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Abstract

:

Tartaric acid (TA) is an organic acid whose properties in aquaculture have not yet been comprehensively studied. In the current research, the effect of dietary TA on growth indices, gut microbiota, the level of digestive enzymes, antioxidant and immunological markers, and survival rate following immersion challenge with Vibrio parahaemolyticus (14 days) in Litopenaeus vannamei were investigated. To achieve this, 600 shrimp (3.26 ± 0.05 g) were tested with pellets supplemented with five distinct concentrations of TA including 0 (TA0), 2.5 (TA2.5), 5 (TA5), 7.5 (TA7.5), and 10 g/kg (TA10) for 56 days. The results showed that the growth performance, feed utilization, gut lactic acid bacteria (LAB) count, and activity of digestive enzymes were markedly elevated in the groups receiving diets incorporated with 5 and 7.5 g/kg of TA. The highest total hemocyte count (THC), hyaline cell (HC), and semi-granular cell (SGC) counts were detected in shrimp fed with the TA7.5 diet. Hemolymph immune responses including LYZ (lysozyme), alkaline phosphatase (AKP), acid phosphatase (ACP), and phenol oxidase (PO) activities were significantly enhanced in all TA-treated groups. Dietary TA7.5 significantly boosted all antioxidant enzymes. In addition, malondialdehyde (MDA) content illustrated a significant decrease in shrimp fed with diets supplemented with 2.5–10 g/kg TA when compared with specimens fed with TA0. The survival rate following the immersion challenge with Vibrio parahaemolyticus markedly increased in all shrimp treated with 2.5–10 g/kg TA compared to TA0, irrespective of the dosage. However, the dietary inclusion of TA7.5 resulted in the highest survival rate. Based on the outcomes, dietary TA, especially at the concentration of 7.5 g/kg, is proposed to promote the growth performance and immunological indicators of L. vannamei.
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1. Introduction


The Pacific white shrimp, Litopenaeus vannamei, is one of the most well-known economical aquatic species that is broadly reared in many countries of the world due to its high growth rate, excellent feed conversion rate, and significant marketability [1,2]. Among the farmed species of crustaceans, the highest share of production (more than 50%) belongs to L. vannamei [3]. However, its production is affected by infectious agents [4] and non-biological stresses such as ammonia stress [5], herbicides [6], insecticides [7], heavy metals [8], low salinity [9], and microplastics [10]. In rearing conditions, it is feasible to achieve sustainable production through improved diets for farmed species such as L. vannamei [11]. Employing biostimulants with capabilities such as high availability, low cost, safety, and antibacterial effects is one of the top options for boosting the growth and immune function of the hosts [12]. In general, the physiological activities of animals can be affected by intestinal microbial communities [13].



Organic acids (OAs) are compounds with antimicrobial properties that have at least a hydroxyl group in their structure [14]. It is stated that organic acids can modulate intestinal microflora, inhibit the growth of opportunistic pathogens (e.g., Vibrio sp., Aeromonas sp.), and reduce antibiotic consumption [15]. In fact, the antibacterial mechanism of OA acts through lowering the cytoplasmic pH of bacteria and disrupting normal cellular reactions [16]. Earlier reports indicated that diets containing OA such as citric acid [17], formic acid [18], and succinic acid [19] effectively improved immune and antioxidant responses in L. vannamei when compared with the un-supplemented group. Moreover, OA boosts the disease resistance of animals by controlling the gut microbial population and stimulating the immune system [20]. In Vibrio harveyi-infected L. vannamei, the survival rate in groups fed with organic acids was up to 50% higher than in the un-supplemented group [21]. The findings on the influence of OAs on weight gain and feed utilization in aquatic organisms have been favorable, but these may be different depending on the chemical structure of OA and species. For instance, the administration of succinic acid markedly increased growth and feed efficiency in L. vannamei [19], while the growth and feed indices of Penaeus monodon were not affected in response to the pellets fortified with OAB (organic acid blend; formic, lactic, malic, and citric acids) [14].



Tartaric acid (TA; synonym: dihydroxybutanol, chemical formula: C4H6O6) is a chemical compound obtained from biological (fermentation) and chemical processes that is also naturally present in different fruits such as grape, banana, lychee, sweet cherry, avocado, and tamarind [22,23]. TA has gained growing popularity in food and pharmaceutical activities due to its various biological properties. Such properties include regulating acidity, improving the shelf life and sensory properties of food, stimulating the immune system, and displaying antibacterial, antioxidant, and anti-inflammatory effects [24].



V. parahaemolyticus is one of the well-known opportunistic bacteria in the marine aquaculture industry, and is associated with the emergence of the fatal infection of AHPND (acute hepatopancreatic necrosis disease) [25]. One of the effective strategies to increase the resistance against vibriosis infection and boost other physiological processes in shrimps is the administration of OAs in their diet [11,21]. Hence, the current work was performed to clarify the possible benefits of tartaric acid on growth and nutritional markers, gut microbiota profile, digestive enzymes, immunohemocyte and antioxidant responses, and survival rate following an immersion challenge with V. parahaemolyticus in L. vannamei.




2. Materials and Methods


2.1. Diet Preparation and Experimental Design


In this work, the effects of dietary tartaric acid (TA, Merck Millipore, Darmstadt, Germany) on L. vannamei were tested. Five experimental diets (Table 1), supplemented with different concentrations of TA including 0 (TA0), 2.5 (TA2.5), 5 (TA5), 7.5 (TA7.5), and 10 g/kg (TA10) were formulated. The dietary components were sieved, weighed, and accurately blended. The dietary liquid components such as soybean lecithin and oils were weighed and gently added to other ingredients in a drum mixture to produce a homogeneous mixture. After homogenization, the above mixture was made into a paste using 300 mL of water, and the resulting paste was changed to stable sticks using a meat grinder. The pellets were dehumidified for 36 h and then kept at 4 °C until consumption [26]. Finally, the biochemical status of each diet was analyzed using the standard AOAC [27] protocol.




2.2. Shrimp Rearing and Growth Performance


All applicable international, national, and/or institutional guidelines for the care and use of animals were followed. This work was conducted in the form of a completely randomized design in the laboratory located in the Bardstan site (Dyer city, Bushehr province, Iran). In total, 650 shrimp were purchased by the native supplier, and specimens were macroscopically assayed externally for any signs of damage, lesions, or parasites. Before starting the feeding trial, the shrimp were conditioned for 14 days with new physicochemical parameters including temperature: 30.5 ± 0.7 °C, salinity: 34.5 ± 1 g/L, pH: 8.2 ± 0.3, dissolved oxygen: 6.5 ± 0.5 mg/L, alkalinity: 140.4 ± 6 mg CaCO3/L, ammonia level: 0.05 ± 0.01 mg/l, nitrate (NO3-N): 5.9 ± 0.2 mg/l, and nitrate (NO3-N): 0.2 ± 0.05.



During this period, the shrimp were fed using the control diet (un-supplemented diet, TA0) thrice a day (7:30, 13:00, and 18:00) ad libitum. Then, 600 shrimp (3.26 ± 0.05; mean ± SD) were allocated to 15 fiberglass tanks (300 L, density; 40 specimens per tank) and fed with their respective diets. Aeration of the tanks was performed using two air stones linked to a blower (STREAM-HG-1500B, Zhoushan, China). To block the escape routes of the specimens, the top and outlet of the tanks were enclosed via plastic nets. The water temperature was controlled through a heater attached to each tank wall. The photoperiod was adjusted based on 12 h light/12 h dark [28].



After feeding, the remaining pellets were collected from the bottom of the tanks, dehumidified in an oven (60 °C), and weighed [29]. Water quality parameters were maintained by monitoring the physio-chemical parameters of the water, siphoning suspended particles (shells, feces, etc.), and changing 30% of the water daily [19].



After completing the rearing time, all specimens belonging to each replicate were counted and weighed. The growth performance parameters, feed conversion ratio, protein efficiency ratio, and survival rate were calculated as follows: [26]


Weight gain (WG, g) = Final weight − Initial weigh










Specific growth rate (SGR, %/day) = 100 × [(ln FW − ln IW)/d]










Feed conversion ratio (FCR) = FI/(FW−IW)










Protein efficiency ratio (PER) = weight gain (g)/protein intake (g)










Survival rate (SR, %) = (Final individual numbers/Initial individual numbers) × 100








where FW: final weight, IW: initial weight, Nf: shrimp number at the final of trial feeding, Ni: shrimp number at the initial of trial feeding, and d: days.




2.3. Sampling Procedure


After terminating the 56-day rearing trial, the animals were starved (24 h), and 15 specimens were randomly collected from each tank, immobilized, and euthanized on ice [30]. Three samples were used for the gut microbial analysis, three samples were used for evaluating the response of digestive enzymes, three samples were used to assess the oxidation capacity, and the others were used for hemolymph extraction. The body surface of the animals was disinfected with 70% alcohol, and then the gut was obtained by dissecting the abdominal part. Three samples were instantly prepared for microbial culture according to the previously described procedure (see below) [31].



To evaluate the response of the digestive enzymes, after dissection, the gut of each animal was isolated and washed using distilled water. Then, the samples were dried with a paper towel. The tissues were homogenized using mannitol–Tris buffer (50 mM mannitol, 2 mM Tris–HCl buffer, pH; 7.0) in 30 volumes (v/w) and a homogenizing tool (Heidolph® SilentCrusher-m, Schwabach, Germany) on the ice [32]. The suspension was centrifuged at 10,000× g for 30 min (4 °C), and the supernatant was separated and stored at −80 °C.



The hemolymph was taken from the pericardial cavity of the specimens using a 2 mL syringe, and then it was poured into a 1.5 mL vial containing an anticoagulant substance (Alzor; 336 mM sodium chloride, 115 mM glucose, 27 mM sodium citrate, and 9 mM EDTA) [33]. To ascertain immunological activities, the supernatant of the hemolymph was obtained by centrifuging at 4000× g for 10 min and kept at –80 °C [34].



The oxidation capacity and lipid peroxidation of the shrimps grown in the desired nutritional conditions were determined using the hepatopancreas organ. After collecting the tissues, the samples were weighed and homogenized with PBS solution (sterile phosphate-buffered saline, 0.1 M, pH = 7.4). The liquid containing the antioxidant enzymes was obtained through centrifugation (10,000× g, 4 °C for 15 min) and kept at −80 °C [32].




2.4. Analysis


2.4.1. Microbiological Determination


After weighing the guts, the samples were changed into a homogeneous suspension using a homogenizer and sterile phosphate-buffered saline (PBS). Then, successive dilutions were produced from each sample and 0.1 mL was poured into tryptic soy agar (TSA; Merck, Darmstadt, Germany) and de Man–Rogosa–Sharpe agar (MRS, Merck, Darmstadt, Germany) plates for the counting of the total count bacteria (TCB) and lactic acid bacteria (LAB), respectively. The MRS plates were incubated at 37 °C for 48 h [35,36], and the TSA plates were kept at 30 °C for 24 h [37,38]. Then, the colonies were counted, and data exhibited as CFU/g gut.




2.4.2. Digestive and Antioxidant Enzymes


The level of amylase activity was detected spectrophotometrically at 540 nm based on the method explained by Rick and Stegbauer [39]. In this procedure, soluble starch and dinitrosalicylic acid are employed as a substrate and color reagent, respectively. The lipase activity was examined as explained by Kiran et al. [40]. For this, 480 μL pNPP (p-nitrophenyl palmitate) was mixed with 20 μL enzyme extract and then kept at 37 °C for 15 min. The supernatant was obtained by centrifuging the mixture at 10,000× g for 10 min. Finally, OD was detected at 410 nm. The quantitation of the protease level was detected using the spectrophotometry method at 500 nm and according to the protocol explained by García-Carreño [41].



The level of hepatopancreas enzymatic activity (superoxide dismutase; SOD, glutathione peroxidase; GPX, and catalase; CAT) and lipid peroxidation content were measured using the kits produced by Zelbio Co. (GmBH Co., Lonsee, Germany) and according to the manufacturer’s protocol.




2.4.3. Hemolymph Indices and Immunological Assays


The enumeration of the total hemocyte count (THC) was conducted via a Neobar slide and a light microscope device as previously recommended by Abdollahi-Arpanahi et al. [42]. Determining the percentage of hemocyte types was carried out by revealing morphological aspects of hemocytes (nucleo-cytoplasmic ratio, color and granule count, and cell diameter) using the May–Grunwald and Giemsa staining technique and detecting them under a light microscope [43].



The activity of lysozyme (LYZ) in hemolymph was evaluated via turbidity test using a Gram-positive bacterium, Micrococcus lysodeikticus (Sigma, St Louis, MO, USA). Accordingly, 25 μL of hemolymph was pipetted into 175 μL of bacterial sample (prepared in PBS: 50 Mm and pH 6.5). The reaction was kept at 22 °C for 15 min, and optical density (OD) was detected at 450 nm [44].



Assaying phenoloxidase activity was carried out using the colorimetric method via the formation of red pigment dihydroxyphenylalanine (DOPA)-chromium. In brief, an equal dose (50 μL) of the enzymatic substrate L-dihydroxy phenylalanine (L-DOPA) and hemolymph was kept at 20 °C for 5 min. Then, OD was read at 490 nm [45].



The activity of acid phosphatase and alkaline phosphatase was measured following the incubation of 100 μL of hemolymph sample with 2 mL of p-nitrophenyl phosphate in citrate buffer at pH = 5 (as ACP substrate) and 2 mL p-nitrophenyl phosphate in glycine-NaOH buffer at pH = 9 (as AKP substrate) for 30 min at a temperature of 37 °C and absorbance reading was taken at 405 nm [46].




2.4.4. Challenge Test


In this study, a disease challenge was performed using the Vibrio parahaemolyticus bacterium ATCC 17,802 obtained from the Center of Genetic and Biological Reserves of Iran. This work was conducted in full compliance with quarantine and health principles and in a completely isolated place far from the rearing farms. This bacterium was grown in optimal conditions including tryptic soy broth (TSB) medium mixed with 2% (w/v) NaCl at 30 °C overnight. The bacterial pellets were obtained by centrifugation of the supernatant at 7000× g at 4 °C for 20 min, and then they were washed twice with the relevant solution (PBS). Finally, the concentration was adjusted using spectrophotometry at 1 × 108 at 600 nm based on significant previous results [47].



The animals were subjected to this strain with a concentration of 106 CFU/mL via the immersion method for 2 h based on results obtained by Sha et al. [48]. In the challenge time, the water quality parameters were similar to the rearing phase. Then, infected samples were stored in tanks (100 L containing 50 L water; 15 shrimp per tank) and losses were recorded daily for 14 days. During this period, the status of the specimens was monitored four times a day, and mortality and abnormalities were detected. Furthermore, the animals were fed, and water quality parameters were monitored in a manner consistent with the rearing phase.




2.4.5. Statistical Analysis


Data analysis was conducted using an ANOVA (one-way analysis of variance) test in an SPSS software (version 20) environment. Tukey’s multiple range test was applied to detect remarkable discrepancies among the experimental treatments (p < 0.05) following checking the normality of the data and homogeneity of the variance using Shapiro–Wilk and Levene tests. Assumptions were met in all cases. The outcomes were illustrated as mean ± SD.






3. Results


3.1. Growth Performance Parameters


The growth performance parameters, FCR, PER, FI, and SR in the Pacific white shrimp fed with different concentrations of TA are exhibited in Table 2. Accordingly, FW, WG, and PER in groups treated with 5–10 g/kg of TA-supplemented diets were markedly higher than the TA0 treatment (p < 0.05). All TA-supplemented diets markedly enhanced SGR value compared to the TA0 group (p < 0.05). Except for TA2.5, the FCR value in other treatments was remarkably lower than the TA0 treatment (p < 0.05).



SR and FI were similar among the different treatments (p > 0.05). Based on the quadratic regression test, there was a remarkable relationship between the shrimp FW (R2 = 0.81), WG (R2 = 0.82), SGR (R2 = 0.84), FCR (R2 = 0.78), and PER (R2 = 0.73) with the dietary TA concentrations (Table 2), and the best levels were acquired at TA concentrations of 7.08 g, 6.22, 6.86 g, 7.14 g, and 7.05 g according to the FW, WG, SGR, FCR, and PER, respectively (Table 2).




3.2. Gut Total and Lactic Acid Bacteria


According to Figure 1, the highest gut TCB count was obtained in animals fed with diets containing 5 and 7.5 g/kg of TA (p < 0.05). In addition, the gut LAB count was markedly elevated in response to pellets fortified with 5–10 g/kg of TA (p < 0.05). Based on the quadratic regression test, there was a remarkable relationship between the shrimp LAB (R2 = 0.75) and TBC (R2 = 0.79) with the dietary TA concentrations (Figure 1), and the best levels were acquired at TA concentrations of 7.43 g and 6.9 g according to the LAB and TBC, respectively (Figure 1).




3.3. Digestive Enzyme Activity


As Figure 2 indicates, the diet of 5, 7.5, and 10 g/kg TA remarkably elevated the amylase level compared to the TA0 treatment (p < 0.05). All TA-treated groups significantly improved protease activity with a similar trend higher than the TA0 (p < 0.05). The shrimp fed with pellets administrated with 5 and 7 g/kg TA presented a higher (p < 0.05) lipase level than the TA0. Based on the quadratic regression test, there was a remarkable relationship between the shrimp protease activity (R2 = 0.78) and amylase activity (R2 = 0.75) with the dietary TA concentrations (Figure 2), and the best levels were acquired at TA concentrations of 7.1 g and 6.82 g according to the protease activity and amylase activity, respectively (Figure 2).




3.4. Measuring the Response of Antioxidant Markers and MDA Content


The dietary administration of 5, 7.5, and 10 g/kg induced a notable increase in the SOD activity compared to the TA0 (Figure 3). The specimens fed with the TA7.5 diet showed a significant improvement in GPX activity compared to the TA0 (p < 0.05). Dietary supplementation of TA at all concentrations markedly boosted the activity of CAT compared to the TA0 (p < 0.05). The dietary supplementation of TA at concentrations of 5–10 g/kg significantly decreased the MDA content when compared to the TA0 group (p < 0.05). Based on the quadratic regression test, there was a remarkable relationship between the shrimp SOD activity (R2 = 0.77), CAT activity (R2 = 0.75), and MDA content (R2 = 0.77) with the dietary TA concentrations (Figure 3) and the best levels were acquired at TA concentrations of 9.25 g, 7.49 g, and 9.1 g according to the SOD activity, CAT activity, and MDA content, respectively (Figure 3).




3.5. Innate Immune Responses


As indicated in Table 3, the SGC and HC counts were remarkably elevated in TA7.5 compared with the TA0 treatment (p < 0.05). In addition, the THC count was markedly enhanced in all specimens receiving TA compared to animals fed with the diet without TA (TA0). Moreover, the maximum THC count was observed in the TA7.5 group (p < 0.05). The LGC count was similar between the different treatments (p > 0.05).



Interestingly, hemolymph immune responses including LYZ, PO, AKP, and ACP in the specimens fed with all dietary TA levels were higher than the TA0 group (p < 0.05). Based on the quadratic regression test, there was a remarkable relationship between the shrimp THC count (R2 = 0.71), LYZ activity (R2 = 0.79), PO activity (R2 = 0.82), AKP activity (R2 = 0.72), and ACP activity (R2 = 0.80) with the dietary TA concentrations and the best levels were acquired at TA concentrations of 7.49 g, 7.73 g, 8.04 g 7.11 g, and 7.62 g according to the THC count, LYZ activity, PO activity, AKP activity, and ACP activity, respectively.




3.6. Challenge Test


The mortality rate (MR) of L. vannamei exposed to V. parahaemolyticus during a 14-day period is exhibited in Figure 4. At the end of the bacterial challenge period, all supplemented groups revealed a remarkably lower MR compared to the TA0 (p < 0.05). Moreover, the minimum MR was observed in the TA7.5 group, which presented a lower MR than the other TA groups (p < 0.05).





4. Discussion


4.1. Growth Markers, Gut LAB, and Digestive Enzyme Activities


In recent years, the acidification of aquafeed using OA has created several benefits for the digestive system health and growth of aquatic animals [12,19]. To date, no research has examined the properties of a dietary administration of TA on shrimp. In the current research, pellets fortified with TA at 5–10 g/kg significantly improved WG, FW, SGR, and FCR. Similarly, feeding L. vannamei with succinic acid at a concentration of 5 g/kg diet resulted in elevated FW, SGR, and FCR [19]. Similar data were also documented in L. vannamei fed with a diet supplemented with 2% potassium diformate (KDF) [12]. Several studies have reported that the dietary inclusion of OA boosted nutrient digestibility, protein, and energy storage, leading to a notable increase in PER, FCR, and SGR in shrimp [2,17,21]. It has been indicated that OA increases the availability of nutrients by lowering the pH. This action is accompanied by the chelation of minerals and the dephosphorylation of phytate, which facilitate the absorption of phosphorus and minerals, respectively [14,49]. In addition, OA participates in metabolic activities such as the carboxylic acid cycle, thereby increasing the generation of adenosine triphosphate (ATP), which, in turn, improves growth performance and feed utilization [37,50].



It has been demonstrated that the acidification of aquafeed with OA could regulate the gut microbiota by increasing beneficial strains resistant to acidity (e.g., LAB) and lysing bacteria sensitive to low pH [2,17,20]. Previous reports have revealed that gut LAB plays a vital role in the modulation of gut enzymatic capacity, thereby enhancing the growth performance of the host [51,52]. In this study, the inclusion of TA in the pellet at the concentration of 5–10 g/kg was able to fortify the abundance of indigenous LAB in the intestine, which was associated with the increase in intestinal digestive enzyme activity and growth performance. Similarly, other findings indicated that enhancing the LAB population led to improving digestive enzyme activity, such as yellowfin seabream (Acanthopagrus latussodium) [53] and L. vannamei [1,19] fed with an organic acid blend (propionate (Na-P) and sodium acetate) and succinic acid, respectively.




4.2. Immune Status


Shrimp and other crustaceans lack evolved specific immune responses, and, unlike fish, rely mainly on innate immune responses such as phagocytosis ability, antimicrobial peptides, and phenoloxidase activity; hence, boosting the innate immune system of shrimp in commercial conditions is essential [54]. Circulating hemocytes including hyaline cells, large granular cells, and semi-granular cells are the main mediators in creating cellular and humoral responses in crustaceans [55]. Therefore, measuring their count is one of the most reliable indicators to determine the effect of manipulated diets on immunity [56]. In the present research, the THC count markedly increased in all supplemented groups, which could be related to the maximum release of minerals such as copper and iron (Reda et al. [37]). Consistent with our results, feeding L. vannamei with sodium butyrate significantly improved the THC count [57]. In addition, the THC count was markedly elevated in L. vannamei supplemented with formic acid plus astaxanthin [18]. Alterations in the hemocyte count can also influence innate immune responses [54].



Phenol oxidase is a main metabolite in the prophenoloxidase system and presents varied immunity responses against pathogens including phagocytosis activity, melanization reaction, the liberation of cytotoxic substances, the encapsulation of parasites, and nodule formation [49]. Lysozyme is one of the well-known components of the innate immune system of aquatic animals, which is mainly responsible for the destruction of Gram-positive bacteria [58]. Our findings showed that the activity level of LYZ and PO were increased in all TA-treated shrimps compared to the control group, regardless of the dosage. No research has been performed to investigate the immunoprotective effects of TA on LYZ and PO in shrimp. However, other findings demonstrated that OA has the potential to stimulate the natural immune response in fish and shellfish. Su et al. [17] found that the dietary administration of citric acid at levels of 2 and 3 g/kg significantly boosted LYZ and PO activities in L. vannamei. Maslowski and Mackay [59] reported that different organic acids act as ligands for G protein-coupled receptor 43 and regulate immune reactions in aquatic animals.



In this work, ACP and AKP levels, as two lysosomal enzymes involved in hydrolytic activities, increased in all TA-treated animals. The mechanism of OAs on ACP or AKP levels in fish or shrimp has not been precisely identified. However, in poultry, some findings claimed that the increase in AKP in poultry serum is due to increased phosphorus digestibility and absorption [60,61,62]. They reported that the addition of OAs to the diet led to a decrease in gut pH and an increase in the transport of minerals from the digestive tract into the bloodstream. In fact, OA facilitates the activity of phytase enzyme to hydrolyze phytate by reducing gut pH and improving the absorption of minerals [11]. Recently, Liu et al. [2] reported a notable increase in the activity of ACP in L. vannamei fed with diets containing sodium butyrate/tributyrin. In addition, the addition of sodium benzoate to pellets significantly influenced the activity of AKP and ACP in L. vannamei [63].



However, the AKP activity was not affected by the mentioned diets in the same study. The properties of TA in stimulating the immune system may be related to regulating the intestinal microbial population or directly through stimulating the secretion of immune components by lymphoid tissues and altering some inflammatory responses.




4.3. Antioxidant Markers


Boosting the enzymatic or non-enzymatic reactions of the antioxidant system during the growth period plays a vital role in improving the health of crustaceans against biological or non-biological stress factors [64]. The inclusion of OA in the diet is one of the most practical and effective techniques used to improve the antioxidant status of L. vannamei. In this study, increasing the availability of minerals as cofactors for antioxidant enzymes can be one of the possible reasons for boosting the antioxidant status in supplemented groups [53,65]. Huang et al. [63] reported that dietary sodium benzoate could boost the activity of antioxidant enzymes in L. vannamei. Also, the SOD activity was significantly enhanced in L. vannamei fed with pellets fortified with formic acid plus astaxanthin [18].



Moreover, the ability of TA in ROS (reactive oxygen species) to scavenge or increase the level of mitochondrial enzymes is well speculated in in vitro conditions [24].




4.4. Challenge Test


Increasing the survival rate against fatal infections is one of the main goals of adding biostimulants to aquafeed [47]. In this research, the pellets fortified with TA at all concentrations led to a significant decrease in the mortality rate of the specimens fed with this diet compared to those given the TA0 treatment. Moreover, the minimum MR was obtained in the TA 7.5 group, which was three times lower than the control group. This can be related to the better regulation of the intestine microflora, increasing the immune and antioxidant capacity of shrimp belonging to this treatment. Similarly, the disease resistance against V. parahaemolyticus was enhanced in the Pacific white shrimp fed with formic acid [18] and citric acid plus sorbic acid [11].





5. Conclusions


The findings indicated that dietary tartaric acid boosted the growth markers and defense systems of L. vannamei. The notable improvements in growth indices, feed utilization, gut LAB, digestive enzyme activities, hemolymph immune parameters, antioxidant status, and disease resistance against V. parahaemolyticus were particularly recorded in the shrimp fed with TA7.5 diet. These results showed that TA could be considered a novel immunopotentator and growth stimulator for L. vannamei rearing. However, more research is recommended to explore the properties of tartaric acid alone or in combination with other biostimulants such as probiotics on gut morphology, the expression of genes related to growth, immunity, and antioxidant capacity, as well as its benefits against environmental stresses in fish/shellfish.
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Figure 1. (A): Gut TCB (total count bacteria) and LAB (lactic acid bacteria) count in L. vannamei after treatment with different concentrations of tartaric acid (TA) (0–10 g/kg) for 56 days. (B,C): Relationships between the dietary TA levels and LAB (count CFU/g) and TBC (count CFU/g) in L. vannamei (n = 3). Dissimilar letters above the bars represent significant differences among the experimental groups (Tukey test; n = 3, p < 0.05). OD: optimum dose; R2: R square. 
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Figure 2. (A): Digestive enzyme activities in L. vannamei after treatment with different concentrations of tartaric acid (TA) (0–10 g/kg) for 56 days. (B–D): Relationships between the dietary protease activity (U/mg protein), lipase activity (U/mg protein), and amylase activity (U/mg protein) in L. vannamei (n = 3). Dissimilar letters above the bars represent significant differences among the experimental groups (Tukey test; n = 3, p < 0.05). 
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Figure 3. (A,B): Serum SOD (superoxide dismutase), GPX (glutathione peroxidase), CAT (catalase) activity, and MDA (malondialdehyde) value in L. vannamei after treatment with different concentrations of tartaric acid (TA) (0–10 g/kg) for 56 days. (C–F): Relationships between the dietary TA levels and SOD (U/L), GPX (U/L), CAT (U/L) and MDA (nM/mL) in L. vannamei (n = 3). Dissimilar letters above the bars represent significant differences among the experimental groups (Tukey test; n = 3, p < 0.05), OD; optimum dose, R2; R square. 
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Figure 4. Cumulative mortality during bacterial challenge with Vibrio parahaemolyticus in L. vannamei after treatment with different concentrations of tartaric acid (TA) (0–10 g/kg) for 56 days. Different letters following the lines of each treatment represent the significant differences among the experimental groups (Tukey test; n = 3, p < 0.05). 






Figure 4. Cumulative mortality during bacterial challenge with Vibrio parahaemolyticus in L. vannamei after treatment with different concentrations of tartaric acid (TA) (0–10 g/kg) for 56 days. Different letters following the lines of each treatment represent the significant differences among the experimental groups (Tukey test; n = 3, p < 0.05).



[image: Jmse 12 00083 g004]







 





Table 1. Feedstuffs and proximate analysis of the basal diet (g/kg in dry matter).
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	Ingredients
	TA0
	TA2.5
	TA5
	TA7.5
	TA10





	Fishmeal a
	300
	300
	300
	300
	300



	Soybean meal b
	200
	200
	200
	200
	200



	Blood meal
	30
	30
	30
	30
	30



	Wheat gluten meal
	50
	50
	50
	50
	50



	Squid liver powder
	50
	50
	50
	50
	50



	Wheat flour
	140
	140
	140
	140
	140



	Corn starch
	80
	80
	80
	80
	80



	Calcium phosphate
	25
	25
	25
	25
	25



	Fish oil
	40
	40
	40
	40
	40



	Vitamin premix c
	20
	20
	20
	20
	20



	Mineral premix c
	20
	20
	20
	20
	20



	Cholesterol d
	5
	5
	5
	5
	5



	Lecithin
	20
	20
	20
	20
	20



	Cellulose e
	20
	17.5
	15
	12.5
	10



	Tartaric acid
	0
	2.5
	5
	7.5
	10



	Composition
	1000
	1000
	1000
	1000
	1000



	Crude protein
	41
	40.95
	40.90
	40.85
	40.85



	Crude lipid
	8.90
	8.85
	8.80
	8.75
	8.80



	Crude ash
	8.30
	8.30
	8.35
	8.35
	8.4



	Moisture
	9.60
	9.65
	9.65
	9.7
	9.7







a Behparvar Aquafeed Co., Gorgan, Iran. b Soyabean Co., Gorgan, Iran (crude protein 45.5%). c The premix provided following amounts per kg of feed: A:1000 IU; D3: 5000 IU; E: 20 mg; B5: 100 mg; B2: 20 mg; B6: 20mg; B1: 20 mg; H: 1 mg; B9: 6 mg; B12: 1 mg; B4: 600 mg; C:50 mg; Mg: 350 mg; Fe: 13 mg; Co: 2.5 mg; Cu: 3 mg; Zn: 60mg; Se: 0.3 mg; I: 1.5 mg; Mn: 10 mg). Chinechin Co., Tehran, Iran. d Kimia Roshd Co., Gorgan, Iran. e Sigma, Taufkirchen, Germany.













 





Table 2. Growth performance parameters, FCR, PER, FI, and SR of L. vannamei fed with diets containing 0–10 g/kg tartaric acid (TA) for 56 days.
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Treatments

	




	
Parameters

	
TA0

	
TA2.5

	
TA5

	
TA7.5

	
TA10

	
OD (g)

	
R2






	
IW(g)

	
3.22 ± 0.02 a

	
3.24 ± 0.06 a

	
3.26 ± 0.07 a

	
3.27 ± 0.02 a

	
3.31 ± 0.05 a

	

	
0.31




	
FW (g)

	
11.50 ± 0.30 c

	
12.36 ± 0.25 bc

	
13.63 ± 0.60 a

	
13.46 ± 0.30 a

	
12.73 ± 0.25 ab

	
7.08

	
0.81




	
WG (g)

	
8.27 ± 0.27 d

	
9.12 ± 0.21 cd

	
10.36 ± 0.57 a

	
10.19 ± 0.30 ab

	
9.42 ± 0.21 bc

	
6.22

	
0.82




	
SGR (% d−1)

	
2.27 ± 0.03 c

	
2.39 ± 0.02 b

	
2.55 ± 0.07 a

	
2.52 ± 0.04 a

	
2.40 ± 0.02 b

	
6.86

	
0.84




	
FCR

	
1.49 ± 0.07 a

	
1.36 ± 0.06 ab

	
1.16 ± 0.08 c

	
1.19 ± 0.05 bc

	
1.29 ± 0.06 bc

	
7.14

	
0.78




	
PE