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Abstract
The current research aimed to assay the role of dietary supplementation of Lactobacillus 
delbrueckii subsp. bulgaricus (LDB) and Asparagus officinalis L. (AR) root in a single 
form or combination (as synbiotics) on growth performance, digestive enzyme activities, 
gut lactic acid bacteria (LAB), and multi-biomarkers against crowding stress in rainbow 
trout. During a 60-day feeding trial, rainbow trout (initial weight, 35.48 ± 0.34 g) were 
subjected to seven experimental diets including CG (control group without LDB and/or 
AR inclusion), LDB7 (1 ×  107 CFU/g CG), LDB9 (1 ×  109 CFU/g CG), AR5 (5 g/kg 
CG), AR10 (10 g/kg CG), LDB7 + AR5 (1 ×  107 CFU/g CG + 5 g/kg CG), and LDB9 
+ AR10 (1 ×  109 CFU/g CG + 10 g/kg CG). After 60 days, all supplemented diets with 
LDB and/or AR significantly improved growth performance, feed utilization, and digestive 
protease enzyme. Moreover, these feed additives could mitigate the stress-related effects 
on serum immune responses, hematocrit percentage (%), hemoglobin value, white blood 
cell and neutrophil counts, glutathione peroxidase and superoxide dismutase activities, 
malondialdehyde content, and cortisol and glucose value, as well as alkaline phosphatase 
and aspartate aminotransferase levels (P < 0.05). The highest red blood cell count was 
obtained in the fish of the LDB7 + AR5 group at both experimental times (before and 
after stress). Dietary supplementation of synbiotics markedly improved amylase and lipase 
activities and total bacterial count (TBC) (P < 0.05). Serum catalase activity was signif-
icantly improved in response to diets supplemented with LDB7, AR5, and synbiotics at 
both times (P < 0.05). After stress, monocyte count in fish fed with dietary supplementa-
tion of LDB and/or AR except for the LDB7 group was significantly higher than that in the 
control group (P < 0.05). Although all dietary supplements of LDB and/or AR exhibited 
beneficial effects on most tested parameters, synbiotic diets, especially LDB7 + AR5, pro-
vided higher efficiency on metabolic processes and microbial function. Furthermore, they 
strongly alleviated the negative effects of crowding stress on immune, hematological, anti-
oxidant, and serum biochemical markers. Therefore, dietary AR5 + LDB7 is recommended 
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for high-stocking density rainbow trout rearing systems and aquaculture operations such as 
fish transportation.

Keywords Oxidative biomarkers · Growth performance · Symbiotic · Rainbow trout · 
Immunological parameters

Introduction

Rainbow trout (Oncorhynchus mykiss) is one of the commonly cultured species in inland 
water bodies (739,500 t in 2020; 1.6% of total) and accounts for the large volume of sal-
monid production (FAO 2022). In the past few years, the continuous reduction of avail-
able freshwater resources, deficiency of land, and the prospect of enhanced profitability 
have driven a shift in rainbow trout production towards intensive rearing systems (Mir-
ghaed et al. 2018; Chekani et al. 2021). However, this culturing system is stressful for fish 
due to increased ammonia and carbon dioxide value, suspended particles, and oxygen fluc-
tuations (Yousefi et al. 2023a, 2023b, 2023c, 2023d; Gabr et al. 2023). In this situation, 
increased stress hormones impair the host’s immune system and growth performance by 
suppressing the immune and respiratory systems and inhibiting the activity of thyroid hor-
mones (Yousefi et al. 2019; Chekani et al. 2021). Moreover, crowding stress can result in 
the excessive production of reactive oxygen species (ROS), disrupting cellular integrity, 
and the leakage of liver enzymes into the blood circulation system (Mirghaed et al. 2018; 
Ibrahim et al. 2021).

One practical way to increase fish’s physiological capacity to withstand abnormal condi-
tions is dietary administration with various biostimulants (Acar et al. 2019; Kesbiç et al. 
2020; Pawar et  al. 2023). Among them, probiotics, prebiotics, and their combination as 
synbiotics are some of the most profitable biostimulants (Sewaka et  al. 2019; Yousefi 
et al. 2023a, 2023b, 2023c, 2023d). Several studies indicated that dietary supplementation 
of synbiotic can boost growth variables, digestive enzymes, and immune and antioxidant 
responses of the host (Kumar et  al. 2018a, 2018b; Aftabgard et  al. 2019; Yousefi et  al. 
2023a, 2023b, 2023c, 2023d). To the best of our knowledge, only a limited number of stud-
ies have explored synbiotic properties against stress in fish. Azimirad et al. (2016) assayed 
the effects of Pediococcus acidilactici and fructooligosaccharide on angelfish (Pterophyl-
lum scalare) and found clear evidence of improvement in mitigating environmental stress 
including high salinity and low temperature. Therefore, more studies are needed to exam-
ine the potential of synbiotics in addressing various stresses, such as crowding, in rainbow 
trout.

Lactobacillus delbrueckii subsp. bulgaricus (LDB) isolated from yogurt is widely used 
in the fermentation process of animal and plant products (Aslim et al. 2007). In aquacul-
ture, dietary supplementation of LDB could improve immune parameters in Barbus grypus 
(Mohammadian et al. 2016) and attenuated the toxic effects of lead (Pb) on the hemato-
logical and immune parameters of rainbow trout (Mohammadian et al. 2020). In addition, 
previous findings at the in vitro conditions showed that this strain produces compounds 
with high antioxidant activity, such as exopolysaccharide, which can act as stress relievers 
(Abedi et al. 2013; Khalil et al. 2022).

Asparagus officinalis root (AR) is a perennial and herbaceous plant and its roots are 
rich in natural prebiotic sources such as fructans, xylose, inulin, and arabinose (Guo et al. 
2020; Zou et al. 2021). These polymers can be selectively employed as substrates for the 
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production of valuable metabolites such as short-chain fatty acids (SCFAs) (Redondo-
Cuenca et  al. 2023). Zou et  al. (2021) reported that asparagus powder increased propi-
onic acid and butyric acid levels in mice’s gut by changing the gut microbial composition. 
Previous findings in aquaculture also showed that the combination of natural prebiotics 
and LAB such as Jerusalem artichoke + Lactobacillus rhamnosus (Sewaka et  al. 2019) 
and gum Arabic + Lactobacillus helveticus (Yousefi et  al. 2023a, 2023b, 2023c, 2023d) 
enhanced the growth and immune parameters of red tilapia (Oreochromis spp.) and com-
mon carp (Cyprinus carpio), respectively. Considering the multiple beneficial properties of 
pre-/pro- and synbiotics in fish, the present study was carried out to reveal another possible 
advantage of these biostimulants in reducing or neutralizing the negative effects of crowd-
ing stress on the physiological system of rainbow trout.

Material and methods

Preparation of feed additives

The L. delbrueckii subsp. bulgaricus bacterium DSM 20081, (LDB) was supplied from 
the Center of Genetic and Biological Reserves of Iran. The LDB was transferred to 
Man, Rogosa, Sharpe (MRS) culture medium and incubated in a shaking incubator at 
37 °C for 48 h. Then, the cells were centrifuged at 4000 g for 15 min, washed three 
times using sterile phosphate-buffered saline (PBS), and resuspended in PBS. Next, the 
LDB was added to the basal diet to create probiotic-enriched diets (Mohammadian et al. 
2016). The concentrations of 1 ×  107 CFU/g and 1 ×  109 CFU/g of diets were selected 
based on the favorable outcomes documented in previous studies (Mohammadian et al. 
2016; Mohammadian et  al. 2020). The number of bacterial cells was determined by 
the spectrophotometric method at 600 nm and confirmed by the poured-plate technique 
(Mohtashami et  al. 2021). Asparagus roots were obtained from a reputable grocery 
store in Shahrekord city. Roots were washed, dried in the shade, and broken into smaller 
slices. A mill powdered these slices. AR powder was incorporated into the paste at con-
centrations of 5 and 10 g/kg based on studies (Sewaka et al. 2019; Yousefi et al. 2023a, 
2023b, 2023c, 2023d).

Diet preparation

Seven experimental diets including CG (control group without LDB and/or AR inclusion), 
LDB7 (1 ×  107 CFU/g CG), LDB9 (1 ×  109 CFU/g CG), AR5 (5 g/kg CG), AR10 (10 g/kg 
CG), LDB7 + AR5 (1 ×  107 CFU/g CG + 5 g/kg CG), and LDB9 + AR10 (1 ×  109 CFU/g 
CG + 10 g/kg CG) were considered to conduct this research. The prepared ingredients 
were blended (Table 1) for 20 min. Then, 30% water was joined to the desired ingredients 
to form a paste. The pellets were made by passing the dough from a meat grinder. The 
obtained pellets were dried for 24 h and saved at 4 °C until use. Besides, the preparation of 
the treated diets was carried out by slowly adding the LDB suspension and AR to the other 
components in a drum mixer to obtain a homogeneous paste (Giri et al. 2013; Mohamma-
dian et al. 2019a, 2019b). This was performed under sterile conditions. The biochemical 
composition of the diets was ascertained using standard methods (AOAC 1995). In order to 
prevent the reduction of the count of LDB in the pellets, experimental diets were prepared 



3298 Aquaculture International (2024) 32:3295–3315

1 3

every 14 days. Besides, the count of LDB colonies in the respective diets was confirmed 
through culture on MRS medium (Yousefi et al. 2023a, 2023b, 2023c, 2023d) (Table 1).

Experimental procedure

A total of 900 rainbow trout juveniles were obtained from a local farm in Ardal city and 
transferred to our laboratory in Dehcheshmeh Village (Chahrmahal and Bakhtyari, Iran). 
Fish health was confirmed by examining swimming patterns and feeding behaviors, as 
well as the absence of disease signs or external injuries on the body surface. The fish were 
stocked in 1000-l tanks for 14 days to adapt to the new environmental conditions. During 
the adaption, the feeding of specimens was carried out using the control diet three times 
(7:30, 13:30, and 19:30) a day and based on ad libitum (Naderi Farsani et al. 2021). After 
elapsed adaption time, 840 fish (initial weight, 35.48 ± 0.34) with healthy physical and 
normal swimming and almost equal weights were selected and transferred to 21 tanks (3 

Table 1  Feedstuffs and compositions of the experimental diets (Yousefi et al. 2023a, 2023b, 2023c, 2023d)

a Zafar Fishmeal Factory, Guilan, Iran (crude protein 66.10%)
b Soyabean Co., Gorgan, Iran (crude protein 45.2%)
c Glucosan Co., Qazvin, Iran
d The premix provided following amounts per kilogram of feed: vitamin premix: retinol acetate (A), 6000 
IU; cholecalciferol  (D3), 2250 IU; DL-atocopheryl acetate (E), 225 mg; menadione sodium bisulfite  (K3),15 
mg; ascorbic acid (C), 700 mg; Dbiotin (H2), 0.6 mg; thiamin mononitrate  (B1), 36 mg; riboflavin  (B2), 45 
mg; calcium D-pantothenate  (B3), 7200 mg; niacin amide  (B5), 135 mg; pyridoxine hydrochloride  (B6), 36 
mg; folic acid  (B9), 9 mg; cyanocobalamin  (B12), 0.045 mg; antioxidant 75 mg, 3 mineral premix: mineral: 
Fe, 45 mg; Cu, 5.4 mg; Co, 0.75 mg; Se, 0.15 mg; Zn, 75 mg; Mn 5.37 mg; I, 5.4 mg; choline chloride, 
2250 mg

Ingredients (g/kg dry basis) Control LDB5 LDB9 AR5 AR10 LDB5 + AR5 LDB9 + AR10

Fish  meala 340 340 340 340 340 340 340
Soybean meal b 140 140 140 140 140 140 140
Wheat flour 180 180 180 175 170 175 170
Corn  glutenc 175 175 175 175 175 175 175
Rice  branc 36 36 36 36 36 36 36
Sunflower oil 48 48 48 48 48 48 48
Fish oil 23 23 23 23 23 23 23
Molasses 20 20 20 20 20 20 20
Vitamin  mixd 16 16 16 16 16 16 16
Mineral  mixd 15 15 15 15 15 15 15
Salt 7 7 7 7 7 7 7
LDB (CFU/g) 0 107 109 0 0 107 109

AR (g/kg) 0 0 0 5 10 5 10
Proximate composition% in dry 

basis
 Crude protein 42.10 42.12 42.15 42.0 42.05 42.02 42.06
 Crude lipid 16.25 16.30 16.32 16.35 16.40 16.35 16.40
 Crude ash 9.25 9.26 9.30 9.30 9.33 9.35 9.30
 Dry matter 91.40 91.45 91.50 91.60 91.65 91.62 91.68
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tanks per group,40 animals per tank; 30 kg biomass/m3) (Mirghaed et  al. 2018; Yousefi 
et  al. 2023a, 2023b, 2023c, 2023d). The fish received their respective diets during the 
60-day feeding trial. The water flow was 0.5 l/min*kg and aeration was maintained con-
tinuously to provide an acceptable level of oxygen. Besides, uneaten pellets and feces were 
removed from each tank daily through siphons. The water physicochemical parameters 
including temperature (15.2–16 °C), dissolved oxygen (7.7–8.1 mg/l), pH (7.7–7.8), and 
unionized ammonia nitrogen (0.002 mg/l) were recorded. During the feeding trial, the rear-
ing density was always set at 30 kg/m3 through measuring the weight of the biomass. At 
the end of the feeding trial, the density of fish increased to 60 kg/m3 by reducing the water 
volume, subjecting them to 2 weeks of crowding stress (Mirghaed et  al. 2018; Chekani 
et al. 2021; Yousefi et al. 2023a, 2023b, 2023c, 2023d). In this phase, feeding and other 
rearing practices were similar to the previous phase and water physicochemical parameters 
were as follows: temperature 15.5–16.2 °C, dissolved oxygen 6.3–7.25 mg/l, pH 7.65–7.75, 
and unionized ammonia nitrogen 0.006 mg/l.

Growth performance and sampling

After the completion of the rearing period in the first phase, specimens were fasted for 24 
h. Then, all fish within each tank were weighed and counted to assess growth variables, 
survival rate, and feed utilization. The aforementioned parameters were calculated using 
the below listed formulas (Chekani et al. 2021).

where Nf is the fish number at the final trial feeding, Ni fish number at initial trial feeding, 
and d days.

Sampling

To obtain a blood sample, three fish were caught randomly from each experimental tank. 
The specimens were sedated using an anesthetic solution (eugenol, 100 mg/l, Yousefi et al. 
2023a, 2023b, 2023c, 2023d), and their body surface was dried with tissue paper. Blood 
sampling from the caudal stem was carried out using standard 2-mm syringes. To meas-
ure the serum and hematology parameters, blood samples were aliquoted into the tubes 
containing the anticoagulant and the tubes without it, respectively. To obtain the serum, 
the blood samples that were not mixed with heparin were centrifuged (3000 g for 10 min 
at 4 °C). Then, the obtained supernatant was immediately stored at − 80 °C until the eval-
uation of serum enzymes and immune variables (Naderi Farsani et  al. 2021). Moreover, 
three specimens from each replicate were humanly killed by a high concentration of the 

Weight gain (WG, g) = final weight − initial weight

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
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anesthetic solution (200 mg/l; Shekarabi et al. 2021) and dissected using sharp tools. The 
gut and liver organs were harvested to examine the digestive and antioxidant enzymes, 
respectively. Cleaned intestinal samples were homogenized with Tris-HCl buffer (pH 7.5, 
50 mM). Enzyme source was obtained through centrifugation (10,000 g for 20 min at 4 °C) 
of the homogenates and saved at − 80 until subsequent tests. For the antioxidant enzyme 
assay, the liver was cut into small pieces. Then, tissues were homogenized using phosphate 
buffer and homogenizer. The homogenates were centrifuged at 10,000 g for 20 min at 4 °C 
and the supernatant was placed at − 80 °C until analysis (Haghparast et al. 2019; Yousefi 
et al. 2023a, 2023b, 2023c, 2023d).

Analysis

Digestive enzyme assay

To determine the total protease enzyme activity, 20 μl of enzyme source was mixed 
with 0.5 ml of 2% azocasein solution (50 mM Tris-HCl and pH 5.7), and then, the mix-
ture was incubated at 25 °C for 10 min. The reaction was ended by pipetting 0.5 ml 
trichloroacetic acid as explained by Garcia-Carreno and Haard (1993). Then, the optical 
density (OD) of the supernatant was determined at 440 nm after centrifuging at 6500 g 
for 5 min. To estimate lipase activity, 7 μl of the enzyme source was blended with 86 μl 
of sodium cholate solution and 2.5 μl of methoxy ethanol solution. Afterward, 5.5 μl of 
para-nitrophenyl myristate was added to the reaction, and samples were incubated at 25 
°C for 15 min. Finally, recording OD of samples was performed at 405 nm (Iijima et al. 
1998). To measure alpha-amylase enzyme activity, 250 μl of 1% starch as substrate was 
mixed with 250 μl of enzyme source. After 3 min, 0.5 ml of dinitrosalicylic acid color 
reagent was pipetted to them followed by the reaction kept at 100 °C for 5 min. Then, 5 
ml of distilled water was joined to the cocktail and the OD was read at a wavelength of 
540 nm (Bernfeld 1955).

Hematology parameters

The count of white blood cells (WBC) and red blood cells (RBC) was computed based on 
the protocol explained by Blaxhall and Daisley (1973), using a hemocytometer counting 
chamber and a light microscope with × 40 magnification. Hemoglobin (HB) was measured 
using the cyanomethemoglobin method and recording OD of the supernatants at 540 nm 
(Řehulka 2000). The amount of hematocrit (HCT) was measured by the microhematocrit 
method (Řehulka 2000). The count of lymphocyte (LYM), neutrophile (NEU), and mono-
cyte (MON) was calculated by Giemsa staining as described by Borges et al. (2004).

Serum immune responses

Lysozyme enzyme function in the serum sample was detected based on its ability in 
the lysis peptidoglycan wall of Micrococcus luteus (Sigma, St Louis, MO, USA) with 
turbidity method at 440 nm as suggested by Ellis (1990). The quantity of serum alterna-
tive complement activity (ACH50) was ascertained using its capability in sheep eryth-
rocyte hemolysis, prepared in veronal buffer (gelatin, magnesium, and EGTA), as rec-
ommended by Yano (1992). In this protocol, the hemolysis rate of serum as ACH50 
activity was detected at 420 nm. Ig content in the serum sample was determined using 
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12% PG (polyethylene glycol) as described by Siwicki and Anderson (1993). Serum 
acid phosphatase (ACP) level was computed by the method suggested by Andersch and 
Szczypinski (1947) employing p-nitrophenyl phosphate disodium salt as the substrate 
and recording the OD at 410 nm.

Hepatic antioxidant enzymes and MDA content

The hepatic antioxidant enzyme activity including superoxide dismutase (SOD), catalase 
(CAT), and glutathione peroxidase (GPx) was detected using available diagnostic com-
mercial kits (ZellBio GmbH Co., Deutschland, Germany) following the manufacturer’s 
instruction. MDA level was found based on the reaction with thiobarbituric acid as previ-
ously explained by Naderi Farsani et al. (2021).

Serum biochemical parameters

The serum biochemical parameters were measured using the kits prepared by Pars Azmoon 
and with an autoanalyzer (Model: Alpha-Classic Autoanalyzer, Tajhizat Sanjesh). Corti-
sol level was estimated based on the ELISA method and using commercial kits (IBL Ger-
many). The activity of alkaline phosphatase (ALP), aspartate aminotransferase (AST), 
alanine transaminase (ALT), and glucose value was computed using Pars Azmoon com-
mercial kit (Tehran, Iran) and instructions recommended by the manufacturer’s protocol.

Statistical analysis

This project was performed in a fully randomized design with seven experimental groups, 
each with three replications. All data was analyzed via SPSS software version 20. Detect-
ing normal distribution of data and homogeneity of variances was carried out using Kol-
mogorov-Smirnov and Levene tests, respectively. Growth performance, digestive enzymes, 
and gut microbiota data were analyzed using one-way ANOVA with Tukey’s post hoc test 
to ascertain significant discrepancies among experimental groups. The effects of crowd-
ing stress and supplements on hematology indices, immunological parameters, antioxidant 
enzymes, and biochemical variables were assayed by two-way ANOVA and Tukey’s post 
hoc analysis. A significance level of P < 0.05 was employed.

Results

Growth performance and feed utilization

The results obtained for growth performance, feed utilization, and survival rate are exhib-
ited in Table 2. Dietary supplementation of LDB and/or AR significantly increased weight 
gain (WG), final weight (FW), and protein efficiency rate (PER) compared to the control 
group (P < 0.05); however, LDB7 + AR5 indicated higher levels than LDB9 treatment. 
Dietary supplementation of LDB and/or AR with a similar statistical trend increased 
the SGR compared to the control group (P < 0.05). Dietary administration of LDB and/
or AR remarkably decreased FCR compared to basal diet; FCR value in LDB7 + AR5 
was lower than that in LDB7 and LDB9 treatments (P < 0.05). Dietary LDB and/or AR 
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supplementation induced no remarkable difference in fish SR and FI (feed intake) (P > 
0.05) (Table 2).

Digestive enzyme activities

The results of the digestive enzyme activity analysis are depicted in Fig. 1. Dietary sup-
plementation of LDB and/or LA significantly boosted protease activity compared to basal 
diet (P < 0.05); moreover, its activity in LDB7 + AR5 was higher than that in other sup-
plemented groups except for AR5. Dietary supplementation of synbiotics remarkably 
increased amylase activity compared to the control group (P < 0.05). Besides, all diets 
containing LDB and/or LA except LDB9 significantly increased lipase activity compared 
to the control group (P < 0.05).

Hematological indices

The interaction effects were found between dietary LDB and/or AR supplementation and 
crowding stress on hematological parameters including RBC (P = 0.037), HB (P = 0.008), 
HCT (P = 0.005), WBC (P = 0.036), LYM (P <0.001), MON (P = 0.030), and NEU (P 
= 0.01) (Table  3). Before stress, dietary supplementation of LDB7 + AR5 significantly 
increased RBC count compared to the control group (P < 0.05). After stress, RBC count was 
remarkably affected by crowding stress and its count in the control group was lower than that 
in AR5, AR10, LDB7 + AR5, and LDB9 + AR10 treatments (P < 0.05). Before stress, die-
tary LDB and/or AR supplementation induced no significant discrepancy in HB value (P > 
0.05). After stress, dietary inclusion of LDB and/or AR significantly increased HB value (P < 
0.05). Before stress, the rainbow trout fed with AR5, LDB7 + AR5, and LDB9 + AR10 diets 
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presented a significant elevation in blood HCT, compared to the control group (P < 0.05). 
After stress, all LDB and/or AR-treated rainbow trout revealed a remarkable improvement in 
fish HCT compared to the control group (P < 0.05). All dietary LDB and/or AR supplementa-
tion significantly elevated WBC count, at both times (P < 0.05). Before stress, no significant 
difference was detected in the LYM count among the experimental groups (P > 0.05). After 
stress, the highest LYM count was found in the control group and exhibited a notable increase 
compared to the supplemented groups (P < 0.05). Before stress, no significant discrepancy 
was detected in fish MON count among experimental treatments (P > 0.05). After stress, fish 
supplemented with diets LDB and/or AR except LDB7 exhibited a significant difference in 
MON count compared to the control group (P < 0.05). Before stress, LDB9, AR5, LDB7 + 
AR5, and LDB9 + AR10 diets remarkably boosted NEU count compared to the control group 
(P < 0.05). After stress, all dietary supplementation of LDB and/or AR remarkably elevated 
NEU count compared to control treatment (P < 0.05) (Table 3).

Innate immune responses

The interaction effects were found between dietary LDB and/or AR supplementation and 
crowding stress on serum immune responses including lysozyme activity (P < 0.001), ACH50 
activity (P = 0.002), Ig (P = 0.001), and ACP (P = 0.001) (Fig. 2). All dietary supplementa-
tion of LDB and/or AR significantly increased serum lysozyme activity, compared to basal 
diet, at both times. ACH50 activity of all dietary treatments was higher than that of the control 
group (P < 0.05); moreover, its highest activity was obtained in LDB7 + AR5, before and 
after stress. Serum Ig content in fish fed with diets containing LDB and/or AR was signifi-
cantly higher than that in fish of the control group (P < 0.05), at both times; however, LDB7 
+ AR5 treatment had higher Ig value than LDB9 and AR10 treatments. Before stress, ACP 
activity was only affected by dietary LDB7 + AR5 (P < 0.05). After 14 days of stress proce-
dure, all dietary LDB and/or AR supplementation significantly increased ACP activity com-
pared to the control group (P < 0.05).

Serum antioxidant parameters

The interaction effect was identified between dietary LDB and/or AR supplementation and 
crowding stress on hepatic antioxidant parameters including GPX activity (P < 0.001), CAT 
activity (P < 0.001), SOD activity (P = 0.003), and MDA content (P < 0.001) (Fig. 3). All 
dietary supplementation of LDB and/or AR significantly boosted hepatic GPX activity, and 
the highest value was obtained in LDB7 + AR5 treatment, at both times (P < 0.05). CAT 
activity was significantly improved in fish receiving LDB7, AR5, LDB7 + AR5, and LDB9 
+ AR10 diets, at both times (P < 0.05). Before stress, there was no significant discrepancy in 
SOD activity among the experimental group (P > 0.05). After stress, all dietary supplementa-
tion of LDB and/or AR with similar statistical patterns significantly boosted SOD activity (P 
< 0.05). MDA content remarkably decreased in fish fed with all supplemented diets at both 
times (P < 0.05).

Serum biochemical parameters

The interaction effects were detected between dietary LDB and/or AR supplementation and 
crowding stress on serum biochemical responses including ALT (P < 0.001), AST (P < 0.001) 
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and ALP (P = 0.036) activities and cortisol (P < 0.001) and glucose (P < 0.001) levels. Before 
stress, dietary supplementation of LDB + AR (both combined forms) significantly decreased 
ALT activity (P < 0.05). After stress, LDB7, AR5, AR10, LDB7 + AR5, and LDB9 + AR10 
diets significantly decreased ALT activity in stressed fish compared to the control group (P < 
0.05). Before stress, AST activity remarkably decreased in supplemented groups, except for 
specimens of AR10 group (P < 0.05). After 14 crowding stress, all dietary LDB and/or AR 
supplementation significantly decreased AST activity compared to the control diet (P < 0.05). 
Before stress, ALP activity was only significantly affected in the LDB7 + AR5 group (P < 
0.05). After stress, ALP activity in all stressed fish fed with diets containing LDB and/or AR 
was lower than that in stressed fish fed with an unsupplemented diet (P < 0.05). Before the 
stressor was introduced, the level of cortisol in the supplemented group with LDB7 + AR5 
was lower than that in the control group (P < 0.05). After stress, all dietary supplementation 
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Fig. 2  Serum lysozyme, ACH50, ACP activities, and Ig value in rainbow trout fed with experimental diets 
(control, LDB7, LDB9, AR5, AR10, LDB7 + AR5, and LDB9 + AR10) for 60 days and exposed to crowd-
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of LDB and/or AR remarkably decreased fish cortisol levels compared to those in the control 
group (P < 0.05). Before stress, glucose values in fish fed with supplemented diets except for 
LDB9 and AR10 significantly decreased (P < 0.05). After stress, all dietary supplementation 
of LDB and/or AR significantly reduced serum glucose values compared to those in the control 
group (P < 0.05) (Table 4).
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Discussion

Growth responses and feed efficiency indices are the main indicators of fish productivity 
(Acar et al. 2021; Niazi et al. 2023). In the current study, dietary inclusion of LDB or/and 
AR significantly boosted growth variables and feed efficiency; however; diets containing 
synbiotics exhibited better function. Similarly, the dietary inclusion of synbiotic including 
Jerusalem artichoke and L. rhamnosus significantly improved the growth performance and 
feed efficiency in red tilapia (Sewaka et al. 2019). Besides, Yousefi et al. (2023a, 2023b, 
2023c, 2023d) reported that diet incorporated with the combination of gum arabic and L. 
helveticus remarkably improved WG, FW, FCR, and PER in common carp. An analysis of 
the nutritional data showed that the FCR and PER improved in the supplemented groups 
without a significant impact on the FI value across different treatments. The improvement 
of these two nutritional parameters reflects the increase in digestibility, nutrient absorp-
tion, and protein retention. In this study, the administration of synbiotic diets exerted strong 
effects on the level of digestive enzymes. In support, some studies have reported increased 
activity of digestive enzymes in fish fed with diets supplemented with synbiotics such as 
Aspergillus oryzae and β-glucan (Dawood et al. 2020a, 2020b) and fructooligosaccharide 
and Bacillus licheniformis in common carp (Cyprinus carpio; Yuan et  al. 2022). It has 
been reported that AR can enhance the digestive tract functioning by interacting with the 
gut epithelium surface and mucus (Sakr 2022). Also, the bifidogenic properties of AR 
stimulate intestinal bacterial enzymatic activity (Redondo-Cuenca et  al. 2023). There-
fore, improving the digestive enzyme function was one of the main reasons for this study’s 
remarkable improvement of growth and nutritional variables in synbiotic treatments.

Blood parameters are mainly used to evaluate the effects of environmental stress and 
manipulated diets (Fazio 2019). Previous findings showed that environmental stress sup-
pressed hematological parameters (Zhang et al. 2020a, 2020b; Ghafarifarsani et al. 2022). 
Earlier data reported that dietary synbiotics have great potential to improve blood com-
ponents. The administration of fructooligosaccharide and B. subtilis remarkably elevated 
WBC, RBC count, and Hb in Labeo fimbriatus fry (Pawar et al. 2023). In common carp, 
dietary supplementation of L. helveticus and gum Arabic boosted the proliferation of WBC 
and phagocytic cells (i.e., neutrophil and monocyte) (Yousefi et al. 2023a, 2023b, 2023c, 
2023d). In this study, synbiotics significantly reduced the effects of crowding stress on 
blood components among the processed diets. Supporting the total blood components may 
be due to inhibiting the release of stress hormones, preventing swelling and lysis of mature 
RBC and iron loss by ROS, strengthening the hematopoietic tissues, increasing heme syn-
thesis, and improving migration of new phagocytic cells into the circulatory system (Buj-
jamma and Padmavathi 2018; Ibrahim et al. 2021).

Earlier studies indicated that fish exposed to stress could exhibit immune system dysfunc-
tion (Mirghaed et al. 2018). ACH50, lysozyme, ACP, and Ig are the main components of the 
first line of the body’s immune system against infections (Ellis 1999). In this study, the lowest 
level of these parameters was recorded in stressed fish of the control group. The reduction 
of immune responses in this treatment may be due to the release of corticosteroid hormones 
during stress and immunosuppression, a hypothesis that was confirmed in previous studies 
(Mirghaed et al. 2018; Chekani et al. 2021). Other findings showed that oxidative stress affects 
ACH50, LYZ, and ACP levels through damage to intestinal epithelial cells, hepatocytes, and 
phagocytosing cells (Moro-García et al. 2018). The decrease in Ig content may result from a 
reduction in the count of mature B lymphocytes and their inability to biosynthesize Ig subunits 
(Ercal et al. 2000). Based on available evidence, pro-/pre-/synbiotics can alter the biosynthesis 
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rate of immunity proteins and increase their secretion into the blood (Ringø and Song 2016; 
Kumar et al. 2018a, 2018b). LAB mitigates immunosuppression via the secretion of extra-
cellular enzymes, improving the intestinal structure, inhibiting cortisol, and metabolite gen-
eration with antistress properties such as folate (Hoseinifar et al. 2020). The effect of AR as 
a prebiotic on the immunological function of aquatic animals has not yet been investigated. 
However, other findings reported that prebiotics could influence fish immune system function 
by modulating the generation of the pro-inflammatory cytokines in gut mucosa or triggering 
interleukins (Patel and Goyal 2015; Naiel et al. 2022). It seems that LDB and AR have been 
able to mitigate or neutralize the effects of crowding stress on the immunological function of 
fish through diverse mechanisms.

Among the physiological parameters, the host antioxidant enzyme is of particu-
lar importance in aquaculture, when oxidative stress occurs (Shadegan and Banaee 
2018). In this study, antioxidant capacity was decreased in the hepatic of fish exposed 
to crowding stress, and this reduction was greater in specimens fed with the unsup-
plemented diet. In addition, the increase in MDA level reflects the overproduction of 
ROS during crowding stress. Mirghaed et al. (2018) reported a reduction in the antioxi-
dant capacity of rainbow trout subjected to crowding stress, as MDA level increased in 
this situation. Similar findings were reported by Chekani et al. (2021) in the same spe-
cies. LAB strains including LDB could improve fish antioxidant capacity by generat-
ing metabolites with antioxidant properties such as exopolysaccharides (EPS), butyrate, 
glutathione (GSH), and folate (Hoseinifar et  al., 2020). Moreover, LAB can directly 
secrete GSH in the intestine (Hoseinifar et al., 2020). Gabr et al. (2023) reported that 
Lactobacillus acidophilus supports the antioxidant capacity of common carp against 
crowding stress. Zhang et al. (2020a, 2020b) reported that AR contains prebiotics with 
antioxidant features such as fructan. Moreover, AR contains a high level of caffeic acid 
with strong antioxidant activity (Symes et al. 2018).

The endocrine system plays a key role in maintaining the homeostasis of the body and 
the animal’s coordination with successive changes in rearing conditions. The present results 
showed a significant increase in circulating cortisol and glucose levels. Mirghaed et al. (2018) 
and Yousefi et al. (2019) found a significant increase in cortisol and glucose levels in rain-
bow trout and common carp exposed to crowding stress, respectively. Our results showed that 
the oral administration of LDB or AR especially synbiotics had a high potential in inhibiting 
cortisol and glucose release and attenuating the negative effects of crowding stress on fish. 
Similarly, Gabr et al. (2023) reported that a diet containing L. acidophilus mitigated plasma 
and cortisol levels in common carp exposed to high density. Besides, oral administration of 
β-glucan significantly decreased plasma cortisol and glucose levels in Nile tilapia reared in 
high density (Dawood et al. 2020a, 2020b).

Liver enzyme activity is a biochemical marker to evaluate the health and integrity of 
hepatocyte cells. An increase in circulating AST, ALT, and ALP levels could be reflective 
of hepatocellular injury. Yousefi et al. (2019) reported an increase in AST, ALT, and ALP 
activity in common carp subjected to ambient ammonia toxicity. The same study identified 
the supportive role of dietary garlic in mitigating the effect of crowding stress on plasma 
enzymatic activities; these results are consistent with our findings. In addition, a decrease 
in the activity of ALP enzyme in rainbow trout fed with symbiotic (Lactobacillus fermen-
tum and cinnamon) and cultured in high density was observed (Jasim et al. 2022), which 
is in line with our results. In this study, the decrease in the liver enzyme activity in the 
supplemented groups is probably due to the boosting of the antioxidant capacity and sup-
porting cell integrity.
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Conclusion

The results obtained in this study showed that dietary inclusion of LDB or/and AR 
improved the growth performance, gut LAB count, and the digestive protease activity; 
however, a significant improvement in amylase and lipase activities was only found in 
fish that were exposed to dietary synbiotics. Additionally, the study findings revealed that 
crowding stress negatively affects the health of fish through suppressing the immune sys-
tem and oxidative stress and inhibition of corticosteroid secretion. While all dietary sup-
plements of LDB or/and AR mitigated the effect of crowding stress on HB, HCT, WBC 
count, NEU, serum immune responses, SOD, GPX, MDA content, cortisol, glucose, ALP, 
and AST, it was proved that the diets containing synbiotic were more effective in improv-
ing these factors. Furthermore, synbiotic diets also showed enhanced effects on RBC and 
MON count and CAT at both times. Thus, synbiotics diets are suggested to be considered 
a strategy for mitigating the harmful effects of crowding stress when transporting rainbow 
trout over long distances or rearing them in recirculating culture systems.
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