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Probiotic use in aquaculture settings can be an approach for disease control and dietary supplementation. We assessed the antagonistic effect of culture supernatants of lactic acid bacteria on the growth of known shrimp pathogens, Vibrio (Listonella) anguillarum, Vibrio alginolyticus, and V. harveyi, using a quantitative microplate bioassay. Supernatants from Lactobacillus curvatus subsp. curvatus, L. plantarum, and Pediococcus acidolactici significantly inhibited the growth of these vibrios. The active component(s) were heat stable (> 100°C) and resistant to freeze-thawing. Most of this inhibitory activity was brought about by the production of an acid pH; however, there was evidence for other factors playing a role. In the search for novel probiotic bacteria, an organism was isolated from the gastrointestinal tract of healthy whiteleg shrimp (Penaeus vannamei)—identified tentatively as Carnobacterium maltaromaticum. This isolate, however, had less potent vibriocidal activity than the lactic acid bacteria and reduced shrimp survival at a dose of 1 × 107 bacteria/shrimp. During a 28-day feeding trial, juvenile P. vannamei fed with L. plantarum supplemented diets showed no gross changes in growth parameters compared with the control. We suggest that lactic acid bacteria could be incorporated into biofloc formulations to purge the growth of pathogenic vibrios in pond settings, rather than being fed directly to shrimp.
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INTRODUCTION

Shellfish production is of increasing importance globally to provide a food source for human populations. Shrimp are the main cultured crustaceans with whiteleg (Pacific white) shrimp Penaeus (Litopenaeus) vannamei constituting the largest—4.97 million metric tons yielded in 2018 (FAO, 2020). Shrimp aquaculture has been plagued by disease and epizootics caused by bacterial (e.g., vibrio) and viral (e.g., white spot syndrome virus) pathogens over the last few decades (Naylor et al., 2021; Dhar et al., 2022; Rowley, 2022). To counter these, improvements in shrimp health have been pursued including development of antimicrobials but with their adverse consequences for the development of antibiotic resistance (Chi et al., 2017; Thornber et al., 2020; Sharma et al., 2021), vaccines (Rowley and Pope, 2012; Amatul-Samahah et al., 2020), biofloc technology (Avnimelech, 2015), and pre/pro-biotics (see Ringø et al., 2020; Butt et al., 2021; Knipe et al., 2021 for recent reviews). In terms of probiotics, research has focused on either seeking beneficial bacteria found naturally in the gastrointestinal (GI) tract of shrimp or employing existing probiotics used in humans including lactic acid-producing bacteria (Kesarcodi-Watson et al., 2008; Ringø et al., 2020).

Lactic acid bacteria are a heterogeneous group of Gram-positive, rod-shaped, non-spore-forming, bacteria that ferment carbon sources to produce organic acids including lactic acid. This group includes a wide range of genera including Lactobacillus, Lactococcus, Leuconostoc, Oenococcus, Pediococcus, Streptococcus, and Weissella (Cohen et al., 2008). These are found in a wide range of environments and in association with both animals and plants. In humans and other terrestrial mammals, they are found on the skin, and in the oral cavity, the gastrointestinal (GI) tract, and the vagina (Barbés, 2008). Lactic acid bacteria are important probiotics in the manufacture of fermented foods. In terms of their potential as probiotics, key species include Lactobacillus plantarum, L. casei, L. acidophilus, L. brevis, L. rhamnosus, and Pediococcus acidilactici (e.g., Gareau et al., 2010; Holzapfel and Wood, 2014; Deng et al., 2022). Members of the genus Lactobacillus have been extensively studied with respect to their potential as probiotics to maintain both human (e.g., Gareau et al., 2010; Blum et al., 2022) and animal health (e.g., Ringø et al., 2020; Deng et al., 2022). They produce a wide range of metabolites including bacteriocins (e.g., plantaricin), bacteriocin-like factors, lactic acid and hydrogen peroxide that kill or inhibit the growth of bacteria including those that may be potentially pathogenic to the host (Corr et al., 2007). Furthermore, in some animals, lactobacilli readily adhere to the epithelial cells that line the GI tract, which facilitates their colonization (Altermann et al., 2005).

An increasing number of studies are investigating the potential of lactic acid bacteria as probiotics for shellfish including shrimp (see recent reviews by Ringø et al., 2020; Knipe et al., 2021; Naiel et al., 2021). For example, Castex et al. (2008) explored the commercial application of P. acidilactici (Bactocell®) on the GI tract microbiota of Penaeus stylirostris and found that the hepatosomatic index was higher in the probiotic group compared to controls, coupled with significant reductions in both total bacterial and vibrio counts after probiotic administration. Similarly, summer syndrome caused by Vibrio nigripulchritudo was significantly reduced for shrimp in the probiotic group, which demonstrates the efficacy of probiotics in reducing pathogenic bacteria in culture settings. In other studies, short term administration of L. plantarum or L. acidophilus in combination with Saccharomyces cerevisiae in the diet of P. vannamei also act as general immune stimulants that lead to resistance to bacterial infection (e.g., Chiu et al., 2007; Pooljun et al., 2020). Synbiotic preparations of pre- and pro-biotics based on L. plantarum have shown promising potential as feed supplements to improve the growth/of P. vannamei (Kuo et al., 2021; Prabawati et al., 2022).

Herein, we set out to examine the potential of lactic acid bacteria as probiotics for shrimp with reference to their antagonistic behavior toward several Vibrio spp. considered to be pathogens of these animals. In response to evidence that probiotic administration results in significant improvement on growth and feed conversion (e.g., Balcázar et al., 2007), we also investigated whether delivery of a commercial strain of L. plantarum used in probiotic preparations for humans in feed has any effect on the growth potential of P. vannamei. Finally, we also sought lactic acid bacteria found naturally in the GI tract of juvenile shrimp as putative probiotics for later studies.



MATERIALS AND METHODS


Source of Potential Probiotics for Penaeus vannamei


Commercially Available Lactic Acid Bacteria

Three species of lactic acid bacteria commonly used as probiotics in animal studies were selected for screening for anti-Vibrio activity, namely, Lactobacillus plantarum (NCIMB 30280), Pediococcus acidilactici (NCIMB 8018), and Lactobacillus curvatus subsp. curvatus (NCIMB 9716). L. plantarum (from Cultech Ltd., Baglan, United Kingdom), P. acidolactici, and L. curvatus were stored on slopes of de Man, Rogosa, and Sharpe (MRS) agar (Difco, Becton Dickinson & Co., Oxford, United Kingdom) and grown aerobically on MRS medium at 30°C when required.



Natural Microbiota of Healthy Shrimp

The microbiota of healthy post-larvae and gastrointestinal tract microflora of juvenile P. vannamei were screened for potential novel Lactobacillus-like probiotic bacterial strains. Six post-larval and juvenile shrimp of sizes 0.5 ± 0.1 and 8 ± 0.5 g, respectively, were sampled. Animals were obtained from the Centre for Sustainable Aquatic Research facility at Swansea University. Whole post-larval shrimp homogenate was prepared (after washing with sterile 3% NaCl [w/v] solution) as their size made removing intact hind gut and hepatopancreas challenging. Juvenile shrimp were dissected aseptically with samples of whole mid-hind gut, including feces, and hepatopancreas taken. Biofilm swabs from the surfaces of shrimp rearing tanks were also tested. Samples were placed in tubes containing 500 μl of sterile 3% NaCl solution before homogenization. Dilutions of the homogenates were performed followed by spread plating on MRS agar (plus 2% NaCl). Plates were incubated under aerobic and anaerobic conditions at 37°C for 72 h. All visually distinct colonies were streaked onto fresh plates. Gram staining and gross colony morphology of isolates were recorded. Initial identification of those Gram-positive isolates obtained from MRS agar plates displaying anti-Vibrio activity was made using the API 50 CHL sugar fermentation test (BioMérieux United Kingdom Ltd., Basingstoke, United Kingdom) as per the manufacturer’s instructions.




Screening Panel of Putative Bacterial Pathogens of Shrimp

Vibrio spp. were selected based on prior evidence of pathogenicity against crustaceans, particularly shrimp: Vibrio harveyi (NCIMB 1280), V. alginolyticus (NCIMB 1339), and V. anguillarum (NCIMB 829). All cultures were sourced from NCIMB Ltd. (Aberdeen, United Kingdom) and maintained on tryptic soy agar (TSA) plus 2% NaCl slopes.



Cell-Free Culture Supernatant Antagonism Assay

This qualitative technique determined whether the cell-free culture supernatant of potential probiotics exhibited any antagonistic activity toward Vibrio spp. Tryptic soy agar plates (+ 2% NaCl) and tryptic soy broth (TSB, + 2% NaCl) were used to culture the vibrios. Cell-free culture supernatant obtained from incubations of the potential probiotic isolates was tested for antagonistic activity against these bacteria. The strains of lactic acid bacteria were cultured in MRS broth at 30°C for 24 h, and subsequently, they were centrifuged (6,000 × g, 10 min at 25°C) and the supernatant was filter sterilized (0.22 μm). Supernatants were stored at 4°C for no more 24 h prior to assay commencement. V. harveyi and V. anguillarum were grown in TSB (plus 2% NaCl) at 25°C for 18 h and adjusted to ca. 2 × 109 total bacteria.ml–1. Culture (100 μl) was then evenly spread on each plate and 12 equidistant, 4 mm diameter wells were punched into the agar. Forty microliters of the potential probiotic cell-free culture supernatant was added to each well in triplicate (technical replicates). A negative control of the appropriate uninoculated broth was added to the remaining three wells. Each plate was run in duplicate and incubated at 25°C for 24 and 48 h.

The effects of varying the incubation period were assessed by using cell-free supernatant produced from culture samples extracted daily over 7 days. To assess the heat stability of putative anti-Vibrio factors, the activity of cell-free culture supernatant (24 h culture) was determined after exposure to temperatures of 65 and 100°C. In addition, to check their stability, the supernatants were also subjected to several cycles of freeze-thawing at –80°C.



Quantification of Microbial Growth Inhibition by Cell-Free Culture Supernatants

The ability of lactic acid bacteria culture supernatants to inhibit the bacterial growth of pathogenic vibrios was quantified using a microplate-based assay. Crustacean pathogens V. harveyi and V. alginolyticus were cultured in TSB (plus 2% NaCl) at 25°C for 12 h, and 10 ml aliquots were centrifuged (1,000 × g for 5 min at 25°C), washed twice in 3% NaCl solution, and adjusted to ca. 1 × 109 cells ml–1.

Cell-free culture supernatants (pH 4.0) of both the commercially available lactobacilli and shrimp isolates were prepared as stated above. Aliquots of these supernatants were also adjusted to pH 6.2 (that of uninoculated MRS broth) and were tested alongside the original supernatants (pH 4.0). Fifty microliters of V. harveyi or V. alginolyticus suspension were incubated with 100 μl of cell-free culture supernatant at 25°C with shaking for 30 min, in flat-bottomed, 96 well plates. All combinations of cell-free culture supernatant and Vibrio were included and run in triplicate on each plate, alongside controls [cell-free culture supernatants and pathogen suspensions were replaced by sterile 3% NaCl solution (w/v)]. A second 96-well plate was prepared with 200 μl of sterile TSB (+ 2% NaCl) per well. Post incubation, 50 μl from each well of the first plate was transferred aseptically to the corresponding wells of the second plate and the OD550 was recorded at 60 min intervals over a 24 h period (at 25°C).



Assessment of Pathogenicity of the Carnobacterium maltaromaticum Isolate Toward Penaeus vannamei

To ascertain if C. maltaromaticum was pathogenic to shrimp (and hence its suitability as a probiotic), post larval shrimp were challenged in vivo (see section “Results”). Shrimp weighing 1.0 ± 0.2 g (mean ± S.D., two groups each of 10 animals) were housed in two, 30 l tanks within a closed re-circulating system. Animals of the first group were administered an intramuscular injection of 100 μl sterile 3% NaCl solution, between the second and third pleomeres, and the remaining group was injected with 100 μl C. maltaromaticum suspension (∼1 × 107 viable bacteria per shrimp). No feed was administered during this trial, and the animals were checked at 12 h intervals for mortality changes. At 24, 72, and 96 h post-injection, two shrimp from each group were sacrificed for bacteriology. The small size of the animals made obtaining hemolymph via needle impractical and so the euthanized animals were bisected transversely at the join between the cephalothorax and first abdominal segment (pleomere). The cut surface of the abdominal section was touched onto two MRS agar (plus 2% NaCl) plates, the ca. 50 μl of hemolymph deposited was spread aseptically, and the plates were incubated at 25°C (72 h) before being checked for growth. Twenty-four hours after the end of the trial, samples of the tank’s surface biofilm were taken and plated (MRS agar plus 2% NaCl) to ascertain whether suspected C. maltaromaticum had become a component of the system microbiota.



Lactobacillus plantarum Feed Trial in Penaeus vannamei

Two groups each containing 54 post-larval P. vannamei (0.5 ± 0.05 g) were used to assess the short term (28 day) effects of the oral administration of L. plantarum on growth, feed conversion ratio (FCR) and shrimp survival. Each diet group was housed over three randomly assigned, 30 l tanks (18 animals per tank). One group was fed the control diet and the second group received the same diet top-coated with L. plantarum culture. A commercial shrimp maturation diet (Dragon Feeds; 42% protein, 10% lipid, 1 mm pellets) was used as the basis for both treatments. In the case of the L. plantarum supplemented diet, a powdered mix of lyophilized L. plantarum culture (Cultech Ltd., Baglan, United Kingdom) at a concentration of ca. 1.6 × 1011 CFU g–1 in skimmed milk powder was top coated onto a commercial diet such that it contained a mass of the probiotic mixture equivalent to 1% (w/w) of the total (final) mass of feed. The viability of L. plantarum in the final feed was estimated by spread plating techniques as ca. 2 × 108 CFU g–1. The control feed was coated by the same method and contained the equivalent amount of skimmed milk powder. All feed was stored in sealed containers at 4°C until required. Fresh feed was produced halfway through the trial.

Animals were fed twice daily with the feed amount equivalent to ca. 7% of tank biomass per day. Prior to feeding, fecal matter and uneaten feed were removed from the tanks, the unconsumed feed was collected separately from the feces, dried at RT and weighed. Five randomly selected animals from each tank were weighed weekly and survival was monitored daily. These values were used to estimate the biomass of each tank and thus the amount of feed required for the subsequent 7 days. Accurate tank biomass determinations were made, via a total count and batch weighing of the animals, at the start of the trial, at the midpoint, and at the end of the trial (28 days). From these data, average values for each tank for individual animal weight and growth rates were determined. Furthermore, to estimate FCR the amount of feed consumed was calculated by subtracting the amount of un-consumed feed from the amount administered.



Statistical Analyses

Analysis of variance (ANOVA) together with a Bonferroni multiple comparisons post hoc test was used to determine potential differences between bacterial growth curves. This followed the determination of normal distribution of the data via the application of a Kolmogorov–Smirnov test. Survival data were assessed using a log-rank (Mantel-Cox) curve comparison test. All values are shown as arithmetic means ± 1 standard error of the mean (S.E.M). The reader should refer to figure and table descriptors for respective sample (n) sizes.




RESULTS


Antagonistic Behavior of Cell-Free Supernatants of Lactobacillus plantarum, Pediococcus acidolactici, and Lactobacillus curvatus subsp. curvatus

The cell-free culture supernatants of L. plantarum and P. acidilactici inhibited the growth of V. harveyi and V. anguillarum producing 1.5–3 mm diameter clearance zones around wells (Figure 1A). The supernatant of L. curvatus subsp. curvatus, however, produced only weak, intermittent interference of V. anguillarum growth. Consequently, it was decided not to undertake further testing of L. curvatus subsp. curvatus. The ability of L. plantarum and P. acidilactici cell-free culture supernatants to inhibit the growth of V. harveyi and V. anguillarum was undiminished by heating or freeze-thawing (Figure 1B). Interestingly, cell-free culture supernatants of L. plantarum or P. acidilactici collected over the 7 day growth period produced zones of pathogen inhibition comparable with the 24 h samples.
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FIGURE 1. (A) Cell-free culture supernatant antagonistic activity assay against Vibrio harveyi. Positive results observed using cell-free supernatant from Lactobacillus plantarum (unlabeled arrow). Supernatant in the remaining wells (from other isolates from shrimp GI tracts) displayed no antagonistic activity. (B). Cell-free culture supernatant antagonistic activity assay against V. alginolyticus. Positive results observed using cell-free supernatant from L. plantarum subjected to freezing/thawing (row a) and heating (row b).


A microplate reader-based assay was used to fully quantify the interaction between culture supernatants of L. plantarum and P. acidolactici with vibrios. Cell-free culture supernatant obtained from L. plantarum and P. acidilactici inhibited the growth of both V. harveyi and V. alginolyticus over a 24 h period (Figures 2A–D). No detectable bacterial growth was observed in any of the wells containing unaltered cell-free culture supernatant at pH 4. Growth did, however, occur in wells when the pH of the cell-free supernatant was adjusted to 6.2 for both lactic acid bacteria. This growth was, however, less than that observed in the appropriate positive controls (Vibrio plus MRS broth; pH 6.2). In the case of pH adjusted L. plantarum culture supernatant, V. harveyi displayed a slight, but not statistically significant decline in growth/cell number after 15 h, when compared with the positive (bacteria-only) control. The effects were more pronounced for V. alginolyticus, where growth was significantly lower over the incubation period in wells containing the pH adjusted cell-free supernatant (pH 6.2) in comparison with that in the bacteria-only control (Figure 2B). The pH adjusted cell-free culture supernatants of P. acidilactici and L. plantarum appeared equally ineffective in inhibiting the growth of V. harveyi (Figures 2A,C). However, both were more effective in their inhibition of V. alginolyticus producing statistically significant growth inhibition (Figures 2B,D).
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FIGURE 2. Growth profiles of pathogenic Vibrio species in the presence of culture supernatants from lactic acid bacteria in vitro. Vibrio harveyi (A,C,E) and V. alginolyticus (B,D,F) were incubated in the presence of culture supernatant from Lactobacillus plantarum (A,B), Pediococcus acidilactici (C,D), and Carnobacterium maltaromaticum (E,F). Mean values ± S.E.M, n = 5 (per bacterium, 15 in total), *P < 0.05 compared to bacteria alone control and cell-free supernatant of the respective lactic acid bacterium at pH 6.2.




Screening of the Microbiota of Penaeus vannamei for Potential Novel Lactobacilli-Like Probiotic Bacteria

The isolates from P. vannamei (Table 1) represent all the colonies observed growing on MRS plates. As the gross morphology of these colonies was highly uniform, all were screened for vibriocidal activity. This screening yielded only two isolates that exhibited potential antagonistic activity toward the selected target Vibrio spp. (V. harveyi and V. alginolyticus) but both had no apparent activity against V. anguillarum. The isolates were tentatively identified using the API 50 CHL (V5.1) sugar fermentation test as the lactic acid bacterium, Carnobacterium maltaromaticum (97.7% match). The bacteria isolated on MRS media under anaerobic conditions (see Table 1) failed to grow after exposure to aerobic conditions and therefore were not tested for anti-Vibrio antagonistic behavior.


TABLE 1. Bacterial isolates from shrimp, Penaeus vannamei, and tank biofilms grown on MRS agar.
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As was the case with L. plantarum and P. acidilactici, the cell-free culture supernatants of C. maltaromaticum isolates were found to be acidic (ca. pH 4) and initially inhibited the growth of both V. harveyi and V. alginolyticus in the microplate assay (Figures 2E,F). This inhibition was not total, however, with vibrio growth occurring after 12 h in the case of V. harveyi and 18 h in the case of V. alginolyticus. Adjusting the cell-free culture supernatant pH to 6.2 for C. maltaromaticum did not interfere with the growth of V. harveyi but reduced the growth rate of V. alginolyticus in relation to the bacteria only control (Figure 2F). Cell-free supernatants of the isolates were found to have no demonstrable inhibitory activity against V. anguillarum when using zone of inhibition assays (not shown).



Carnobacterium maltaromaticum Challenge of Shrimp

Exposure of shrimp to 1 × 107 CFUs of C. maltaromaticum significantly (P = 0.0039) decreased survival (60%) over 96 h (Figure 3). Tissue from C. maltaromaticum-inoculated shrimp on MRS agar produced large numbers of colonies similar in shape and morphology to the inoculum, implying this bacterium was not effectively cleared by the host’s immune defenses. Biofilm samples collected from the tanks containing the C. maltaromaticum administered animals were positive for the presence of lactic acid bacteria 24 h after the end of the trial but no further identification of these was carried out and so their identity could be unrelated to the challenge bacteria.
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FIGURE 3. Survival of whiteleg shrimp, Penaeus vannamei, over 96 h post inoculation with Carnobacterium maltaromaticum. Each shrimp was administered 1 × 107 bacteria via intramuscular injection (n = 10 per group, 20 in total). Data were analyzed using the log-rank (Mantel–Cox) curve comparison test.




Diet Trials Using Lactobacillus plantarum

No measurable beneficial effect was observed in shrimp fed with L. plantarum supplemented diets compared with those fed control diets without probiotic. No statistically significant differences were observed between the control and L. plantarum supplemented diet groups for any of the performance parameters assessed (P > 0.05; Table 2).


TABLE 2. Performance data obtained for post-larval Penaeus vannamei fed a commercial shrimp maturation diet and the equivalent diet supplemented with Lactobacillus plantarum, for 28 days.
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DISCUSSION

In the last twenty years an increasing number of studies show improvements in growth, digestive enzymes and survival after bacterial challenge, changes in the gut microbiome, and enhanced immune capacity of P. vannamei following feeding with lactic acid bacteria alone or in combination with prebiotics, other probiotics, or immune stimulants (Chiu et al., 2007, 2021; Vieira et al., 2008; Kongnum and Hongpattarakere, 2012; Nguyen et al., 2018; Zheng et al., 2018, 2020; Du et al., 2020; Pooljun et al., 2020; Kuo et al., 2021; Prabawati et al., 2022). Most studies report enhanced growth in the presence of probiotics (e.g., Chiu et al., 2021; Kuo et al., 2021), others (Bernal et al., 2017; Nguyen et al., 2018) including our current study, did not find evidence of such improvements. We observed no changes in the recorded parameters (e.g., growth rate, FCR; Table 2) between the control and L. plantarum diet groups over the 28 day feeding period. It could be argued that the benefits of such probiotic feed may be cumulative and gradual, and therefore, would only become apparent over longer term administration, however, other workers using the same species of shrimp and a variety of probiotic bacteria (Bacillus subtilis, Pseudomonas aestumarina, Roseobacter gallaeciensis, and V. alginolyticus) have reported clear benefits in growth parameters over a similar short period (e.g., Balcázar et al., 2007). It could also be argued that the optimal environmental conditions in our recirculating aquaculture system (e.g., temperature, oxygenation, and waste product removal) and formulated shrimp diets produced the ideal growth rates that could not be further improved because of probiotic incorporation. Hence, it would be useful to repeat these trials under field conditions in commercial production sites where our environmental conditions may not be readily maintained.

Our study has shown that all three species of lactic acid bacteria tested (L. plantarum, P. acidolactici, and L. curvatus) exhibit antagonistic activity to V. alginolyticus and V. harveyi in the form of inhibitory compounds released into the culture media. The main active component in the inhibitory activity displayed by the lactic acid bacteria was probably the acidic pH. In addition to this, however, there appeared to be secondary component(s) involved in this inhibition. For instance, the pH adjusted (pH 6.2) cell-free culture supernatant of all three strains still significantly inhibited the growth of V. alginolyticus compared to the bacteria-only controls. Although the inhibition exhibited was considerably reduced compared to that of the original acidic supernatants, the presence of a secondary inhibitory component separate to organic acids was suggested. Indeed, strains of all three species of the lactic acid bacteria employed in the current study have been found to produce antimicrobial peptides or bacteriocins in addition to lactic acid (Suma et al., 1998; Blom et al., 2001; Jamuna and Jeevaratnam, 2004; Martin-Visscher et al., 2008; Funck et al., 2020). Furthermore, Corr et al. (2007) highlighted the importance of bacteriocin production as an explanation for the antagonistic behavior of lactic acid bacteria in the murine GI tract. In this model, these authors showed that strains of Lactobacillus salivarius that can produce bacteriocins were able to protect mice against Listeria monocytogenes while strains unable to produce these factors had no such ability.

The cell-free culture supernatant of the putative C. maltaromaticum isolate displayed less inhibitory ability toward potential pathogens than that of L. plantarum or P. acidilactici. Despite this, the fact that it is isolated from the host species, and therefore potentially a constituent of the normal GI tract microbiota, made it worthy of further evaluation. A fundamental question when selecting a potential probiotic is whether it is of benefit to the host organism (Fuller, 1992). Consequently, any candidate micro-organism displaying significant pathogenicity toward the host could not reasonably be forwarded for further study as a probiotic (Decamp and Moriarty, 2006; Kesarcodi-Watson et al., 2008). Our initial susceptibility studies showed that injection of the C. maltaromaticum-like isolate from shrimp resulted in a cumulative mortality of 64% after a high challenge dose of ca. 1 × 107 viable bacteria shrimp–1. For that reason, together with its limited anti-vibrio activity, we decided not to pursue it further in additional feeding trials.

Whether C. maltaromaticum, L. plantarum and P. acidilactici could maintain their inhibitory potential in vivo within the shrimp’s GI tract and benefit the host is an important question. Unless they multiply and colonize the gut, then there is arguably little chance that the anti-vibrio effect seen in the in vitro assays would be replicated in vivo without constant feeding. Many of the feeding trials of fish and shellfish with lactic acid bacteria suggest that these bacteria do not readily colonize the GI tract of such animals. For instance, Castex et al. (2008) were unable to find viable P. acidilactici in the shrimp GI tract within 24 h post-feeding. In another experiment where the authors took hourly samples post-feeding, they found a rapid reduction in P. acidilactici numbers. Similarly, Kesselring et al. (2019) fed shrimp the commercial probiotic mix, AquaStar® (a mixture of P. acidilactici, L. reuteri, Enterococcus faecium, and Bacillus subtilis) but the beneficial effects of this required continuous or pulse-feeding. Overall, however, despite the apparent lack of long-term colonization by some lactic acid bacteria of the GI tract of shellfish, such as shrimp, there are data implying that such bacteria do act to alter the microbiome (Zheng et al., 2020; Chiu et al., 2021). For example, Zheng et al. (2021) found that diets supplemented with culture supernatants without viable L. plantarum were able to modulate the gastrointestinal bacterial microbiome toward the presence of beneficial genera potentially improving the digestive activity and health of such animals. Other approaches of adding probiotics to the rearing water holding shrimp may provide a practical way around the problem of the need for constant feeding with probiotic-containing diets. One such approach could involve the incorporation of probiotic bacteria into the uni- and multi-cellular organisms in biofloc technology that has recently been studied with other bacterial probiotics (Panigrahi et al., 2020).



CONCLUSION

Lactic acid bacteria tested herein produced inhibitory factors that interfered with the growth of several pathogenic vibrios in vitro. A short-term trial feeding L. plantarum to juvenile shrimp was without significant effects on the growth and survival of such animals. Such results highlight that bacteria screened as potential probiotics using in vitro assays do not always demonstrate growth-promoting capacities in vivo. Other mechanisms, such as the inclusion of probiotic bacteria in shrimp rearing ponds as part of biofloc technology—recently studied by Panigrahi et al. (2020) and Flores-Valenzuela et al. (2021)—may be an avenue worth pursuing.
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