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A B S T R A C T

In the present study, a 126-day experiment was carried out under controlled conditions to compare the effects of
prebiotic (galactooligosaccharide), probiotics (Enterococcus faecalis and Pediococcus acidilactici), and synbiotics
(galactooligosaccharide + Enterococcus faecalis and galactooligosaccharide + Pediococcus acidilactici) on the
growth performance, indices of nutritional efficiency, in vivo apparent digestibility coefficients of nutrients,
digestive enzymes, hemolymph indices, and biological responses of juvenile crayfish Astacus leptodactylus lep-
todactylus (6.18 ± 0.31 g) against 48-h Aeromonas hydrophila exposure challenge. The maximum specific
growth rate (2.32% day−1), voluntary feed intake (2.68% body weight day−1), and survival rate (93.67%) as
well as the minimum feed conversion ratio (2.07) were observed in the juvenile crayfish fed with the ga-
lactooligosaccharide + Enterococcus faecalis diet. The highest means of in vivo apparent digestibility coefficients
of organic matter (85.33%), crude protein (91.67%), crude fat (82.33%), and gross energy (83.67%) were
measured in the crayfish fed with the galactooligosaccharide + Enterococcus faecalis diet (p < 0.05). Moreover,
the highest ratios of presumptive autochthonous lactic acid bacteria to total viable aerobic heterotrophic bac-
teria were observed in the crayfish fed with the synbiotic diets (p < 0.05). It was found that feeding crayfish
with the galactooligosaccharide + Enterococcus faecalis diet indicated the highest activities of phenoloxidase,
superoxide dismutase, lysozyme, and nitric oxide synthase (p < 0.05). The mean survival rate of Aeromonas
hydrophila injected crayfish fed with the galactooligosaccharide + Enterococcus faecalis diet (77.67%) was higher
than that of the crayfish fed with the control (8.33%) and other diets (58.33–72.33%) (p < 0.05). Finally,
considering all the tested levels, 7.53 log CFU E. faecalis g−1 + 10 g kg−1 galactooligosaccharide used in the
diet was observed to be the optimum diet.

1. Introduction

The freshwater crayfish, Astacus leptodactylus leptodactylus, is one of
the economically significant farmed crayfish species in the world
(Holdich, 1993; Karimpour et al., 2011); however, like other crayfish
species, A. leptodactylus has suffered increased outbreaks of disease in
intensive culture. To combat its pertinent diseases and increase its
sustainable production, feed additives such as organic salts, nucleo-
tides, probiotics, paraprobiotics, prebiotics, symbiotics, and phyto-
products can be used (Castex et al., 2014; Dash et al., 2015; Ng and
Koh, 2016; Safari et al., 2014a). Some additives act as im-
munostimulants; while others balance the gastrointestinal microbiota of
aquatic species and are critical in their growth and welfare (Hoseinifar
et al., 2015a; Llewellyn et al., 2014).

Synbiotics, the combined form of probiotics and prebiotics, are
critically considered as potential feed additives as a result of growing
interests in and worries about achieving a sustainable aquaculture in-
dustry (Cerezuela et al., 2011). Synergistic effects of synbiotics on
growth performance, indices of nutritional efficiency, carcass compo-
sition, activities of digestive enzymes, hemato-immunological para-
meters, and stress resistance of cultivable aquatic species have been
reported in previous studies (Cerezuela et al., 2011; Ringø et al., 2014;
Rodriguez-Estrada et al., 2009).

Pediococcus acidilactici (Hoseinifar et al., 2011; Neissi et al., 2013)
and Enterococcus faecalis (Allameh et al., 2015; Rodriguez-Estrada et al.,
2013, 2009; Safari, 2016), as two types of gram-positive cocci (Vos
et al., 2009), have the potential to adhere to and colonize the gastro-
intestinal tract of aquatic species. The beneficial effects of using P.
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acidilactici (Neissi et al., 2013; Villamil et al., 2010) and E. faecalis
(Allameh et al., 2015; Rodriguez-Estrada et al., 2013; Safari, 2016) in
the diet on the growth performance, health status, and hemato-im-
munological parameters of aquatic species have been described in the
literature.

Galacto-oligosaccharide (GOS), a β-galactosidase-catalysed lactose,
is a hydrolyzed product of dairy products (Gosling et al., 2010). GOS, a
prebiotic in the aquafeed industry, has positive effects on the biological
indices of Atlantic salmon (Salmo salar) (Grisdale-Helland et al., 2008),
common carp (Cyprinus carpio) (Hoseinifar et al., 2016), Caspian roach
(Rutilus rutilus) (Hoseinifar et al., 2013), red drum (Sciaenops ocellatus)
(Zhou et al., 2010), and freshwater crayfish (Astacus leptodactylus lep-
todactylus) (Safari, 2016). It is essential to consider the chemical
properties of prebiotics such as the degree of polymerization (DP),
biological origin (fungi or plant), structure (molecular weight), and in
vitro fermentation conditions to select suitable prebiotics in the aqua-
feed industry (Ringø et al., 2010; Safari et al., 2014a). In order to
maximize the population of beneficial gut microbiota after the cessation
of treatment, synbiotics, which are the best combination of a probiotic
and special prebiotic substrate, have recently received due attention in
the aquafeed industry (Hoseinifar et al., 2015b; Llewellyn et al., 2014).
In this regard, the positive in vitro effects of galactooligosaccharide
(GOS) on some probionts (P. acidilactici + E. faecalis) and the in vivo
effects of these synbiotics on immunity and growth indices of juvenile
rainbow trout, Oncorhynchus mykiss (Hoseinifar et al., 2015a, 2015b),
and crayfish A. leptodactylus leptodactylus (Safari, 2016) have been
discussed in the literature. To the best of researchers' knowledge, little
information is available presenting the proper evaluation of the effects
of dietary synbiotics in crayfish (Safari, 2016). Hence an evaluation of a
range of effective synbiotics would be of significant value in the es-
tablishment of a sustainable astaciculture industry.

The highest SGR and the lowest FCR levels were reported in the diet
of juvenile Astacus leptodactylus containing mannan-oligosaccharide
(MOS; 3.0 g kg−1) (Mazlum et al., 2011). The positive effects of using a
combination of 2.25 g kg−1 MOS and 1.5 g kg−1 fructo-oligo-
saccharide (FOS) in the diet of adult A. leptodactylus leptodactylus on the
growth indices, nutritional efficiency, and immune responses against
air and bacterial exposure challenges were observed in a study con-
ducted by (Safari et al., 2014a). Utilization of FOS (2.0 to 10.0 g kg−1)
in the diet of red swamp crayfish, Procambarus clarkii, increased the
activities of antioxidant enzymes (Dong and Wang, 2013). Therefore,
the aim of the present study was to evaluate the in vivo effects of two
selected synbiotics (galactooligosaccharide + Enterococcus faecalis and
galactooligosaccharide + Pediococcus acidilactici) on the growth per-
formance, nutrient digestibility, immune responses, and stress re-
sistance of juvenile narrow-clawed crayfish, Astacus leptodactylus lep-
todactylus.

2. Materials and method

2.1. Experimental diets

A basal diet (384.1 g kg−1, crude protein; 128.5 g kg−1, crude fat;
14.93 MJ kg−1, gross energy) as the control diet (Safari et al., 2014a)
was developed by WUFFDA (windows-based user-friendly feed for-
mulation, done again; University of Georgia, Georgia, USA) software
(Table 1). To prepare the experimental diets, galactooligosaccharide
(GOS; Friesland Foods Domo Co., the Netherlands; DP: 5) as a prebiotic
as well as E. faecalis (Nichi Nichi Pharmaceutical Co., LTD, Japan;
7.53 log CFU g−1) and P. acidilactici (Bactocell®, Lallemand Inc., Mon-
treal, QC, Canada;7.53 log CFU g−1) as probiotics were employed. Both
of the probiotic strains utilized in the present study were in lyophilized
forms. To obtain De Man, Rogosa and Sharpe (MRS) (Merck, UK) broth,
the culturing conditions of E. faecalis (24 h at 30 °C) and P. acidilactici
(48 h at 37 °C) were applied. Fresh colonies of the probionts were

obtained after re-culturing them on MRS agar (Merck, UK). The number
of bacteria was estimated by serial dilutions plated on MRS agar plates
in triplicate and were then counted in groups receiving E. faecalis and P.
acidilactici diets after 24 h of incubation at 30 °C and 37 °C, respec-
tively. The control and experimental diets were prepared as follows: (1)
control, (2) GOS (10 g kg−1), (3) E. faecalis (EnF; 7.53 log CFU g−1),
(4) P. acidilactici (PeA; 7.53 log CFU g−1), (5) GOS (10 g kg−1)
+ EnF (7.53 log CFU g−1), and (6) GOS (10 g kg−1) + PeA
(7.53 log CFU g−1).

2.2. Crayfish sampling

Six hundred healthy juvenile crayfish (6.18 ± 0.31 g) were ob-
tained from Shahid Yaghoobi reservoir (35° 9′ 36″ N 59° 24′ 18″ E,
Khorasan Razavi, Iran) and stocked at a density of 25 crayfish per 1000-
L tank (2 × 1 × 0.5 m) in a semi-recirculating system with a daily
water exchange rate of 35% with four replicates for each experimental
diet. Each tank was fitted with 25 plastic tubes (diameter of 4 cm and
length of 12 cm), which served as hiding places for the animals.
Unconsumed food was collected and weighed 3 h after feeding.
Water temperature was maintained at 25.5 °C throughout the
feeding trial. DO (6.4 ± 0.19 mg l−1), pH (7.08 ± 0.44), hardness
(141 ± 5.7 mg l−1 as CaCO3), un-ionized ammonia (< 0.06 mg l−1),
and nitrite contents (< 0.6 mg l−1) were evaluated every week. The
animals were held on L:D 14:10 cycle. Briefly, each diet was randomly
assigned to a tank of crayfish, and the crayfish were fed 4% of their
body weight three times a day (8:00, 14:00, and 20:00) for 126 days.
Biometry was conducted on the first and last days of the experiment.

Table 1
Composition (g kg−1 dry matter) of the control diet fed with the juvenile crayfish
(6.18 ± 0.31 g).

g kg−1 (dry-weight basis)

Ingredient
Menhaden fish meala 147
Soybean meala 175
Corn glutena 112
Wheat floura 289
Corn starchb 49
Fish oila 42
Canola oila 41
Soy lecithina 50
Cholesterold 5
Glucosaminec 10
Choline chloride (70%)d 15
Vitamin C (stay)d 10
Vitamin premixd,e 20
Mineral premixd,e 15
Carboxymethyl cellulosec 19.9
Ytterbium oxidec 0.1

Chemical composition
Dry matter 874.2
Crude protein 384.1
Crude fat 128.5
Crude fiber 28.9
Nitrogen free extract 420.6
Ash 37.9
Gross energy (MJ kg−1) 14.93
Crude fat/crude protein 0.33

a Behparvar Aquafeed Co, Iran.
b Scharloo Chemical Co, Spain.
c Sigma, Germany.
d Kimia Roshd Co. Iran.
e Mineral premix contains (mg kg−1) Mg, 100; Zn, 60; Fe, 40; Cu, 5; Co, 0.1; I, 0.1;

antioxidant (BHT), 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.
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2.3. Evaluation of the growth performance and carcass quality

At the end of the feeding trial, each crayfish was individually
weighed (± 0.01) on an electronic scale (AND, Japan). All parameters
were corrected based on the feed ingested. Growth parameters, survival
rate, and nutrient efficiency indices were calculated as follows
(Glencross et al., 2007; Safari et al., 2014a):

= − ×
−Specific Growth Rate (SGR;%day ) [(lnW lnW) t] 1001

f i

=

×

Survival Rate (%) (Final Individual Numbers

Initial Individual Numbers) 100

= ×

−Voluntary Feed Intake (VFI;%body weight day )
[(Feed ) (W t)]

1

consumed (DM) mean

=Feed Conversion Ratio (FCR) (Feed W )consumed gain

=Protein Efficiency Ratio (PER) (W Crude protein )gain consumed

= ×

Protein Productive Value (PPV;%)

100 [(Protein ) (Protein )]retained consumed

In the above-mentioned equations, Wi, Wf, Wmean, Wgain, t, and
Feedconsumed represent initial weight, final weight, mean weight, weight
gain (g), time period (day), and consumed feed (g), respectively.

2.4. Calculation of in vivo nutrient apparent digestibility

In vivo ADCs of organic matter (ADCOM), crude protein (ADCCP),
crude fat (ADCCF), and gross energy (ADCGE) of the experimental diets
were calculated according to the following equation (Safari et al.,
2014b):

= × − ×

×

ADC 100 (1 (Marker Nutrient Marker

Nutrient ))
test test feces feces

test

In the presented equation, the terms Markertest and Markerfeces re-
present the marker (0.1 g kg−1 ytterbium oxide, Yb2O3, in the diet)
contents of the diet and feces, respectively. Furthermore, Nutrienttest
and Nutrientfeces represent the nutritional parameters of concern (for
example, protein or energy) in the diet and feces, respectively.

2.5. Biochemical analyses

2.5.1. Hemolymph indices
On the 126th day, 6 crayfish from each tank (24 crayfish per

treatment) were killed 24 h after the last feeding. All assays were done
without pooling samples with four replicates. According to the pre-
viously described protocol (Safari et al., 2014a), hemolymph was ob-
tained from ventral sinus using a needle (25G), pooled, and stored with
application of the following two methods: (1) 1 ml microtube without
any anticoagulant agent (see Section 2.5.2) and (2) 1 ml microtube
containing 0.4 ml Alsever as an anticoagulant. Briefly, 125 μl of plasma
obtained from the later protocol was used to measure the following
hemolymph indices: THC measured with hemocytometer cell (Beco,
Hamburg, Germany) (Jiang et al., 2004), hyaline cell (HC) count, and
semi- and large granular cell (SGC and LGC, respectively) count via
hemolymph extension at room temperature (25 °C), fixation at me-
thanol for 1 min, staining by the method of May-Grunwald-Giemsa, and
then counting with light microscope (Pousti and Adib Moradi, 2004).
The total plasma protein was estimated using the biuret method.

2.5.2. The activities of phenoloxidase, superoxide dismutase, lysozyme, and
nitric oxide synthase

The remaining anticoagulated hemolymph (250 μl) was centrifuged
at 700 ×g for 20 min at 4 °C to separate the hemocytes from the

plasma. In addition, the supernatant fluid was employed for plasma
determinations (Safari et al., 2014a; Zhang et al., 2011). All activities of
the enzymes were standardized based on the protein concentration.
Phenoloxidase (PO) activity was assayed using a spectrophotometer by
recording the formation of dopachrome from L-dihydroxyphenylalanine
(L-DOPA) at the final reading of the medium at 490 nm (Hernández-
López et al., 1996; Safari et al., 2014a). The activity of superoxide
dismutase (SOD) was measured by observing the inhibition of ferricy-
tochrome C reduction at the final reading of the medium at 550 nm
(Cooper et al., 2002). The lysozyme (LYZ) activity was determined by
observing a decrease in its absorbance in comparison with suspension
of Micrococcus lysodeikticus without plasma at the final reading of the
medium at 530 nm (Ellis, 1990). The activity of nitric oxide synthase
(NOS) was measured using the assay kit (Nanjing Jiancheng Bioengi-
neering Institute, China) (Marzinzig et al., 1997).

2.5.3. Digestive enzyme activities
On the 126th day, the live crayfish (12 individuals per treatment)

were transported to the laboratory, ice-anesthetized, and then dissected
using a scalpel. The hepatopancreas was removed, rinsed in distilled
water, dried with paper towels, homogenized (30 g/70 ml distilled
water) using a homogenizer (DI 18 Disperser). The homogenate was
then centrifuged at 10,000 ×g for 25 min at 4 °C, and the supernatant
was stored in liquid nitrogen. All hepatopancreas tissues were collected
one by one without pooling. The measurement of digestive enzyme
activities follows Safari et al. (2014a). Briefly, the amylase activity was
measured using a starch as the substrate at the final reading of the
medium at 550 nm with a UV/Vis spectrophotometer (Pharmacia Bio-
tech Ultrospec 2000) (Coccia et al., 2011). Lipase activity was measured
by α-naphthyl caprylate as substrate at the final reading of the medium
at 540 nm (López-López et al., 2003). Alkaline protease activity was
determined using azocasein as substrate at the final reading of the
medium at 366 nm (Fernández Gimenez et al., 2001). In the present
study, specific enzyme activity was defined as enzyme units (U) per
milligram of total protein.

2.6. Chemical analysis

The analysis of dry matter by oven drying at 105 °C, crude protein
(N × 6.25, Kjeldahl system: Buchi Labortechnik AG, Flawil,
Switzerland), crude fat (Soxtec System HT 1043: Foss Tecator, AB), ash
(muffle furnace, 550 °C), gross energy (Parr bomb calorimeter model
1266, Parr Instrument Co., Moline, IL), and crude fiber after digestion
with H2SO4 and NaOH was performed according to the standard
methods (AOAC, 2005). The nitrogen-free extract (NFE) was calculated
by subtraction of dry matter from crude protein, crude fat, crude fiber,
and ash contents. The organic matter was calculated by subtraction of
dry matter from ash content. Ytterbium oxide was determined in diets
and feces by inductively coupled plasma-atomic absorption spectro-
photometery (ICP; GBC Integra XL, Australia).

2.7. Bacteriological analysis

At the onset of the feeding trial, the total viable count (TVC) of
aerobic heterotrophic bacteria and presumptive lactic acid bacteria
(LAB) levels in hepatopancreas were determined by random sampling
of 20 crayfish from the stock. As described in a study conducted by
(Safari et al., 2014a), at the end of the experiment, the crayfish (12
individuals per treatment) were transported alive to the laboratory, ice-
anesthetized, rinsed with benzalkonium chloride (0.1% for 60 min),
and dissected using a scalpel. Subsequently, hepatopancreas was re-
moved and homogenized with sodium chloride (0.9 w/v) using a
homogenizer (DI 18 Disperser). The homogenate was then centrifuged
at 5000 ×g for 5 min at 4 °C. One hundred microliters of the prepared
samples was spread onto plate count agar (PCA; Merck Co.) and de
Man, Rogosa and Sharpe media (MRS; Merck Co.) at four replicates to
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determine TVC and LAB, respectively. The plates were incubated at
room temperature (25 °C) for 5 days, and colony-forming units (CFU)
g−1 were calculated from the plates containing 30–300 colonies
(Hoseinifar et al., 2015a).

2.8. Bacterial exposure challenge

The challenge test was initiated on the 127th day of the feeding
trial. Twelve crayfish from each diet tank received an injection of
1 × 108 cells ml−1 Aeromonas hydrophila (ATCC 49040) through the
base of the fifth thoracic leg with 20 ml bacterial stock suspension
(Safari et al., 2014a; Sang et al., 2009). The injected crayfish were
marked before being transferred back into their original tanks to avoid
repeated sampling. Forty eight hours after the injection, the infected
crayfish were monitored for survival rate, THC, HC, SGC, and LGC.

2.9. Statistical analysis

All percentage data were transformed using arcsine method. After
confirming the homogeneity of variance and normality of the data by
Leaven's and Kolmogorov-Smirnov tests (Zar, 2007), respectively,
ANOVA was run to compare the results of treatments at four replicates.
Duncan's test was used to compare the significant differences between
the results of treatments (p < 0.05). To perform the analyses, SPSS™
version 19 was used. All results were presented as mean ± SD.

3. Results

3.1. Growth performance, survival rate, and in vivo ADCs of nutrients and
gross energy

In comparison with the crayfish fed with the control diet, admin-
istration of prebiotic (GOS), probiotics (EnF and PeA), and synbiotics
(GOSEnF and GOSPeA) in the diet of juvenile crayfish significantly
improved (p < 0.05) the growth performance (final weight, SGR, FCR,
and VFI), survival rate, and nutritional efficiency indices (PER and PPV)
(Table 2). Juvenile crayfish fed with the diet containing GOSEnF re-
vealed the highest survival rate, final weight, SGR, VFI, PER, and PPV,
and the lowest FCR (Table 2). The crayfish fed with the diet containing
GOSPeA were placed in the second rank after the GOSEnF treatment
(Table 2). Final weight, SGR, survival rate, PER, and PPV in the crayfish
fed with the diet containing EnF were significantly higher than those of
the crayfish fed with the GOS-, PeA, and control diets (Table 2). In this
regard, the level of FCR in the crayfish fed with the diet containing EnF
was significantly lower than that of the crayfish fed with the above-

mentioned diets. The levels of PER and PPV in the crayfish fed with the
diet containing PeA were significantly higher than those of the crayfish
fed with GOS and control diets (Table 2). Finally, the crayfish fed with
the diet containing GOSEnF showed the highest values for in vivo ADCs
of organic matter, crude protein, crude fat, and gross energy (Table 3).

3.2. Hemolymph indices and the activities of phenoloxidase (PO),
superoxide dismutase (SOD), lysozyme (LYZ), and nitric oxide synthase
(NOS)

Feeding the juvenile crayfish with the diets containing GOS, EnF,
PeA, GOSEnF, and GOSPeA, in comparison with the control diet, con-
siderably enhanced the THC, HC, SGC, and LGC (Table 4). Juvenile
crayfish fed with the GOSEnF indicated the highest values for hemo-
lymph indices and the activities of PO, SOD, LYZ, and NOS. Further-
more, hemolymph indices and the activities of PO, LYZ, and NOS in the
crayfish fed with EnF diet were substantially higher than those of the
crayfish fed with the GOS, PeA, and control diets (Table 4). After
bacterial exposure challenge, the highest values of hemolymph indices
were observed in the crayfish fed with the GOSEnF (Table 5). The
crayfish fed with the GOSEnF diet demonstrated the highest values for
survival rate and hemolymph indices (Table 5). As depicted in Fig. 1,
during 48-h post-challenge, the survival rate in the injected crayfish fed
with the GOSEnF diet was higher than that of the crayfish fed with
other diets.

3.3. Digestive enzyme activities

As illustrated in Fig. 2, digestive enzyme activities including alka-
line protease, lipase, and amylase in the juvenile crayfish fed with the
prebiotic, probiotic, and synbiotics diets were significantly higher than
those of the crayfish fed with the control diet. The highest activities of
alkaline protease, lipase, and amylase appeared in the crayfish fed with
the GOSEnF diet (Fig. 2a, b, c).

3.4. Microbiological analysis

The ratio of presumptive autochthonous lactic acid bacteria count to
total viable aerobic heterotrophic bacteria count extracted from the
hepatopancreas in the juvenile crayfish fed with the GOSEnF and
GOSPeA diets demonstrated the highest values (Fig. 3). The EnF diet
yielded significantly higher values than the PeA, GOS, and control diets
(Fig. 3).

Table 2
The mean (± SD1) of initial weight (g), final weight (g), specific growth rate (% day−1), voluntary feed intake (% BW day−1), feed conversion ratio, survival rate (%), protein efficiency
ratio (PER) and protein productive value (PPV, %) of crayfish fed with the experimental diets after 126 days (n = 4)2.

Control GOS3 E. faecalis (EnF) P. acidilactici (PeA) GOS + E. faecalis
(GOSEnF)

GOS + P. acidilactici
(GOSPeA)

p-Value

Initial weight (g) 6.17 ± 0.01a 6.18 ± 0.01a 6.17 ± 0.02a 6.16 ± 0.03a 6.16 ± 0.01a 6.17 ± 0.03a 0.847
Final weight (g) 37.40 ± 0.50a 44.68 ± 0.64b 58.09 ± 0.92d 48.87 ± 0.61c 114.61 ± 2.99f 102.11 ± 2.44e 0.0001
Specific growth rate (%

BW day−1)
1.43 ± 0.01a 1.57 ± 0.01b 1.78 ± 0.01d 1.64 ± 0.01c 2.32 ± 0.02f 2.23 ± 0.02e 0.0001

Voluntary feed intake (%
BW day−1)

1.64 ± 0.01a 1.88 ± 0.01b 2.12 ± 0.02c 2.19 ± 0.01d 2.68 ± 0.01f 2.33 ± 0.05e 0.0001

Feed conversion ratio 3.42 ± 0.02f 2.92 ± 0.02e 2.55 ± 0.01c 2.77 ± 0.01d 2.07 ± 0.20a 2.32 ± 0.02b 0.0001
Survival rate (%) 44.00 ± 1.00a 49.67 ± 0.58b 73.00 ± 1.00d 66.33 ± 1.15c 93.67 ± 0.58f 91.67 ± 0.58e 0.0001
Protein efficiency ratio 1.25 ± 0.02a 1.74 ± 0.01b 2.34 ± 0.02d 1.98 ± 0.02c 3.29 ± 0.02f 3.10 ± 0.01e 0.0001
Protein productive value (%) 41.67 ± 0.58a 49.47 ± 0.41b 56.67 ± 0.95d 52.67 ± 0.75c 63.33 ± 0.87f 60.33 ± 0.78e 0.0001

1 Standard deviation.
2 Different superscripts within a row indicate significant differences at p < 0.05.
3 GOS: galactooligosaccharide.
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Table 3
The mean (± SD1) of in vivo ADCs of organic matter (ADCOM, %), crude protein (ADCCP, %), crude fat (ADCCF, %) and gross energy (ADCGE, %) of crayfish fed with the experimental diets
after 126 days (n = 4)2.

Control GOS3 E. faecalis (EnF) P. acidilactici (PeA) GOS + E. faecalis (GOSEnF) GOS + P. acidilactici (GOSPeA) p-Value

In vivo ADCOM 61.33 ± 0.58a 69.33 ± 0.87b 78.67 ± 0.72d 73.33 ± 0.91c 85.33 ± 0.60f 81.67 ± 0.52e 0.0001
In vivo ADCCP 75.67 ± 0.52a 78.67 ± 0.95b 84.33 ± 0.65d 80.67 ± 0.67c 91.67 ± 0.81f 87.33 ± 0.75e 0.0001
In vivo ADCCF 54.67 ± 1.85a 69.67 ± 1.56b 75.33 ± 1.95d 72.33 ± 1.95c 82.33 ± 1.21f 79.67 ± 1.85e 0.0001
In vivo ADCGE 61.33 ± 1.17a 65.67 ± 1.78b 74.67 ± 1.29d 70.33 ± 1.48c 83.67 ± 0.98f 79.67 ± 1.18e 0.0001

1 Standard deviation.
2 Different superscripts within a row indicate significant differences at p < 0.05.
3 GOS: galactooligosaccharide.

Table 4
The mean (± SD1) of total hemocyte count (THC, ×105 cells ml−1), hyaline count (HC, ×105 cells ml−1), semi-granular count (SGC, ×105 cells ml−1), large-granular count (LGC,
×105 cells ml−1), phenoloxidase activity (PO, U min−1), superoxide dismutase activity (SOD, U min−1), lysozyme activity (LYZ, U min−1) and nitric oxide synthase activity (NOS,
U min−1) of crayfish fed with experimental diets after 126 days (n = 4)2.

Control GOS3 E. faecalis (EnF) P. acidilactici (PeA) GOS + E. faecalis
(GOSEnF)

GOS + P. acidilactici
(GOSPeA)

p-Value

THC (×105 cells ml−1) 81.67 ± 1.25a 96.33 ± 1.78b 105.67 ± 1.41d 99.33 ± 1.75c 114.33 ± 2.51f 111.67 ± 2.01e 0.0001
HC (×105 cells ml−1) 73.33 ± 0.85a 86.67 ± 0.95b 99.33 ± 0.57d 93.67 ± 0.71c 109.67 ± 1.12f 104.67 ± 0.98e 0.0001
SGC (×105 cells ml−1) 21.67 ± 2.12a 32.67 ± 3.25b 42.67 ± 2.14d 37.91 ± 2.01c 48.81 ± 4.15f 45.75 ± 2.87e 0.0001
LGC (×105 cells ml−1) 17.33 ± 1.16a 32.33 ± 1.85b 47.33 ± 1.47d 41.33 ± 1.45c 52.67 ± 1.12e 49.33 ± 1.23d 0.0001
Phenoloxidase activity (U min−1) 2.20 ± 1.12a 3.47 ± 1.47b 5.27 ± 1.25d 4.80 ± 1.85c 6.77 ± 1.56f 6.07 ± 1.75e 0.0001
Superoxide dismutase activity

(U min−1)
2.17 ± 0.06a 4.88 ± 0.52b 5.86 ± 0.01b 5.12 ± 0.15b 6.69 ± 0.12d 6.20 ± 0.13c 0.0001

Lysozyme activity (U min−1) 4.14 ± 0.25a 5.34 ± 0.81b 6.88 ± 0.35d 6.13 ± 1.12c 8.87 ± 0.86f 8.22 ± 0.97e 0.0001
Nitric oxide synthase activity

(U min−1)
1.95 ± 0.85a 2.47 ± 0.97b 3.64 ± 0.51d 3.12 ± 0.90c 5.11 ± 0.72f 4.93 ± 0.95e 0.0001

1 Standard deviation.
2 Different superscripts within a row indicate significant differences at p < 0.05.
3 GOS: galactooligosaccharide.

Table 5
The mean (± SD1) of total hemocyte count (THC, ×105 cells ml−1), hyaline count (HC, ×105 cells ml−1), semi-granular count (SGC, ×105 cells ml−1), large-granular count (LGC,
×105 cells ml−1), and survival rate (%) of crayfish exposed to bacterial exposure challenge (n = 4)2.

Control GOS3 E. faecalis (EnF) P. acidilactici (PeA) GOS + E. faecalis (GOSEnF) GOS + P. acidilactici (GOSPeA) p-Value

THC (×105 cells ml−1) 81.75 ± 0.57a 96.48 ± 0.58b 105.91 ± 0.57d 99.54 ± 0.58c 114.66 ± 0.57f 111.95 ± 0.58e 0.0001
HC (×105 cells ml−1) 78.64 ± 0.96a 98.44 ± 2.14b 123.08 ± 1.12d 112.00 ± 0.15c 144.66 ± 0.71f 133.53 ± 1.16e 0.0001
SGC (×105 cells ml−1) 23.31 ± 0.45a 36.09 ± 0.77b 53.03 ± 0.96d 45.18 ± 0.82c 64.38 ± 1.04f 58.42 ± 0.48e 0.0001
LGC (×105 cells ml−1) 18.59 ± 0.78a 36.70 ± 0.58b 58.65 ± 0.88d 49.30 ± 0.61c 69.47 ± 1.06f 62.94 ± 1.02e 0.0001
Survival rate (%) 8.33 ± 0.08a 58.33 ± 2.25b 68.33 ± 1.12d 62.33 ± 3.14c 77.67 ± 3.11f 72.33 ± 2.13e 0.0001

1 Standard deviation.
2 Different superscripts within a row indicate significant differences at p < 0.05.
3 GOS: galactooligosaccharide.
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Fig. 1. Survival rate (%) of crayfish injected with
Aeromonas hydrophila during 48 h post-challenge and
fed with experimental diets (GOS: galactooligo-
saccharide; EnF: Enterococcus faecalis; PeA: Pediococcus
acidilactici; GOSEnF: GOS + Enterococcus faecalis;
GOSPeA: GOS + Pediococcus acidilactici) with four
replicates.
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Fig. 2. The mean (± SD) activities (U mg−1) of (a)
alkaline protease, (b) lipase, and (c) amylase in the
hepatopancreas of crayfish fed with the experimental
diets after 126 days with four replicates (GOS: ga-
lactooligosaccharide). Different letters indicate sig-
nificant differences (p < 0.05).
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Fig. 3. The mean (± SD) ratio (%) of presumptive
autochthonous lactic acid bacteria (lab) count
(CFU g−1) to total viable heterotrophic aerobic bac-
teria count (CFU g−1) of hepatopancreas extracted
from crayfish fed with experimental diets after
126 days with four replicates (GOS: galactooligo-
saccharide). Different letters indicate significant dif-
ferences (p < 0.05).
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4. Discussion

4.1. Growth performance, nutrient efficiency indices, in vivo ADCs of
nutrients, bacterial flora in hepatopancreas, and digestive enzymes of
hepatopancreas

Short-chain fatty acids (SCFA; acetic, propionic, and butyrate acids)
produced during fermentation process in gastrointestinal tract have
confirmed the positive effects on the growth performance (weight gain,
SGR, and FCR), immune responses, and survival rate (Hoseinifar et al.,
2015a; Maslowski and Mackay, 2011). Butyrate acts as a main energy
source for colonic epithelial cells and plays a key role in epithelium
maintenance (Maslowski and Mackay, 2011). Moreover, it can increase
the in vivo ADCs of organic matter, crude protein, crude fat, and gross
energy (Safari, 2016; Safari et al., 2014a; Ye et al., 2011) and finally
improve the feed efficiency (Buentello et al., 2010). Furthermore, via
stimulation of the immune responses, butyrate leads stress-resistance of
the host (Maslowski and Mackay, 2011). As a factor increasing disease
resistance, butyrate could down-regulate the expression of invasion
genes in Salmonella sp. (Van Immerseel et al., 2006). The results of a
study conducted by (Safari, 2016) showed that butyrate was found to be
the main SCFA during fermentation of E. faecalis and P. acidilactici in
GOS. The changes in the ratios of LAB to TVC in hepatopancreas, which
is extracted from the crayfish fed with the experimental diets, may be
beneficial for the crayfish. This benefit could be possibly obtained by
increasing the nonspecific immune responses and concentrations and/
or production of volatile fatty acids in general and butyrate in parti-
cular as the by-products of the fermentation process in GIT (Hoseinifar
et al., 2015a; Safari, 2016). The mentioned point is in line with the
findings reported by Hoseinifar et al. (2015a). The mentioned study has
reported that butyrate is the main SCFA obtained from fermentation of
P. acidilactici in the different prebiotics. However, this issue merits
further investigations.

To the best of researchers' knowledge, the present study is the first
one addressing the effects of synbiotics on the diet of crayfish.
However, this complementary study was line with the previous studies
addressing Penaeus japonicus fed with Bacillus (B. licheniformis and B.
subtilis) + isomaltooligosaccharide (Zhang et al., 2011), Litopenaeus
vannamei fed with Bacillus sp. + oligosaccharides (Munaeni et al.,
2014), L. vannamei fed with B. subtilis + P. acidilactici and β-glucan
(Wongsasak et al., 2015), L. vannamei fed with Vibrio alginolyticus
+ oligosaccharide (Nurhayati et al., 2015), ovate pompano fed with B.
subtilis + fructooligosaccharide (Zhang et al., 2014), hybrid surubim
fed with inulin + Weissella cibaria (Mourino et al., 2012), and rainbow
trout fed with E. faecalis +MOS (Rodriguez-Estrada et al., 2009) and E.
faecalis + FOS (Mehrabi et al., 2012). Considering the origin prebiotics,
type of probiont species, in vivo hydrolysis conditions (pH, substrate
availability, digesta viscosity, redox potential, etc.), habitat conditions,
and characteristics of testing the animals (dominant feeding regime,
gastrointestinal evacuation rate, diet formulation, initial weight, nu-
tritional history, and feeding period) may contribute to describing the
discrepancy in the obtained findings. The results of this trial revealed
the superior biological effects of EnF, in comparison with PeA, on the
similar substrate, i.e. GOS. A possible explanation for this finding may
be attributed to production of exocrine metabolites and bioactive pro-
ducts including vitamins and antibiotics or any unknown by-products
obtained during the fermentation process. However, microbial inter-
actions, nutritional history, genetic (Konstantinov et al., 2004), and
substrate and immune system interactions (Safari et al., 2014a) can be
considered as the potential parameters.

The data obtained in this study indicated the synergistic effects of
synbiotics used in the experimental diets on nutrient retention. One of
the most effective ways to decrease the environmental impacts of
aquaculture is to increase nutrient retention efficiency in general and
PPV in particular. It has been reported that SCFA can modulate lipid
synthesis and potentially can improve the metabolic pathways related

to nutrient retention (Marcil et al., 2002). A probable explanation for
the mentioned finding may be attributed to the structure-function re-
lationship of the synbiotics in order to modulate the beneficial micro-
biota of gastrointestinal tract (GIT) in the aquatic species (Buentello
et al., 2010; Safari et al., 2014a; Ye et al., 2011).

In vivo ADCs increment could possibly up-regulate the activities of
specific digestive enzymes (Buentello et al., 2010; Ringø et al., 1995). In
the present study, the activities of digestive enzymes, namely alkaline
protease, lipase, and amylase, in the crayfish fed with synbiotic diets
were found to be higher than those of the crayfish fed with the control
diet. Feeding Japanese flounder, namely Paralichthys olivaceus, with the
diet containing B. clausii + FOS +MOS increased the activities of
protease and amylase digestive enzymes (Ye et al., 2011). The positive
effects of synbiotics on growth performance may be associated with
improved nutrient digestibility, which could be the result of boosting
the digestive enzymes, as a result of which the host is allowed to de-
grade more nutrients (Ringø et al., 1995; Ye et al., 2011). Facilitating
the digestion and absorption process in the crayfish with application of
any technique can be promising in astaciculture to formulate more
economically practical diets.

4.2. Hemolymph indices and air and bacterial exposure challenges

THC and different hemocyte counts (HC, SGC, and LGC) play key
roles in maintaining the health of crustacean species (Jussila et al.,
1997) and participate in the storage and release of the prophenolox-
idase system and cytotoxicity (Johansson et al., 2000). Dietary ma-
nipulations with application of feed additives such as probiotics, pre-
biotics, and synbiotics can increase the animal resistance through
pathogen inhibition pathways in GIT, a number of which are compe-
tition for territory in GIT, reduction in pH, and release of natural an-
tibiotics from beneficial microbial populations (Li et al., 2007; Manning
and Gibson, 2004). Feeding black tiger shrimp, Penaeus monodon, with
the diet containing a probiont bacterium increased the activity of the
innate immune system (Rengpipat et al., 2000). β-1,3-Glucan increased
phagocytic activity of hemocyte and production of superoxide anion
and lowered the clotting time in the involved black tiger shrimp (Chang
et al., 2000). Moreover, it promoted the immune system against white
spot syndrome virus (Chang et al., 2003). Feeding western king prawn,
Penaeus latisulcatus, with test diets containing Pseudomonas synxantha
and P. aeruginosa probiotics, in comparison with the control diet, de-
creased the proportion of HC and increased the proportion of SGC and
THC (Hai et al., 2009). In this trial, incorporation of synbiotics into
diets may stimulate and enhance the proliferation rate of juvenile
crayfish hemocytes to compensate the loss of hemocytes due to Aero-
monas hydrophila injection. Biological exposure challenge of blue crab,
i.e. Callinectes sapidus (Johnson, 1976), and lobster, Homarus americanus
(Stewart et al., 1967), to the harmful bacteria decreased THC content. A
decreasing trend was reported in THCs of Chinese shrimp, Fenner-
openaeus chinensis, and marron, Cherax tenuimanus, after being injected
with Vibrio anguillarum and V. mimicus, respectively (Sang et al., 2009;
Thaithongnum et al., 2006).

The survival rate of juvenile crayfish fed with the synbiotic diets
after injection was higher than that of the crayfish fed with the control
diet. Decapods species, namely shrimp, prawn, and crayfish, only rely
on innate immune responses against microbial invasion (Zhang et al.,
2011). In addition, defense activities could begin via hemolymph mi-
gration to the injection site and hemocytolysis (Sang et al., 2009). In-
jection of a lipopolysaccharide to kuruma prawns led to three-fold in-
crease in the hemocyte proliferation rate (Sequeira et al., 1996). In this
regard, abiotic and biotic factors such as life cycle, food intake, disease
outbreaks, pollutants, and environmental stress can affect the quantity
and quality of circulating hemocyte count (Sang et al., 2009). Finally,
with the aim of offering sustainable astaciculture and higher survival
rate of Aeromonas hydrophila-injected crayfish, incorporation of the
GOSEnF- (77.67%) and GOSPeA- (72.33%) into diets approved the
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positive effects of synbiotics. However, further studies are required to
determine the best synbiotics, dose level, feed formulation, and man-
ufacturing conditions.

5. Conclusion

Feeding juvenile crayfish with the diet containing 7.53 log
CFU E. faecalis g−1 + 10 g kg−1 galactooligosaccharide demonstrated
the highest values for survival rate (93.67%), final weight (114.61 g),
SGR (2.32% day−1), PER (3.29), and PPV (63.33%) and the lowest FCR
(2.07). Furthermore, in comparison with the control diet, inclusion of
this synbiotic in the crayfish diet significantly improved hemolymph
indices including THC, HC, SGC, and LGC and stimulated immune re-
sponses against Aeromonas hydrophila injection.
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