) filter-sterilized (0.45 μm). According to the manufacturer, the olive leaf used for the preparation of polyphenolic extract was harvested from the period of December to February from plants growing in China. The extract was dried by spray-drying.




2.2. Total Phenolic Content


The Folin–Ciocalteu method was employed to measure the total phenolic content in the OLE [49], modified according to [50]. Shortly, 50 µL of OLE were added to 2 mL of dH2O, 50 µL of Folin reagent (1:2 ratio), and 100 µL of 20% Na2CO4. The mixture was quickly vortexed and incubated for 90 min in the dark. Biomate 3 spectrophotometer-Thermo Spectronic (Thermo Fisher, Waltham, MA, USA) was employed to measure absorbance at 765 nm. The assay was carried out in triplicate. The obtained values of the absorbance were interpolated with a standard curve of gallic acid. The results were expressed as mg of gallic acid equivalent (GAE) g−1 of sample.




2.3. HPLC Analysis


HPLC analysis was performed on an HPLC apparatus (LC-4000) (JASCO, Osaka, Tokyo, Japan) consisting of a pump (model PU-2829 plus), a column oven (CO-2060 plus), a UV/Vis Photodiode Array Detector (MD-2818 plus), an autosampler (AS-2059 plus), and a ChromNAV software program (Jasco, Japan). Samples were loaded onto a C18 column of 5-μm particle size, 25 cm × 3.00 mm I.D. (Phenomenex, Torrance, CA, USA) with a guard cartridge manufactured with the same material. For HPLC injection, OLE was filtered with a 0.22 µm syringe filter of cellulose acetate. Chromatographic solvents used were water and acetic acid (97.5:2.5) (A) and acetonitrile (B). The flow rate was 0.8 mL min−1. The linear gradient started with 95% (A) and 5% (B); 75% (A) and 25% (B) after 20 min; 50% (A) e 50% (B) after 35 min; and 20% (A) e 80% (B) after 40 min. The system was rebalanced in 5 min at the initial condition of 95% (A) and 5% (B) ([51] with some modifications). The UV spectrum was acquired in the range of 200–620 nm. The main polyphenols were identified by comparing the retention times and absorption spectra with oleuropein and hydroxytyrosol standards (Sigma-Aldrich, St. Louis, MI, USA).




2.4. Probiotic Strains Tested as Component for Synbiotic Preparation


The probiotic strains used in this study were Lactobacillus reuteri and Bacillus clausii. In detail, probiotic Gram-positive L. reuteri DSM26866 was isolated from the pharmaceutical formulation Reuril PLUS (Pharmaluce, San Marino, Italy). Probiotic Gram-positive B. clausii SIN was isolated from the pharmaceutical formulation Enterogermina® (Sanofy, Milan, Italy). The strains were cultured under aerobic conditions at 37 °C in Luria Bertani (LB) (Thermo Fisher Scientific, Waltham, MA, USA), Lactobacillus MRS (HIMEDIA, Maharashtra, India) agar/broth medium, and Rogosa agar/broth medium (CONDA, Madrid, Spain). Bacterial load was quantified using the Colonies Forming Units (CFU) mL−1 formula, estimated by serial dilutions carried out in triplicate. Bacterial strains were stored at −80 °C in cryotubes with glycerol 10% (Sigma Aldrich, St. Louis, MI, USA) as cryoprotectants, and working cultures were activated at 37 °C for 24–48 h. Probiotic strains were included in the experimental diets in the form of vital dehydrated cell pellets combined with the prebiotic agent (OLE).




2.5. In Vitro Effect of the Prebiotic Agent (OLE) on L. reuteri and B. clausii Growth


The “agar well diffusion” assay, as described in [52] with minor modifications, was performed to evaluate, qualitatively, the activity of OLE against the probiotic strains. The bacterial cells of L. reuteri and B. clausii were grown in LB broth to an optical density (O.D.) of 0.5 at 600 nm. Then, an aliquot of the microbial suspension (200 µL) was spread on the agar plate, where wells (5 mm diameter) were cut. Different concentrations of OLE (0, 1, 2, 4 mg) were placed into the wells. Amoxicillina (AMX) (Aesculapius Farmaceutici S.r.l., Brescia, Italy) at a concentration of 250 µg well−1 was used as a positive control. The hydroalcoholic buffer (70% ethanol: 30% water) was used as a negative control. Plates were incubated at 37 °C for 48 h. Thereafter, the mean diameter of the inhibition zones (MDIZ) (expressed in mm) caused by the natural extract was measured to evaluate the expression of in vitro activities against the tested microorganisms. To quantify the prebiotic effect of the OLE on the probiotic strains, an in vitro growth and survival assay was performed (fitness assay). In particular, the susceptibility of L. reuteri and B. clausii to different concentrations of OLE was determined according to Clinical and Laboratory Standards Institute (CLSI) guidelines by means of the dilution tube method with standard inoculums of 1 × 105 CFU mL−1, [53,54]. OLE was added to tubes at the final concentrations of 0, 50, 100, 400, and 1000 μg mL−1. The bacterial cultures were incubated at 37 °C in a shaking incubator (ES-20, Biosan, Riga, Latvia) at 150 rpm. To evaluate the growth and survival of probiotic strains, during the overall observation period of 144 h, the O.D. was measured at a wavelength of 600 nm with a spectrophotometer (Ultrospec 2000, Pharmacia Biotech, Cologno Monzese, Milan, Italy) at intervals of 6, 24, 48, 72, 120, and 144 h, and aliquots of the diluted bacterial suspensions were spread on LB agar. Finally, the plates were incubated for 48 h at 37 °C to carry out the count of the viable bacterial colonies. The probiotic strains were also tested with amoxicillin as a positive control and the hydroalcoholic buffer as a negative control. To prove the prebiotic effect of OLE at concentrations higher than 1000 μg mL−1 on probiotic strains, we performed a microplate growth assay based on [55] with minor modifications. Briefly, a standard inoculum (1 × 105 CFU mL−1) of each of the probiotic strains was prepared according to the Clinical and Laboratory Standards Institute (CLSI) guidelines [53,54]. OLE was added, achieving final concentrations of 0, 20, and 40 mg mL−1. Microbial culture without OLE was used as a positive control, while the negative control consisted of inoculum medium only (LB broth). The assay was performed in triplicate. The plates were incubated at 37 °C, and absorbance was read at 600 nm after 24, 48, and 72 h with a 680-microplate reader (Bio-Rad, Hercules, CA, USA).




2.6. In Vivo Studies: Experimental Diets


A basal (control) diet was formulated on the basis of the literature on crayfish [56,57,58]. It contained proteins (40%), carbohydrates (52%), and lipids (8%). The chemical composition of the feed was determined by Weende analysis at the Estonian University of Life Sciences (EULS) Institute of Veterinary Medicine and Animal Sciences Laboratory of Animal Nutrition. Weende analysis is a method for the quantitative analysis of macronutrients in feeding stuff for the determination of crude protein, crude fat, crude fiber, crude ash, moisture, and nitrogen-free extracts (digestible carbohydrates). More information can be found at https://www.nutricontrol.nl/en-gb/analysis/nutritional-value/weende-analysis/ (accessed on 30 March 2023). Ingredients and proximate analysis are reported in Table 1. The gross energy was calculated based on the formula: Gross energy = (23.9 PC + 39.8 CFatC + 20.1 CFibreC + 17.5 NFE):100; where PC = feed protein content (%), CFatC = feed crude fat content (%), CFibreC = feed crude fibre content (%), and NFE = nitrogen free extract in feed (%), 23.9; 39.8; 20.1; 17.5—calorimetric multipliers.



The experimental diets were prepared as follows: (1) basal (control) diet (control group); (2) SYN1 diet (5 × 106 CFU g−1 L. reuteri + 5 × 106 CFU g−1 B. clausii + 0.25 mg g−1 OLE) (SYN1 group); (3) SYN2 diet (1 × 107 CFU g−1 L. reuteri + 1 × 107 CFU g−1 B. clausii + 0.25 mg g−1 OLE) (SYN2 group). The dose of OLE (0.25 mg g−1) in the diet was established based on the results of the in vitro effect of the prebiotic agent (OLE) on L. reuteri and B. clausii (see above). The dose of probiotics was based on crustacean studies available in the literature [59]. The bacterial cells of the two probiotics were grown (under the conditions reported in the Section 2.4) until they reached the population density corresponding to 5 × 106 and 1 × 107 CFU mL−1. The cell suspension was centrifuged at 3000 rpm at 4 °C for 15 min (Centrifuge 5804 R Eppendorf, Milan, Italy). Finally, powdered ingredients were mixed with the cell pellet and OLE. Water was added to form a dough that was pressure pelleted with a meat grinder in order to achieve the pellets. The pellets were oven dried at 35 °C and then stored in plastic bags at 4 °C.




2.7. Crayfish and Sample Collection


The feeding trial with 54 healthy A. astacus crayfish (1.35 ± 0.04 g) was carried out at the Institute of Veterinary Medicine and Animal Sciences of the Estonian University of Life Sciences (Tartu, Estonia). Crayfish originated from the laboratory of the same institute and were stocked at a density of six individuals per 112-L−1 tank (0.32 m2), three tanks (i.e., 18 animals) to each treatment (9 tanks in total) in a recirculating aquaculture system (RAS). Each tank contained 18 plastic tubes (2 cm diameter and 10 cm length) (three times the number of crayfish for each tank) as hiding places for the crayfish. During the feeding trial, the water temperature was maintained at 22.5 °C. DO (7.90 ± 0.35 mg L−1), pH (8.19 ± 0.10), hardness (183.48 ± 8.95 mg L−1 CaCO3), NO2− (0 mg L−1), and NO3− (<10 mg L−1) contents were measured every week. DO was measured by Marvet Junior oxygen meter, pH was measured by XC PC7 pH meter, and hardness, NO2−, and NO3− were measured by JBL EasyTest 6in1. Animals were held under L:D 12:12 h. Each diet was randomly assigned to a tank. Crayfish were fed 2% body weight once a day (2:00 p.m.) for 84 days. During this period, crayfish molted an average of 1.5 times. Biometry was carried out at the onset and the end of the feeding trial.




2.8. Evaluation of Growth Performance


After 84 days, each specimen was singularly weighed (±0.01) on an electronic scale (KERN, Balingen, Germany) for estimation of growth. The growth parameters and the survival rate were measured as follows:


Weight gain (WG, %) = Wf − Wi/Wi × 100










Specific growth rate (SGR, % day−1) = ln(Wf) − ln(Wi)/t × 100










Survival Rate (SR, %) = final individual numbers/initial individual numbers × 100










Feed Conversion Ratio (FCR) = Feed consumed/WG










Foulton’s Condition Factor = W/BL3 × 100








where BL = body length (cm), W = weight (g), Wi = initial weight, Wf = final weight, and t = time (days). All parameters were corrected throughout the feeding trial based on the amount of ingested feed.




2.9. Microbiota Intestinal Isolation and Analysis by Culture-Dependent Methods


After 84 days, 3 specimens per tank (total 9 per treatment) were sampled at random for microbiological analysis. The samples were prepared for microbiota analysis according to [60]. Briefly, the gastrointestinal tract was aseptically removed from crayfish specimens, preserving its integrity. It was homogenized with Buffered Peptone Water (Oxoid, Waltham, MA, USA) and shaken by a vortex, avoiding sample overheating, until the sample was dispersed in the diluent. 100 µL of serially diluted samples were spread onto Luria Bertani (LB) Agar (CONDA), MacConkey Agar (CONDA), Cetrimide Agar Base (CONDA), Bacillus ChromoSelect Agar (BCA), Tryptose Sulfite Cycloserine (TSC) (CONDA), and Sabouraud Agar (CONDA) for determination of total aerobic mesophilic bacteria, Enterobacteriaceae, Pseudomonas spp., Bacillus spp., and total anaerobic bacteria and yeasts, respectively. The plates were incubated for 24–96 h at the appropriate conditions to allow for microbial growth. Plates containing 30–300 colonies were selected for colony-forming units (CFU) g−1. AnaeroJar anaerobic jar (Bio-Class) and bags for Atmosphere Generation System CampyGenTM (Thermo Fisher Scientific) were employed to recreate anaerobiosis. Pure cultures representing microbial isolates of each group were stored at −80 °C in broth media added with 10% glycerol (v/v) (Carlo Erba Reagents, Waltham, MA, USA). Microbial counts were carried out in triplicates and expressed as Log CFU g−1 ± SD.




2.10. Statistical Analysis


Data were presented as mean values ± standard deviation (SD). The data expressed as percentages were transformed using the arcsine method. Brown–Forsythe and Kolmogorov–Smirnov tests were used to respectively confirm homogeneity of variance and data normality [61]. One-way ANOVA followed by Dunnett post hoc test (p < 0.05) were applied to compare dietary treatments. Two-way ANOVA followed by Bonferroni post hoc test (p < 0.05) were adopted for the microbiological analysis performed by culture-dependent methods. Data were calculated with GraphPad Prism software, version 8.0.2 (GraphPad, Inc., San Diego, CA, USA).





3. Results


3.1. Characterization of the OLE


The total phenolic content in OLE was 202.13 ± 4.77 mg GAE g−1. Figure 1 reports the chromatogram of OLE analyzed by HPLC at a wavelength of 280 nm. The most abundant polyphenols were hydroxytyrosol and oleuropein.




3.2. In Vitro Effect of the Prebiotic Agent (OLE) on the Probiotic Agent (L. reuteri and B. clausii) Growth


According to the “agar well diffusion” assay, OLE at a concentration of 1 and 2 mg well−1 showed no inhibitory activity against L. reuteri and B. clausii, while OLE at a 4 mg well−1 exhibited a weak inhibitory activity only against B. clausii. AMX, used as a positive control, showed antibacterial activity against both L. reuteri and B. clausii, while no effects were observed for the hydroalcoholic buffer used as a negative control. The mean diameter inhibition zones (MDIZ) are reported in Table 2.



The results of the prebiotic effect of 0, 50, 100, 400, and 1000 μg mL−1 of OLE on L. reuteri and B. clausii growth and survival are presented in Figure 2. The greatest prebiotic effect was recorded during the first 48 h of incubation. In particular, OLE at 1000 μg mL−1 caused a significant increase in growth of L. reuteri at 48 h (Figure 2A,B), while the prebiotic effect on B. clausii was not statistically significant (Figure 2C,D).



The results of the prebiotic effect of 0, 20, and 40 mg mL−1 OLE on L. reuteri and B. clausii growth are presented in Figure 3. OLE at 40 mg mL−1 showed prebiotic activity on L. reuteri and B. clausii at 24, 48, and 72 h. OLE at 20 mg mL−1 showed prebiotic activity at 72 h on L. reuteri and 48 and 72 h on B. clausii.



Growth performances and survival rates of freshwater crayfish fed with synbiotics for 84 days are shown in Table 3. The administration of synbiotics significantly improved (p < 0.05) final weight, specific growth rate, feed conversion ratio, body condition, and survival rate in adult crayfish with respect to control specimens.



In particular, crayfish fed the SYN1 diet achieved the highest final weight (2.47 g), weight gain (80.20%), specific growth rate (0.70% body weight day−1), and the lowest feed conversion ratio (2.91). The survival rate of crayfish fed the SYN1 diet was significantly (p < 0.05) higher compared to the control. SYN2 diet significantly enhanced (p < 0.05) specific growth rate (0.63% body weight day−1) and feed conversion ratio (2.98) compared to the control, while no significant improvement in terms of WG and survival rate were observed. Finally, the non-lethal morphometric index (Fulton’s condition factor, FCF), used to evaluate the body condition [62], significantly increased in crayfish fed SYN1 diet compared with the control group.




3.3. Microbiological Analysis


Figure 4 shows the profiles of the gastrointestinal microbiota of crayfish on a basal diet and crayfish on synbiotic-supplemented diets. The number of total microorganisms and total aerobic mesophilic bacteria significantly increased in synbiotic groups, particularly in the SYN2 group. The Enterobacteriaceae, not detected in the control group, increased significantly in the two groups subjected to synbiotic diets. The number of Bacillus spp. and anaerobic bacteria significantly escalated in the SYN1 and SYN2 groups with respect to the control. Finally, the yeasts significantly increased in the SYN1 group.





4. Discussion


In this study, we report the evidence of prebiotic attributes of OLE rich in polyphenols to develop, in combination with probiotic microorganisms, synbiotics to be used in crayfish nutrition. Synbiotics, the combination of prebiotic and probiotic, currently represent one of the emerging food strategies for the improvement of the growth performances, health status, and well-being of shellfish [63,64,65,66,67] and finfish species [68,69,70,71,72]. Currently, much attention is paid to synbiotics containing polyphenols in place of the traditional carbohydrates as prebiotics agents [10]. In this study, the compatibility of OLE with two different probiotic strains, L. reuteri and B. clausii, was tested. The aim was to manufacture a synbiotic product suitable for ameliorating growth performances and intestinal microbiota of the farmed crayfish A. astacus. olive leaf extract possesses prebiotic characteristics, reported in several studies on farmed animals, such as pigs [73,74], ruminants [75], fish [76,77,78], and Crustaceans [11].



The olive leaf extract contains phenolic compounds in variable amounts. This is due to the interaction of various factors, such as type of cultivar, age of the plant, geographic production area, climate, and harvesting time. The latter, in particular, are particularly important since the maximum peak in phenolic content is found in leaves harvested in the cold months, particularly in December [79,80,81]. In our study, the total phenolic amount in the hydroalcoholic dry OLE resulted to be 202.13 ± 4.77 mg GAE g−1. This is in agreement with a previous study, in which olive leaf extract showed a total phenolic amount ranging from 72.27 to 249.81 mg GAE g−1 [82]. Hydroxytyrosol and oleuropein resulted to be the most abundant polyphenols of OLE, as confirmed by data in the literature [22,83,84].



Initially, the in vitro approaches were necessary to detect the growth and survival of the probiotic strains exposed to different concentrations of OLE, to select optimal synergistic combinations in the synbiotic formulation to be tested in in vivo experiments. The “agar well diffusion” assay, microbiological screening used to qualitatively highlight the microbial growth, indicates the absence of significant inhibitory effects of OLE against the probiotic bacteria. The result of the fitness assay showed a significant increment in the growth rate of L. reuteri, in the presence of OLE, with an evident prebiotic effect of OLE at a concentration of 1000 μg mL−1. No statistically significant effect of OLE at a concentration of 1000 μg mL−1 was detected in B. clausii. The microplate growth assay carried out with higher concentrations of OLE (20 and 40 mg mL−1) allowed for the confirmation of the prebiotic effect on L. reuteri and B. clausii. The increase in the growth rate of the probiotics following the addition of OLE could be due to the presence of oleuropesides (oleuropein and verbascoside), substituted phenols (tyrosol and hydroxytyrosol), and flavones (luteolin, apigenin) [82,85]. The outcome of our study is in accordance with several studies in the literature. For example, [86] reported that olive leaf extract increased the growth of Lactobacillus acidophilus and Bifidobacterium infantis in milk. These data are also confirmed by a study of [87] in which different concentrations of olive leaf extract enhanced the rise of two probiotic strains, L. acidophilus and Bifidobacterium bifidum.



The obtained results confirmed that dietary supplementation with synbiotics improved the growth performance of crayfish. Crayfish fed with SYN1 showed improved performance (final weight, WG, SGR, and survival rate), Fulton’s condition factor, and lower FCR than SYN2 diet, indicating that the amount of probiotic administered is relevant. In the literature, the dose of probiotics for crustaceans ranges between 106 and 109 per gram of diet [59]. In this study, the dose established for L. reuteri is in accordance with the literature data regarding the administration of probiotics belonging to the Lactobacillus genus in crustaceans [88,89,90,91]. Furthermore, for B. clausii, the doses selected are in agreement with previous studies conducted using probiotics of the Bacillus genus in finfish and shellfish diets [7,90,92,93]. It is worth noting that the presence of OLE may have exerted a double action. On the one hand, OLE may have sustained and ameliorated the survival of the probiotics administered with the diet, and on the other hand, it may have exerted growth promoting effects, as already reported in Pontastacus leptodactylus [11].



In this study, the growth rate was in agreement with a study conducted by [94] on juvenile A. astacus of similar weight, reared at the same water temperature used here for a period of 3 months (64% increase in our study compared to 67% of the [94] study). However, the molt frequency and shed intervals were higher than those found here. Since temperature is known to positively influence molt frequency [94], our results require an explanation. A possible hypothesis may lie in the fact that since crayfish usually eat their shells, numbers may have been overlooked in this study where crayfish shared the same tank, making it difficult to estimate the exact number of molts. On the contrary, in [94], A. astacus were individually reared, which surely made the assessment of shell number more accurate. It is worth emphasizing that the focus of the present study was not the evaluation of the relationship between the temperature and the molt frequency but instead the evaluation of growth parameters improvement as a consequence of dietary administration of synbiotics. The present results are in agreement with previous findings on P. leptodactylus fed with Enterococcus faecalis + XOS [64]; Litopenaeus vannamei fed with Bacillus spp. (Bacillus sp. D2.2) + sweet potato extract [66]; Cherax quadricarinatus fed with Micrococcus spp. + alginate [95]; Macrobrachium rosenbergii fed with Pediococcus acidilactici + Saccharomyces cerevisiae + β-glucan [96]; L. vannamei fed with Lactobacillus plantarum + cacao pod husk pectin [67]; Eriocheir sinensis fed with probiotics (Lactobacillus acidophilus, Bacillus subtilis and Saccharomyces cerevisiae) + FOS [90]; L. vannamei fed with Pediococcus pentosaceus + FOS [97]. Growth enhancement in shellfish and finfish species could be the consequence of digestive enzyme increased activities, improvement in the production of some metabolites (vitamins and short-chain fatty acids), hydrolysis of non-digestible substrate, enhancement of voluntary feed intake, and adaptive responses of digestive tract morphology [57,65,68,98,99,100].



Recently, the relationship between the intestinal microbiota and some physiological functions of the host, such as metabolism, development, and health status, has been fully ascertained [101]. Several factors could shape the composition of the complex microbial community [102]. Among them, diet is the one in which is easier, more immediate, and more effective to intervene. The health-promoting effect deriving from the synergistic and contemporary action of prebiotics and probiotics in synbiotics is an increasingly applied strategy to control the growth of harmful intestinal bacteria [103]. In fact, prebiotic compounds constitute the substrate for the selective growth of probiotic strains and the production of secondary metabolites (e.g., SCFAs) conferring gut health benefits [104]. In the present study, synbiotics administration modulated crayfish gastrointestinal microbiota, causing a general increase in the bacteria load, in agreement with a study reporting the increase in the total microbial load in specimens of giant crayfish (Macrobrachium rosenbergii) after the use of Bacillus licheniformis as a probiotic [105]. In the present study, Enterobacteriaceae were found only in synbiotic-fed crayfish. This is in agreement with a study [106] in which the administration of seaweeds (Ulva lactuca) as a feed additive promoted the growth of Enterobacteriaceae in specimens of white shrimp (Penaeus vannamei). These microorganisms resulted to be of crucial importance for the correct development and functioning of intestinal microflora, being involved in a series of processes, including digestion and food absorption, production of advantageous metabolites, and protection against pathogens [107,108]. Lately, it has been reported that the microencapsulation of Enterobacter spp. exerts a protective effect against bacterial cold-water disease in rainbow trout, Oncorhynchus mykiss [109]. The beneficial increase in Bacillus spp. levels in crayfish supplemented with synbiotics is sustained by the use of some Bacillus strains as feeding additives to stimulate growth, immune response [110], and phagocytic, anti-peroxidase, and lysozyme activities in aquatic species [111]. Regarding the presence of anaerobic bacteria, they significantly increased in the groups treated with synbiotics (facultative anaerobics), particularly in the group fed the SYN1 diet. These data are consistent with various studies. Particularly, in a recently published study carried out in smooth marron (Cherax cainii), the addition of different Lactobacilli in the diet generated an augmented community of beneficial anaerobic bacteria, including oxygen-tolerant anaerobes belonging to Lactobacillus genus and strict anaerobes belonging to Bacteroidetes and Fusobacteria groups, associated with improved health and immune status [112]. Finally, there was a significant increase in yeasts in specimens fed the SYN1 diet, while no significant changes were observed in the SYN2 group. At present, the knowledge of the eukaryotic component present in the crayfish intestine is still limited. However, previously conducted studies have established the presence of microorganisms of the Alternaria, Tuber, Cladosporium, and Saccharomyces genus as components of the intestinal mycobiota of whiteleg shrimp, Litopenaeus vannamei [113]. Research is currently implementing the use of eukaryotic microorganisms, including yeasts of the genus Saccharomyces, as substitutes or dietary additives commonly used in aquaculture, due to their affirmative impact on the intestinal microbiota, growth performance, and immune response of aquatic species [114,115].




5. Conclusions


In conclusion, OLE demonstrated to be a good substrate for in vitro growth of probiotic bacteria. The OLE promoted microbial fitness, with the prebiotic effect particularly evident on Lactobacillus reuteri and Bacillus clausii in the first 72 h of incubation. In addition, the lowest probiotic-containing synbiotics positively influenced the core intestinal microbiota, causing a balanced increase of intestinal microbial communities. OLE-based synbiotics promoted the crayfish gut resident probiotics belonging to the Enterobacteriaceae family, which includes strains with proven beneficial activities for intestinal health and general animal welfare. The results of the study could be useful for functional food development in crayfish farming.
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Figure 1. Representative HPLC profile of olive leaf extract (OLE). The numbers indicate the following molecules: hydroxytyrosol (1) and oleuropein (2). 
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Figure 2. Prebiotic effect of OLE on the growth and survival (fitness assay) of Lactobacillus reuteri and Bacillus clausii. The growth and survival of L. reuteri cells (A,B) and B. clausii cells (C,D) in the absence and presence of 0, 50, 100, 400, and 1000 μg mL−1 of OLE during a 144 h-observation period. The experiment was carried out in triplicate. A two-way ANOVA test followed by Bonferroni correction was applied for multiple comparisons against the control. Results are reported as means ± SD. Asterisks (* p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001) report the statistical significance of cultures treated against control (bacterial cultures without extracts). 
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Figure 3. Prebiotic effect of OLE on Lactobacillus reuteri and Bacillus clausii growth (macroplate growth assay). L. reuteri (A) and B. clausii (B) growth after 24, 48, and 72 h of incubation in the absence and presence of OLE (0, 20, 40 mg mL−1). Data are reported as means ± SD. Asterisks (**** p < 0.0001) report the statistical significance of cultures treated against control (bacterial cultures without extracts). 
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Figure 4. Gastrointestinal microbiota analysis by culture-dependent method in crayfish fed the control diet and synbiotic supplemented diets. Data are reported as mean ± SD and expressed as Log CFU g−1. Asterisks (** p < 0.01; **** p < 0.0001) report the statistical significance of groups fed the synbiotic supplemented diets with respect to the control group. 
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Table 1. Ingredients and proximate analysis of the basal diet.






Table 1. Ingredients and proximate analysis of the basal diet.





	Ingredient Composition
	g kg−1





	Fish meal (sardines)
	50



	Soybean meal
	250



	Wheat flour
	130



	Squid meal
	30



	Brewer’s grains with yeast
	500



	Lupin meal
	100



	Pea meal
	140



	Linseed meal
	40



	Ascorbyl monophosphate
	1.5



	Liver meal
	10



	Shrimp meal
	50



	Corn meal
	60



	Vitamin premix 1
	20



	Mineral premix 2
	20



	Wheat gluten
	48.5



	Proximate Composition
	%



	Dry matter
	89.2



	Ash
	7.7



	Crude fibre
	3.4



	Crude proteins
	38.7



	Crude fat
	12.2



	NFE (nitrogen free extract)
	38.0



	Ca (g kg−1)
	13.6



	P (g kg−1)
	10.3



	Gross energy (MJ kg−1)
	19.7







1 Vitamin premix contains (mg kg−1) E. 30; K. 3; thiamine. 2; riboflavin. 7; pyridoxine. 3; pantothenic acid. 18; niacin. 40; folacin. 1.5; choline. 600; biotin. 0.7; cyanocobalamin. 0.02. 2 Mineral premix contains (mg kg−1) Mg. 100; Zn. 60; Fe. 40; Cu. 5; Co. 0.1; I. 0.1; antioxidant (BHT). 100.
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Table 2. Mean diameter inhibition zones (MDIZ) of olive leaves extracts (OLE) determined with the “agar well diffusion” assay. Data are expressed as mean ± SD of triplicates. AMX = amoxicillin.
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Prebiotic/Antimicrobial Agents

	
MDIZ (mm)




	

	
L. reuteri

(DSM 26866)

	
B. clausii

(SIN)






	
OLE (1 mg/well−1)

	
0.00 ± 0.00

	
0.00 ± 0.00




	
OLE (2 mg/well)

	
0.00 ± 0.00

	
0.00 ± 0.00




	
OLE (4 mg/well)

	
0.00 ± 0.00

	
10.50 ± 0.50




	
AMX (250 μg/well)

	
46.50 ± 2.89

	
34.00 ± 2.00
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Table 3. Growth performances and survival rates of freshwater crayfish fed with synbiotics for 84 days. Data are reported as mean ± SD (n = 3).
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Synbiotic Supplementation




	

	
Ct

	
SYN1

	
SYN2






	
Initial weight (g)

	
1.31 ± 0.36

	
1.37 ± 0.42

	
1.37 ± 0.49




	
Final weight (g)

	
2.05 ± 0.57

	
2.47 ± 0.86

	
2.33 ± 0.81




	
Weight gain (%)

	
56.62 ± 1.99

	
80.20 ± 2.13 ****

	
70.30 ± 1.96




	
Specific growth rate

(% BW day−1)

	
0.53 ± 0.08

	
0.70 ± 0.08 ****

	
0.63 ± 0.08 **




	
Survival rate (%)

	
92.86 ± 10.10

	
100.00 ± 0.00 ****

	
95.24 ± 8.25




	
Feed conversion ratio

	
3.18 ± 0.31

	
2.91 ± 0.49

	
2.98 ± 0.60 *




	
Fulton’s condition factor (%)

	
2.68 ± 0.15

	
2.72 ± 0.21 ***

	
2.63 ± 0.19








Asterisks (* p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001) report the statistical significance of groups on synbiotic supplemented diets compared to control group, i.e., group on a standard control diet.
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