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Abstract: The aim of the present study was to investigate the potential effects of dietary synbi-
otic (SYN) (Pediococcus acidilactici + Galactooligosaccharides; 10 g kg−1), sodium propionate (SP;
5, 10 and 20 g kg−1) and a combination of SYN + SP on the growth performance, humoral immu-
nity, antioxidant responses and disease resistance against Aeromonas hydrophila of African cichlid
(Labidochromis lividus) fingerlings (0.52 ± 0.05 g) in a feeding trial lasting 63 days. A completely
randomized design was run with eight treatments, including 0 (control) and supplemented diets
containing SYN + SP (e.g., 10 + 5, 10 + 10, 10 + 20, 0 + 5, 0 + 10, 0 + 20 and 10 + 10). The lowest
feed conversion ratio value was observed in fish fed the 5 g kg−1-SP and 10 g kg−1-SYN (p < 0.05).
The highest values of protein efficiency ratio and protein productive value were recorded in fish
fed the 10 g kg−1-SYN (p < 0.05). Fish fed the 10 g kg−1-SYN diet had the highest activities of
immunity (lysozyme, immunoglobulin) and antioxidant responses (glutathione peroxidase and
superoxide dismutase) (p < 0.05). After 28 days post-challenge, the highest survival rate (57%) was
recorded in the diet containing 10 g kg−1 SYN and 5 g kg−1 SP. The results indicated that the single
administration of SYN or combined with SP, especially at the level of 5 g kg−1 of diet, enhanced the
survival and growth performances, humoral immune response, antioxidant and digestive enzymes
of African cichlid.

Keywords: synbiotic; acidifier; organic salt; humoral immune response; antioxidant enzymes;
digestive enzymes; disease resistance

1. Introduction

Nowadays, the rearing techniques of ornamental fish are highly developed in the
aquaculture industry. The ornamental fish industry fulfills approximately 90% of the fresh-
water traded organisms worldwide [1]. Because of the economic importance of aquarium
fish, improving the health conditions, welfare and disease resistance of cultured fish are key
factors in achieving sustainable production. During the last decades, the administration of
environment-friendly immunostimulants (probiotics, prebiotics, parabiotics, synbiotics, or-
ganic salts and phyto-products), known as feed additives, has been considered to promote
the growth indices and reduce microbial infections in aquatic animals [2–6].

Synbiotics, the combined form of probiotics and prebiotics, provides beneficial effects
to the host by improving growth performance, digestive enzyme activities, disease resis-
tance and increasing immune responses of aquatic animals [7–9]. The mucosal immunity
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of angelfish, Pterophyllum scalare, was improved via feeding with Artemia and synbiotics
(P. acidilactici and fructooligosaccharide) [10]. Safari et al. [11] also showed that mucus
immune responses and bactericidal activity in crayfish (Astacus leptodactylus leptodactylus)
fed synbiotics (P. acidilactici + mannanoligosaccharide) were higher than those fed single
probiotic and prebiotic. The function of synbiotics is highly related to the probiotic species
matched with a special prebiotic. In this regard, the degree of polymerization of a prebiotic
substrate with a special probiotic species and the production of major by-products of the
fermentation process can affect the efficiency of synbiotic-supplemented diets [4].

Probiotics are defined as live microorganisms, which improve the health and immune
response through balancing intestinal flora of host animals [12,13]. Recently, Gram-positive
bacteria (lactic acid bacteria (LAB) and Bacillus sp.), Gram-negative bacteria (Aeromonas,
Pseudomonas and Vibrio sp.) and yeast were investigated extensively in aquafeeds [9,14].
Pediococcus acidilactici is a Gram-positive bacterium, and its beneficial effects have been re-
ported on growth indices of aquaculture species [15–17]. Dietary probiotic P. acidilactici was
able to modulate the gut microbiota and up-regulate mucosal antibody immunoglobulin
T in rainbow trout (Oncorhynchus mykiss) [18]. Prebiotics, non-digestible feed ingredients,
beneficially affect the host causing microbial changes in the gastrointestinal tract, with
subsequent physiological cascading processes [19]. Galactooligosaccharide (GOS) is an
oligosaccharide that is mainly composed of galactose and glucose molecules [20]. The
profitable effects of GOS as the promising prebiotic on growth indices have been reported
in different fish species [20–22]. It was shown that dietary GOS at a level of 2% increased
lactic acid bacteria (LAB) levels in the intestine of Caspian white (Rutilus frisii kutum) and
Caspian roach (Rutilus caspicus) fingerlings after 6 weeks [23].

Short-chain organic acids, known as acidifiers, are regarded as one of the by-products
of the fermentation process in the digestive tract. Recently, several studies have reported
the effects of dietary organic acids (e.g., acetate, butyrate, lactate, propionate) and their salts
on growth indices of aquatic animals [24,25]. Dietary sodium propionate enhanced mucosal
immune responses and glutathione peroxidase (GPX) gene expression as an antioxidant
enzyme in the liver of common carp, Cyprinus carpio [11]. Silva et al. [26] reported that the
supplementation of propionate salt to a commercial shrimp diet at 2 g kg−1 significantly
enhanced feed intake. The efficiency of dietary organic salts supplementation on aquatic
species depends on the type of organic acid, dose, diet production method, nutrition
history and ontogeny stage [24]. To the best of our knowledge, there is no literature on the
simultaneous administration of synbiotics and acidifiers in aquafeeds. Therefore, the aim
of the present study was to test the potential effects of different levels of dietary sodium
propionate as an acidifier, synbiotic (P. acidilactici + galactooligosaccharides) and their
combinations on the humoral immune status, serum antioxidant enzymes and digestive
enzymes activities and growth performance, as well as intestinal microbiota of African
cichlid (Labidochromis lividus) fingerlings.

2. Materials and Methods
2.1. Experimental Diets

The synbiotic (SYN) applied in this study was prepared by using Pediococcus acidilactici
(Bactocell®,Lallemand Inc., Montreal, QC, Canada; 7.59 log CFU g−1) as a probiotic and
galactooligosaccharides (GOS) as a prebiotic. Sodium propionate (SP) (C3H5NaO2) as an
acidifier was purchased from Sigma-Aldrich Chemical Co. (USA).

Eight experimental diets were prepared by adding different concentrations of SYN
and SP to the basal diet (Table 1). The control (basal) diet was produced with a twin-
screw extruder (AquaSadra Co. Mashhad, Iran) with preconditioning (30 ◦C) and three
temperature zones (60, 90 and 130 ◦C). The experimental diets were as follows: (1) control,
basal diet without SYN and SP; (2) (10 + 5) SYN (10 g kg−1) + SP (5 g kg−1); (3) (10 + 10)
SYN (10 g kg−1) + SP (10 g kg−1); (4) (10 + 20) SYN (10 g kg−1) + SP (20 g kg−1); (5) (0 + 5)
SP (5 g kg−1); (6) (0 + 10) SP (10 g kg−1); (7) (0 + 20) SP (20 g kg−1); (8) (10 + 0) SYN
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(10 g kg−1). To produce the above-mentioned test diets, all feed additives (SYN, GOS and
SP) were replaced with filler existing in the control diet.

Table 1. The feed ingredients and chemical composition of the control diet-fed juvenile African
cichlid (Labidochromis lividus).

Feed Ingredient Content (g kg−1)

Fishmeal 1 350
Spirulina meal 2 20
Soybean meal 1 73
Corn gluten 1 100
Wheat flour 1 240
Fish oil 1 70
Canola oil 1 70
Soy lecithin 1 5
Choline chloride (70%) 3 4
Vitamin C (stay) 3 5
Vitamin premix 3,* 15
Mineral premix 3,* 15
Antifungus 1 3
Filler (Carboxymethyl cellulose) 4 30

Chemical composition (g kg−1)

Dry matter 899.39
Crude protein 421
Crude fat 282
Crude fiber 65
Nitrogen free extract 131.39
Gross energy (Mj kg−1) 15.58

1 Saramad Fish Aquafeed Co, Iran; 2 ACECR, Iran; 3 Kimia Roshd Co. Iran; 4 Sigma, Germany. * Mineral premix
contains (mg Kg−1) Mg, 100; Zn, 60; Fe, 40; Cu, 5; Co, 0.1; I, 0.1; Antioxidant, 100. * Vitamin premix contains
(mg Kg−1) E, 30; K, 3; Thiamine, 2; Riboflavin, 7; Pyridoxine, 3; Pantothenic acid, 18; Niacin, 40; Folacin, 1.5;
Choline, 600; Biotin, 0.7 and Cyanocobalamin, 0.02.

2.2. Feeding Trial

Five hundred healthy African cichlid (Labidochromis lividus) fingerlings were purchased
from a local ornamental fish farm. The fish were acclimatized in four glass aquariums
(200 L) for two weeks. Afterward, fish (0.52 ± 0.05 g) were randomly distributed into
24 glass aquariums (20 fish per 150-L aquarium). The fish were fed ad libitum on the
experimental diets three times a day (8:00, 12:00 and 16:00) for 63 days. During the feeding
trial, the water in each aquarium was renewed (20% per day). Water temperature, dissolved
oxygen and pH were monitored daily and maintained at 27.5 ± 1 ◦C, 6.4 ± 0.3 mg L−1 and
8.2 ± 0.4, respectively [27,28]. The feeding experiment was carried out in triplicate. All
experiments were done according to FUM animal ethics.

2.3. Growth Indices

After the feeding trial period, the weight and length of each fish were individually
measured. Growth indices were calculated based on the standard formulas as follows:

Weight gain: Wf −Wi
Specific growth rate (SGR; % Body weight day−1) = [(LnWf − LnWi)/T] × 100
Condition factor (CF) = Wf/Lf

3 × 100
Feed conversion ratio (FCR) = (Feed consumed/Wgain)
Protein efficiency ratio (PER) = (Wf −Wi)/Crude protein intake
Protein production value % (PPV) = (Whole-body protein gain)/Protein consumption)

× 100
Survival rate (%) = (Nf/Ni) × 100
Where:
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Wi: Initial weight; Wf: Final weight; Lf: Final length; Ni: Initial number of fish; Nf:
Final number of fish; T: Time period (day).

2.4. Immunological and Antioxidant Parameter Analyses

To analyze the serum immune parameters, at the end of the feeding trial, the fish,
starved for 24 h (n= nine per treatment), were randomly sampled from each aquarium at the
end of the feeding trial. The serum samples were prepared based on the method described
in Safari and Sarkheil [6]. The total immunoglobulins were measured according to Siwicki
and Anderson [29]. Briefly, immunoglobulins were precipitated with polyethylene glycol
(12%), incubated (25 ◦C for 2 h) under constant shaking, and finally centrifuged (3000× g
for 15 min). Then, the supernatant was removed, and the precipitated protein content was
measured. Immunoglobulins were calculated by subtracting the precipitated proteins from
the total proteins in the serum.

Lysozyme (LYZ) activity in the serum was estimated by determining the level of
lysis of the lysozyme-sensitive Gram-positive bacterium, Micrococcus lysodeikticus (Sigma),
according to the procedure described by Kumari et al. [30]. Briefly, 15 µL of the serum
sample was poured into a plate (96 well) in triplicate. Thereafter, M. lysodeikticus suspension
(150 µL) was prepared using 0.02 M sodium acetate buffer with pH 5.8 (0.02 mg L−1) and
transferred to each well. The absorbance was measured at a wavelength of 450 nm using
the spectrophotometer (HACH DR/5000, Hach Co., Colorado, USA) at a one-hour interval,
and the difference was calculated. The LYZ activity was expressed as U mL−1.

Alternative hemolytic complement activity (ACH50) was evaluated as reported in
Yano [31]. Briefly, the serum samples were diluted in ethylene glycol tetra acetic acid–
magnesium–gelatin veronal buffer (EGTA–Mg–GVB) to a volume of 250 µL in test tubes.
Following, 100 mL of rabbit red blood cells (RaRBC) were dispersed into each tube and
incubated at 20 ◦C for 90 min. Then, NaCl (3.15 mL) was added to each test tube and
centrifuged (1600× g for 5 min). The optical density (OD) of the obtained supernatant was
read at a wavelength of 414 nm. The ACH50 activity (U mL−1) was calculated based on
the volume of serum, which causes the 50% lysis of the RaRBC. Superoxide dismutase
(SOD) and glutathione peroxidase (GPX) enzymes were measured using commercial kits
(Cusabio Biotech Co., Ltd.; Wuhan, China) following the manufacturer’s instructions.

2.5. Digestive Enzyme Analyses

At the end of the feeding trial period, three fish starved for 24 h were randomly
sampled from each aquarium. The fish were anesthetized (cloves extract, 500 mg L−1), and
the intestine was isolated and rinsed with cold distilled water (4 ◦C) [32]. The intestine was
mixed with 0.2 M NaCl (1:5; w/v) [33] and homogenized on ice using a DI 18 Disperser
homogenizer. Following, the samples were centrifuged (15,000× g for 15 min at 4 ◦C),
and the supernatants were frozen (−80 ◦C). The enzyme activity was measured using a
microplate scanning spectrophotometer (HACH DR/4000, USA) and expressed as U mg−1

protein min−1.
The α-amylase activity was measured according to the 3, 5-dinitrosalicylic acid

method, as reported in Worthington [34], and read at a wavelength of 540 nm. Protease
activity was estimated using the casein-hydrolysis method described by Hidalgo et al. [34].
Briefly, 0.05 mL of supernatant was mixed with 0.125 mL of casein and 0.125 mL of buffer
(0.1 M Tris-HCl, pH 9.0) and incubated (37 ◦C for 1 h). Afterward, the reaction was stopped
by adding 0.3 mL of trichloroacetic acid (TCA) (8% w/v) solution. Then, the samples were
centrifuged (1800× g for 10 min) after incubation at 4 ◦C for 1 h. In the end, the supernatant
was measured at a wavelength of 280 nm. Lipase activity was determined according to
the method reported by Gawlicka et al. [33], with 4-nitrophenylmyristate (0.4 mM) as a
substrate at 25 ◦C. The absorbance was measured at a 405 nm wavelength.
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2.6. Microbiota Assays

The microbial counts of total bacterial aerobic, lactobacillus, fungi and Escherichia
coli were determined in the digestive tract of the fish. For this purpose, the fish from
each aquarium (n = nine per treatment) were randomly sampled, anesthetized with ice
and washed (with benzalkolium chloride 0.1% for 60 min). Thereafter, the digestive tract
was removed and homogenized in the presence of NaCl (0.9 w/v) using a homogenizer
(DI 18 Disperser) [34,35]. The homogenate was centrifuged at 5000× g, 4 ◦C for five min.
Then, a 100 µL aliquot of each prepared sample was plated onto a plate count agar (Merck,
Darmstadt, Germany), plate de Man, Rogosa and Sharpe media (Merck, Darmstadt, Ger-
many), Potato Dextrose Agar (Merck, Darmstadt, Germany) and Mac Conkey Agar (Merck,
Darmstadt, Germany) to determine total aerobic bacterial count, lactobacillus count, fungi
count and E. coli count, respectively. Finally, the plates were incubated (25 ◦C for 5 days),
and those containing 30–300 colonies were used for bacterial counting as colony-forming
units per gram (CFU g−1) [4,5].

2.7. Proximate Analysis

The analysis of dry matter (oven drying, 105 ◦C), crude protein (n × 6.25, Kjeldahl
system: Buchi Labortechnik AG, Flawil, Switzerland), crude fat (Soxtec System HT 1043:
Foss Tecator, AB, USA), ash (muffle furnace, 550 ◦C), gross energy (Parr bomb calorimetry
model 1266, Parr Instrument Co., Moline, IL, USA) and crude fiber (after digestion with
H2SO4 and NaOH) analysis of feedstuffs, diets and carcasses were performed according
to standard methods [36]. Nitrogen-free extract (NFE) was calculated by subtracting dry
matter minus crude protein, crude fat, crude fiber and ash contents.

2.8. Bacterial Exposure Challenge

After the feeding trial, 12 fish from each tank (36 fish per group) were selected and in-
traperitoneally injected with 100 µL of phosphate-buffered saline solution (PBS) containing
1 × 107 live Aeromonas hydrophila, ATCC 49040. The injected fishes were fed with a control
diet. The number of dead fish was recorded daily for 28 days.

2.9. Statistical Analysis

Data were presented as mean ± standard deviation (SD). The data were analyzed
using SPSS software (Version, 19). The normality assumption of the data was tested using
Kolmogorov–Smirnov test. Significant differences between the means were determined by
one-way analysis of variance (ANOVA) followed by Tukey’s test. The significant difference
was accepted at a level of p < 0.05.

3. Results
3.1. Growth Performance and Survival Rate

The growth performance, feed utilization parameters and survival rate of African
cichlid (L. lividus) after the feeding trial period of 63 days are shown in Table 2. The
final weight and weight gain of fish fed the supplemented diets increased significantly
compared to the control group, except for the groups fed 10 and 20 g kg−1-SP (p < 0.05).
The specific growth rate % (SGR) was higher in the supplemented dietary groups with
respect to the control group, except for the 10 and 20 g kg−1-SP dietary groups (p < 0.05).
Fish fed the supplemented diets had a lower food conversion ratio (FCR) than the control,
except for the 10 and 20 g kg−1-SP dietary groups (p < 0.05). The lowest FCR value was
observed in the 5 g kg−1-SP and 10 g kg−1-SYN dietary groups (p < 0.05). There was no
significant difference between the condition factor % (CF) of fish fed the experimental diets
(p > 0.05). The protein efficiency ratio (PER) value was significantly higher in the fish fed
supplemented diets than the control, except for the 20 g kg−1-SP dietary group (p < 0.05).
The highest PER value was recorded in the 10 g kg−1-SYN dietary group (p < 0.05). Fish
fed the supplemented diets showed a higher protein production value % (PPV) than the
control (p < 0.05). Fish fed the 10 g kg−1-SYN diet had the highest PPV % (p < 0.05). The
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survival rate (%) of fish fed the supplemented diets was higher than the control, except
for the 10 and 20 g kg−1-SP dietary groups (p < 0.05). As shown in Table 3, the highest
crude protein content of carcasses was measured in the fish fed with the diet containing
10 g kg−1 SYN and 0 g kg−1 SP (p < 0.05). The highest crude fat content of carcasses was
observed in the fish fed the control and 0 g kg−1 SYN and 20 g kg−1 SP diets.

3.2. Immunological Assay

The variations of hemato-immunological indices in the serum of fish fed the experi-
mental diets are shown in Figure 1. The lysozyme (LYZ) activity increased significantly
in the fish fed supplemented diets compared to the control group (p < 0.05). The total
immunoglobulin (Ig) level in all supplemented dietary groups was significantly higher than
the control, except for the 20 g kg−1-SP dietary group (p < 0.05). Fish fed the 10 g kg−1-SYN
diet had the highest LYZ and Ig activity (p < 0.05). The alternative hemolytic complement
activity (ACH50) decreased significantly in fish fed the supplemented diets compared to
the control (p < 0.05). The lowest ACH50 activity was observed in the 10 g kg−1-SYN
dietary group (p < 0.05).

Figure 1. Lysozyme (U mL−1) (a), total immunoglobulin (mg mL−1) (b) and alternative hemolytic
complement activity (ACH50) (U mL−1) (c) activities in the serum of African cichlid (L. lividus) fed
diets supplemented with different levels of synbiotic (0 and 10 g kg−1) and sodium propionate (0,
5, 10 and 20 g kg−1) for 63 days. Bars with different letters are significantly different (mean ± SD;
ANOVA, p < 0.05; n = 3). 10 + 5 = SYN (10 g kg−1) + SP (5 g kg−1); 10 + 10 = SYN (10 g kg−1) + SP
(10 g kg−1); 10 + 20 = SYN (10 g kg−1) + SP (20 g kg−1); 0 + 5 = SP (5 g kg−1); 0 + 10 = SP (10 g kg−1);
0 + 20 = SP (20 g kg−1); 10 + 0 = SYN (10 g kg−1).

3.3. Antioxidant Enzyme Assay

Figure 2 shows the activity of the antioxidant enzymes in the serum of African cichlid
fed diets supplemented with SYN and SP. The glutathione peroxidase (GPx) and super-
oxide dismutase (SOD) activity levels increased significantly in the serum of fish fed the
supplemented diets compared to the control (p < 0.05). The highest GPx and SOD levels
were observed in the 10 mg kg−1-SYN dietary group (p < 0.05).
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Table 2. Growth performance, feed utilization parameters and survival rate of African cichlid (L. lividus) fed diets supplemented with different levels of synbiotic and sodium propionate
for 63 days (mean ± SD, n = 3).

Dietary Synbiotic + Sodium Propionate Level (g kg−1)

0 (Control) 10 + 5 10 + 10 10 + 20 0 + 5 0 + 10 0 + 20 10 + 0

Initial weight (g) 0.65 ± 0.05 0.58 ± 0.04 0.67 ± 0.11 0.69 ± 0.05 0.65 ± 0.03 0.7 ± 0.02 0.68 ± 0.03 0.65 ± 0.09
Final weight (g) 3.49 ± 0.09 a 3.83 ± 0.09 b 3.81 ± 0.13 b 3.82 ± 0.07 b 3.60 ± 0.52 b 3.59 ± 0.06 a 3.63 ± 0.07 a 3.86 ± 0.04 b

Weight gain (g) 2.83 ± 0.058 a 3.25 ± 0.13 b 3.14 ± 0.026 b 3.13 ± 0.025 b 2.95 ± 0.50 b 2.89 ± 0.055 a 2.94 ± 0.10 a 3.20 ± 0.11 b

(% BW day−1) 2.65 ± 0.10 a 2.99 ± 0.16 d 2.77 ± 0.22 bcd 2.71 ± 1.02 bc 2.69 ± 0.19 cd 2.59 ± 0.03 a 2.65 ± 0.09 ab 2.82 ± 0.22 cd

Feed conversion ratio 1.76 ± 0.03 c 1.46 ± 0.06 b 1.43 ± 0.01 b 1.43 ± 0.02 b 1.16 ± 0.21 a 1.73 ± 0.03 c 1.59 ± 0.05 c 1.24 ± 0.04 a

Condition factor 1.26 ± 0.01 1.43 ± 0.07 1.62 ± 0.09 1.49 ± 0.07 1.26 ± 0.1 1.26 ± 0.04 1.47 ± 0.04 1.49 ± 0.3
PER 1.3 ± 0.14 a 2.4 ± 0.15 e 2.2 ± 0.16 de 2 ± 0.14 cd 2 ± 0.15 bc 1.7 ± 0.13 b 1.4 ± 0.15 a 2.8 ± 0.14 f

PPV 47 ± 0.14 a 59 ± 0.16 f 55 ± 0.17 e 53 ± 0.2 d 53 ± 0.18 d 52 ± 0.19 c 49 ± 0.19 b 69 ± 0.14 g

Survival rate (%) 83.33 ± 3.60 a 97.91 ± 3.60 b 95.83 ± 7.21 b 93.75 ± 6.25 b 97.91 ± 3.60 b 91.66 ± 9.54 ab 81.25 ± 12.5 a 100 ± 0.00 b

10 + 5 = SYN (10 g kg−1) + SP (5 g kg−1); 10 + 10 = SYN (10 g kg−1) + SP (10 g kg−1); 10 + 20 = SYN (10 g kg−1) + SP (20 g kg−1); 0 + 5 = SP (5 g kg−1); 0 + 10 = SP (10 g kg−1);0 + 20 = SP (20 g kg−1); 10 + 0 = SYN
(10 g kg−1). The values with different letters in the same row are significantly different (ANOVA, p < 0.05).

Table 3. Carcass proximate compositions of African cichlid (L. lividus) fed diets supplemented with different levels of synbiotic (0 and 10 g kg−1) and sodium propionate (0, 5, 10 and
20 g kg−1) for 63 days (mean ± SD, n = 3).

Dietary Synbiotic + Sodium Propionate Level (g kg−1)

0 (Control) 10 + 5 10 + 10 10 + 20 0 + 5 0 + 10 0 + 20 10 + 0

Dry matter (%) 26.88 ± 0.76 26.63 ± 0.86 26.98 ± 0.47 27.08 ± 0.56 27.00 ± 0.36 26.78 ± 0.56 27.05 ± 0.66 27.03 ± 0.56
Crude protein (%) 16.07 ± 0.37 a 16.95 ± 0.32 f 16.84 ± 0.42 e 16.67 ± 0.23 d 16.69 ± 0.23 d 16.53 ± 0.23 c 16.27 ± 0.27 b 17.04 ± 0.22 g

Crude lipid (%) 5.44 ± 0.05 e 4.12 ± 0.08 a 4.60 ± 0.07 c 4.93 ± 0.13 d 4.92 ± 0.10 d 4.89 ± 0.09 d 5.43 ± 0.09 e 4.42 ± 0.11 b

Ash (%) 3.16 ± 0.15 a 3.38 ± 0.32 c 3.41 ± 0.29 c 3.39 ± 0.20 c 3.18 ± 0.21 a 3.19 ± 0.23 a 3.25 ± 0.35 b 3.43 ± 0.22 c

10 + 5 = SYN (10 g kg−1) + SP (5 g kg−1); 10 + 10 = SYN (10 g kg−1) + SP (10 g kg−1); 10 + 20 = SYN (10 g kg−1) + SP (20 g kg−1); 0 + 5 = SP (5 g kg−1); 0 + 10 = SP (10 g kg−1);0 + 20 = SP (20 g kg−1); 10 + 0 = SYN
(10 g kg−1). The values with different letters in the same row are significantly different (ANOVA, p < 0.05).
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Figure 2. Glutathione peroxidase (GPx) (U mL−1) (a) and superoxide dismutase (SOD) (U mL−1)
(b) activities in serum of African cichlid (L. lividus) fed diets supplemented with different levels
of synbiotic (0 and 10 g kg−1) and sodium propionate (0, 5, 10 and 20 g kg−1) for 63 days. Bars
with different letters are significantly different (mean ± SD; ANOVA, p < 0.05; n = 3). 10 + 5 = SYN
(10 g kg−1) + SP (5 g kg−1); 10 + 10 = SYN (10 g kg−1) + SP (10 g kg−1); 10 + 20 = SYN (10 g kg−1) + SP
(20 g kg−1); 0 + 5 = SP (5 g kg−1); 0 + 10 = SP (10 g kg−1);0 + 20 = SP (20 g kg−1); 10 + 0 = SYN
(10 g kg−1).

3.4. Digestive Enzymes Activity

The activity of the digestive enzymes in African cichlid fed experimental diets is shown
in Table 4. The protease activity increased in all supplemented dietary groups compared to
the control, except for the 20 g kg−1-SP dietary group (p < 0.05). The α-amylase activity was
significantly higher in fish fed the supplemented diets than in the control group (p < 0.05).
Fish fed the supplemented diets showed a higher lipase activity than the control, except
for the 20 g kg−1-SP diet (p < 0.05). The highest digestive enzymes activity was observed
in the 10 g kg−1-SYN dietary group (p < 0.05).

3.5. Microbiota Assay

Total aerobic bacteria count (Log CFU g−1) of experimental fish did not show signifi-
cant differences and ranged from 6.20 to 6.48 (Table 5). The highest Lactobacillus count
and the lowest E. coli count (p < 0.05) were observed in the fish fed the diet supplemented
with 10 g kg−1 SYN and 5 g kg−1 SP (Table 3).

3.6. Pathogen Resistance

Single and combined administration of dietary synbiotic and sodium propionate levels
enhanced the resistance of African cichlid to pathogen infection compared to those fed the
control diet (Figure 3). After 28 days post-challenge, the highest survival rate (57%) was
recorded in the diet containing 10 g kg−1 SYN and 5 g kg−1 SP (Figure 3).
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Table 4. Digestive enzymes activity (U mg protein−1 min−1) of African cichlid (L. lividus) fed diets supplemented with different levels of synbiotic (0 and 10 g kg−1) and sodium propionate
(0, 5, 10 and 20 g kg−1) for 63 days (mean ± SD, n = 3).

Dietary Synbiotic + Sodium Propionate Level (g kg−1)

0 (Control) 10 + 5 10 + 10 10 + 20 0 + 5 0 + 10 0 + 20 10 + 0

Protease 8.1 ± 0.14 a 10.2 ± 0.16 d 9.5 ± 0.17 c 9.4 ± 0.2 c 9.3 ± 0.18 b c 9 ± 0.19 b 8.4 ± 0.19 a 10.5 ± 0.16 d

α-amylase 3.9 ± 0.14 a 7 ± 0.15 g 6.3 ± 0.16 f 5.5 ± 0.14 e 5.2 ± 0.15 d 4.9 ± 0.13 c 4.5 ± 0.15 b 8.2 ± 0.15 h

Lipase 4.3 ± 0.19 a 6.4 ± 0.2 e 6.1 ± 0.22 d 6.4 ± 0.23 c d 6.1 ± 0.23 b c 5.9 ± 0.2 b 4.6 ± 0.23 a 8.4 ± 0.15 f

10 + 5 = SYN (10 g kg−1) + SP (5 g kg−1); 10 + 10 = SYN (10 g kg−1) + SP (10 g kg−1); 10 + 20 = SYN (10 g kg−1) + SP (20 g kg−1); 0 + 5 = SP (5 g kg−1); 0 + 10 = SP (10 g kg−1); 0 + 20 = SP (20 g kg−1); 10 + 0 = SYN
(10 g kg−1). The values with different letters in the same row are significantly different (ANOVA, p < 0.05).

Table 5. Total aerobic bacteria count (TAB; Log CFU g−1), lactobacillus count (LAB; Log CFU g−1), E. coli count (Log CFU g−1) and fungi count (Log CFU g−1) of intestines extracted from
African cichlid (L. lividus) fed diets supplemented with different levels of synbiotic (0 and 10 g kg−1) and sodium propionate (0, 5, 10 and 20 g kg−1) for 63 days (mean ± SD, n = 3).

Bacteria Count
(Log CFU g−1)

Dietary Synbiotic + Sodium Propionate Level (g kg−1)

0 (Control) 10 + 5 10 + 10 10 + 20 0 + 5 0 + 10 0 + 20 10 + 0

Total aerobic 6.28 ± 1.09 6.20 ± 1.21 6.48 ± 1.30 6.38 ± 1.47 6.41 ± 1.31 6.47 ± 1.53 6.39 ± 1.52 6.48 ± 1.42
Lactobacillus 0.42 ± 1.13 a 3.31 ± 1.09 e 3.12 ± 1.27 d 2.93 ± 1.35 c 2.89 ± 1.07 c 1.67 ± 1.43 b 1.71 ± 1.29 b 3.09 ± 1.18 d

E. coli count 0.51 ± 0.32 e 0.25 ± 0.28 a 0.43 ± 0.31 d 0.37 ± 0.21 c 0.38 ± 0.18 c 0.31 ± 0.25 b 0.32 ± 0.26 b 0.42 ± 0.28 d

Fungi count 0.42 ± 0.43 0.39 ± 0.24 0.37 ± 0.21 0.38 ± 0.24 0.41 ± 0.29 0.43 ± 0.13 0.36 ± 0.19 0.36 ± 0.19

10 + 5 = SYN (10 g kg−1) + SP (5 g kg−1); 10 + 10 = SYN (10 g kg−1) + SP (10 g kg−1); 10 + 20 = SYN (10 g kg−1) + SP (20 g kg−1); 0 + 5 = SP (5 g kg−1); 0 + 10 = SP (10 g kg−1);0 + 20 = SP (20 g kg−1); 10 + 0 = SYN
(10 g kg−1). The values with different letters in the same row are significantly different (ANOVA, p < 0.05).
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Figure 3. Survival rate (%) of African cichlid (L. lividus) injected with Aeromonas hydrophila during the 28 days post challenge.
Fish were fed experimental diets with different levels of synbiotic (0 and 10 g kg−1) and sodium propionate (0, 5, 10 and
20 g kg−1) with three replicates. 10 + 5 = SYN (10 g kg−1) + SP (5 g kg−1); 10 + 10 = SYN (10 g kg−1) + SP (10 g kg−1);
10 + 20 = SYN (10 g kg−1) + SP (20 g kg−1); 0 + 5 = SP (5 g kg−1); 0 + 10 = SP (10 g kg−1);0 + 20 = SP (20 g kg−1); 10 + 0 = SYN
(10 g kg−1).

4. Discussion

The effects of a single administration of dietary probiotic P. acidilactici, GOS as prebiotic
and SP on the growth performance, immune status, digestive enzyme activity and the
intestinal microbiota of different fish and shellfish species have been reported [4,11,18,20,22].
Several studies have been conducted to improve the survival and growth performance
of aquatic animals through the administration of safe and eco-friendly feed-supplements,
such as synbiotics and acidifiers [5,10,37,38]. To the best of our knowledge, there is not
enough data on the efficiency of the combination of synbiotics and acidifiers on the growth
performance of fish. The results of the current study reveal that the single administration
of SYN (P. acidilactici + GOS) or combined with different levels of SP promoted the survival
rate (%), growth performance and feed utilization indices, including final weight, weight
gain, SGR%, FCR and PER and PPV values of fish after 63 days. The enhancement of
growth performance could be attributed to the stimulation of digestive enzyme activities
in the gastrointestinal tract [39], resulting in the better absorption of different nutrients,
such as proteins and lipids [40]. The single administration of SP at the level of 5 g kg−1

of diet improved the survival rate and growth performance of fish, which may be due
to the higher activity of digestive enzymes in this SP-dietary group. The effects of the
different levels (0%, 0.25%, 0.5%, 1% and 2%) of SP on the growth performance of Caspian
white (R. frisii kutum) fry showed that the final weight, WG and SGR% were higher in
fish fed 0.25% dietary SP [37]. Kuhlmann et al. [41] also found an increase of 19% in the
yield of shrimp; L. vannamei fed a 0.5% KDF-supplemented diet. However, it is not clear
how organic acids could enhance digestive enzyme activities, nutrient retention efficiency,
and finally, the growth performance of aquatic species. Some researchers related these
biological responses to reduce the pH value of the diets supplemented with organic acids,
improve gut microbiota of digestive tract via increment in lactic acid bacteria count and the
reduction of Gram-negative bacteria (e.g., E. coli) [24,25]. Nonetheless, the positive effects
of the combination SYN and SP in the diet of African cichlid were confirmed in the present
study. Further studies need to evaluate the associated physiological pathways.

The results indicated that the lysozyme (LYZ) activity and total immunoglobulin (Ig)
level increased significantly in fish fed diets supplemented with SYN and different levels of
SP, except the 20 g kg−1-SP group. The highest increase in the Ig level and LYZ activity was
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observed in fish fed a diet supplemented with SYN (P. acidilactici + GOS). It was found that
the LYZ activity increased in rainbow trout (O. mykiss) fed a P. acidilactici-supplemented
diet (at 2.4 × 106 CFU g−1) for 4 weeks [18]. It was reported that the total Ig was higher in
zebrafish (Danio rerio) fed 1% or 2% GOS than the control group, while the LYZ activity
showed no change compared to control after eight weeks [22]. Guerreiro et al. [20] found
that dietary GOS (1%) incorporation had no significant effect on Ig level and LYZ activity
in white sea bream (Diplodus sargus) juveniles. In the present study, the increase of total Ig
and LYZ activity in African cichlid is probably related to the simultaneous administration
of P. acidilactici and GOS. Rahimnejad et al. [42] also reported that the serum LYZ activity
and ACH50 level increased in juvenile rockfish (Sebastes schlegeli) fed synbiotics (1% GOS
and 6.3 log CFU g−1 P. acidilactici) for 8 weeks. In contrast, the finding of the present study
showed that fish fed supplemented diets, especially SYN-supplemented diets, had lower
ACH50 activity than the control group. This finding is in accordance with the finding of
another study, which found that ACH50 decreased in White Sea bream (D. sargus) fed
GOS compared to fish fed a control diet [20]. The serum Ig level and LYZ activity decrease
paralleled the increase in SP level from 5 to 20 g kg−1 of diet, while the ACH50 increased
with increasing SP of diets. Evaluation of the effects of different levels (0%, 0.25%, 0.5%,
1% and 2%) of dietary SP on Caspian white fish (R. frisii kutum) fry (2 g) humoral immune
responses showed that lysozyme and ACH50 activities were higher in 0.25% and 0.5%
treatments than other treatments [37]. In contrast, Safari et al. [11] found that the serum
total Ig level and lysozyme activity increased with the elevation of the SP level from 0%
to 2% in diets of common carp (C. carpio) (~25 g). These contradictory findings may be
due to the difference in fish species and life stages [24]. However, further studies need to
elucidate the cause of such different results.

The results of the present study revealed that GPx and SOD activities increased
remarkably in 10 g kg−1-SYN and 10 g kg−1-SYN + 5 g kg−1-SP groups. Similarly, dietary
synbiotics (GOS+ P. acidilactici) increased liver antioxidant enzymes (CAT, GST and GR)
activity in rainbow trout (O. mykiss) [43]. The plasma SOD activity was higher in juvenile
rockfish (S. schlegeli) fed a diet supplemented with synbiotic (1% GOS and 6.3 log CFU
g−1 P. acidilactici) than those fed P. acidilactici and GOS-supplemented diets [42]. On the
contrary, the single administration of dietary GOS had no significant effect on antioxidant
enzymatic activity, including SOD and GPx, in white sea bream (D. sargus) [20]. The results
of another study also showed that SOD and GPx activities in erythrocyte hemolysate of
common carp (C. carpio) were not affected by dietary probiotic P. acidilactici [44]. It has been
reported that dietary SP increased the expression of the GPx gene in the liver of common
carp (C. carpio) [11]. The findings of the current study also indicated the elevation of SOD
and GPx activities in fish fed SP-supplemented diets compared to the control group. The
inclusion of SP at the level of 5 g kg−1 diet had a more positive effect on the activity of
these enzymes. To interpret the results, it is important to consider fish species, ontogeny
stages (larvae, fry, adult and broodstock), diet regimes (herbivorous, omnivorous and
carnivorous), nutritional history and basal diet formulation.

The elevated digestive enzyme activities have been reported in fish and shellfish
fed probiotics, prebiotics and their combination as synbiotics [9,45]. In the present study,
the maximum digestive enzymes activity, including protease, α-amylase and lipase, was
observed in fish fed diets supplemented with SYN (P. acidilactici + GOS). It was shown that
the digestive enzyme activities enhanced in zebra fish (D. rerio) fed diets supplemented
with different levels of P. acidilactici [46]. In contrast, dietary prebiotic GOS had no positive
effect on digestive enzyme activity, such as protease, trypsin and lipase, in white seabream
(D. sargus) after 12 weeks [20]. To date, few studies have investigated the effects of dietary
organic acids on the digestive enzyme activity of aquatic animals [24]. Increased digestive
enzymes activity has been reported in hybrid tilapia and white shrimp (Litopenaeus van-
namei) fed citric acid-supplemented diets [47,48] and in green terror (Andinoacara rivulatus)
fed apple cider vinegar-supplemented diets [25]. In the current study, dietary SP, especially
at the levels of 5 and 10 g kg−1 diet, enhanced the activity of digestive enzymes compared
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to the control. However, the combination of SP with SYN and elevation of its level from
5 to 20 g kg−1 diet led to the decrease in digestive enzyme activities compared to the single
administration of SYN. Although the exact cause of this effect is not clear, it needs more
studies to identify the physiological pathways.

Lactic acid bacteria (LAB) are considered beneficial microorganisms within the gas-
trointestinal (GI) tract of fish. It is well known that they have the ability to stimu-
late the digestive function, host GI development, immune responses and disease re-
sistance in fish species [49,50]. In the present study, the African cichlid fed an SYN-
supplemented diet showed the highest lactobacillus count. Dietary supplementation
with 2% GOS increased the LAB level and the ratio of LAB to TVC in the gut micro-
biota of Caspian roach (R. caspicus) and Caspian white (R. frisii kutum) fish fingerlings
after 6 weeks [23]. The population of LAB also increased significantly in the intestinal
tract of angelfish (Pterophyllum scalare) fed adult Artemia franciscana enriched with syn-
biotic (P. acidilactici + GOS) for 7 weeks [10]. Feeding beluga larvae (Huso huso) with
Artemia urmiana nauplii enriched with P. acidilactici for 9 h also had a significant effect
on the LAB level in the digestive tract of fish [51]. It was found that the addition of
3 g kg−1 K-diformate (KDF) to plant protein-based diets stimulated the growth of LAB
in the gastrointestinal tract of tilapia [52]. Wassef et al. [53] reported that the inclusion
of SP at the levels of 0.2% and 0.3% beneficially modified the distal intestine microbiota
of European seabass (Dicentrarchus labrax) fry. In contrast, the supplementation of the
diet with 2% Na-butyrate had no significant effects on the gut bacterial community of
African catfish (Clarias gariepinus) [54]. In this trial, dietary supplementation with singular
and combination use of synbiotics and sodium propionate improved the survival rate of
A. hydrophila-injected African cichlid. Moreover, lactobacillus count in all dietary groups
was higher than in the control group. In the present study, we observed the stimulating
effects of using synbiotics and sodium propionate on growth performance and intesti-
nal lactobacillus count of African cichlid. However, it needs further investigations to
be confirmed.

5. Conclusions

The single administration of dietary SYN (P. acidilactici + GOS) and different lev-
els of SP and their combination improved the survival rate, growth performance and
lactic acid bacteria count in the gastrointestinal tract and enhanced selected humoral im-
mune responses, antioxidant enzymes and digestive enzyme activities of African cichlid.
Twenty-eight days after Aeromonas hydrophila injection, the survival rate of fish fed the diets
containing SYN and/or SP were higher than those of fish fed the control diet. According to
the results, the best inclusion level of SP as an acidifier was 5 g kg−1 of diet. These findings
suggested that the supplementation of African cichlid-diets with SYN (P. acidilactici + GOS)
and SP could be an effective way to improve fish health and reduce production costs.
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