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A B S T R A C T

This study was conducted to elucidate the effects of dietary mixed probiotics on growth, non-specific immunity,
intestinal morphology and microbiota of juvenile pacific white shrimp, Litopenaeus vannamei. Juvenile shrimp
(initial body weight 1.21 ± 0.01 g) were fed diets containing graded probiotics (F1: 0 mg/kg probiotics; F2:
1000 mg/kg probiotics; F3: 2000 mg/kg probiotics; F4: 4000 mg/kg compound probiotics; F5: 6000 mg/kg
probiotics; F6: 8000 mg/kg probiotics) for 8 weeks. The result of this trial showed that the growth performance
(SGR, WG, FBW) of shrimp fed diets containing probiotics (F2∼F6) were significantly higher than that of shrimp
fed diet without supplemental probiotics (F1) (P < 0.05), and the highest values of the growth performance
(SGR, WG, FBW) and lowest FCR were found in shrimp fed the diet containing 2000 mg/kg probiotics. Total
antioxidant capacity of shrimp fed diet F2 and F3 were significantly higher than that of shrimp fed the basal diets
(P < 0.05). Superoxide dismutase in F4 treatment was significantly higher than that of basal treatment
(P < 0.05). Catalase of shrimp in all probiotics supplemented (F2∼F6) treatments were significantly higher
than that of the control one (F1) (P < 0.05). Malondialdehyde in F5 groups was significantly lower than that of
F1 groups (P < 0.05). Alkline phosphatase and acid phosphatase in F3 treatments were significantly higher than
those of the basal one (P < 0.05). Lysozyme of shrimp fed F2∼F6 were significantly higher than that of shrimp
fed F1 diet (P < 0.05). The lipase and amylase activities in 2000 mg/kg probiotics groups showed the highest
activities and were significantly higher than that of control one (P < 0.05). Intestinal villi height in F3∼F6
treatments were significantly higher than that of control one (P < 0.05). Alpha diversity indices including
observed species, chao1, ACE and shannon indices showed that F2 and F3 groups had higher microbial diversity
in their intestines, both richness and evenness. PCA plot showed that there was a clear shift of F2 and F3 groups
from the control groups in microbial community structure. The dominant phyla in pacific white shrimp are
proteobacteria, bacteroidetes and actinobacteria, the dominant genus were algoriphagus and vibrio. As the probiotics
increased, the gemmatimonadetes, acidobacteria, deltaproteobacteria and xanthomonadales firstly increased and
then decreased, with the highest content in F2 group, which was no significant difference to F3 group
(P > 0.05) while significantly higher than other groups (P < 0.05). In conclusion, the supplement of mixed
species probiotics can promote growth performance, enhance the non-specific immunity, influence the micro-
biota of the pacific white shrimps and the recommended optimum dosage in diet of Litopenaeus vannamei was
2000 mg/kg.
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1. Introduction

Aquaculture is emerging as one of the most viable and promising
enterprises for keeping pace with the surging need for animal protein,
providing nutritional and food security to humans [1]. However, there
is an increasing stress for fish with intensive cultivation, leading to
infectious diseases and finally causing economic losses [2,3]. The main
treatment methods in conventional way are antibiotics and che-
motherapeutants, which are neither effective nor consumer or en-
vironment-friendly [4]. Consequently, probiotics, environmentally
friendly alternatives, are widely used to take place of the conventional
methods, which improve activity of gastrointestinal microbiota. Re-
search showed that microbiota helps to digest complex dietary macro-
nutrients and provides the host with nutrients, vitamins [5] and di-
gestive enzymes [6], thus facilitating feed utilization and digestion. The
probiotics can therefore enhance feed utilization and growth perfor-
mance [1]. Bairagi et al. showed that the adding B. subtilis and B. cir-
culans to the diet of rohu, Labeo rohita resulted in extracellular cellu-
lolytic and amylolytic enzyme production, hence increased
performance [7]. Probiotics also help to maintain intestinal microbial
balance and development gut mucosa, improving digestion and ab-
sorption rate and thus improving production [8].

The most commonly proposed mode of action is that probiotics
work by competitive exclusion whereby the live organism enters the
digestive tract and interferes with the action of potential pathogens by
the production of inhibitory molecules and direct competition for space
or oxygen [9]. Probiotic is regarded as occupying and colonizing sites in
the digestive tract particularly the gastro-intestinal mucosal epithelium
[10], blocking adhesion receptors and the portals of entry for fish pa-
thogens [11], therefore forming a barrier against pathogenic bacteria
and to stimulate the host's immune system [12], with the reason that
the probiotic showed higher adhesion to mucus hence reducing the
pathogenic bacteria, e.g. V. harveyi [13].

Research showed that probiotics are also able to inhibit pathogens.
Carnobacterium sp. has been shown to be antagonistic against Fl.
Psychrophilum [14]. The strains of P. damselae subsp. Piscicida were
inhibited by four potential probiotics obtained from gilthead sea bream
[15]. Besides, probiotics are found to trigger the lysozyme level in
teleosts either single or in combination [12], enhance natural comple-
ment activity of fish [16], improve respiratory burst activity [17] and
secrete antimicrobial peptides [18].

The present study mainly focused on effects of mixed-species pro-
biotics (1.8 × 108 CFU Bacillus subtilis,2 × 107 CFU Bacillus licheniformis
and 3 × 107 CFU lactobacillus per kilogram) on growth performance,
immunity and microbiota of juvenile shrimp, Litopenaeus vannamei.

2. Materials and methods

2.1. Diet preparation and dietary treatments

The formulation and proximate composition of the six experimental
diets with or without probiotics supplemented (T1: control diet; T2:
1000 mg/kg; T3: 1000 mg/kg; T4: 1000 mg/kg; T5: 1000 mg/kg; T6:
1000 mg/kg) are presented in Table 1. The method of diet preparation
was the same as described by Niu et al. [19]. All the dry ingredients for
each diet were weighed, combined and thoroughly mixed in a Hobart-
type mixer, and then oils were added and thoroughly mixed for 5 min.
Deionized water (250 mL/kg dry ingredients mixture) was added and
mixed for another 5 min. The wet dough was placed in a monoscrew
extruder (Institute of Chemical Engineering, South China University of
Technology, Guangzhou, China) and extruded through a 1.2-mm die.
The diets were then ground using a mortar and pestle and graded
through a series of different-sized metal sieves. The resulting pellets
were dried at 25 °C with the aid of an air conditioner and an electrical
fan. After drying, all diets were packed in bags and stored at −20 °C
until used.

2.2. Animal rearing and experimental procedures

The feeding trial was conducted at Sanya, Hainan province. Prior to
the start of the trial, juvenile Litopenaeus vannamei were acclimated to a
control diet for 2 weeks. At the beginning of the feeding trial, the
shrimps were starved for 24 h, weighed, and then shrimps with similar
size (initial body weight 1.21 ± 0.01 g) were randomly allotted to
twenty-four tanks (1 m × 1 m × 1 m). Water exchange in each tank was
adjusted to approximately 1.0 L/min with a flowing filtered water
system. Each tank was covered by a plastic mesh lid to prevent the
shrimp from jumping out. The shrimp were cultured outdoors, sub-
jected to a natural photoperiod. During the experimental period, water
quality parameters were monitored daily. All shrimp in each aquarium
were initially fed 6% of their total body weight daily. The feeding
frequency was three times per day at 07:00, 14:00 and 21:00 h and
lasted for 56 d. During the feeding trial, the amount of the diet given
was progressively changed and adjusted according to the appetite of
shrimp by checking the bottom of the tank for excess feed remaining 2 h
after feeding.

2.3. Sample collection

At the end of the feeding trial, shrimps were starved for 24 h and
then weighed and counted the total number. Ten fish from each cage
were randomly collected for sampling, four for analysis of whole-body
composition and six were anesthetized to obtain hepatopancreas and
gut samples. The samples were rapidly removed and frozen in the liquid
nitrogen for analysis.

Table 1
Ingredients and proximate composition1 of the four experimental diets (%).

Ingredients (mg kg−1) F1 F2 F3 F4 F5 F6

0 1000 2000 4000 6000 8000

Fish meal 12 12 12 12 12 12
Soybean meal 26 26 26 26 26 26
Peanut meal 12 12 12 12 12 12
Peanut meal 23.23 23.13 23.03 22.83 22.63 22.43
Shrimp head meals 5 5 5 5 5 5
Beer yeast 4 4 4 4 4 4
Chicken powder 5 5 5 5 5 5
Soybean lecithin 1 1 1 1 1 1
Fish oil 1 1 1 1 1 1
Soybean oil 1 1 1 1 1 1
CaH2PO4 1 1 1 1 1 1
Vitamin premix1 1 1 1 1 1 1
Mineral premix2 1 1 1 1 1 1
Ascorbic Phosphate ester 0.1 0.1 0.1 0.1 0.1 0.1
lysine 0.16 0.16 0.16 0.16 0.16 0.16
DL-Methionine 0.3 0.3 0.3 0.3 0.3 0.3
Mixed probiotics 0 0.1 0.2 0.4 0.6 0.8
Y2O3 0.01 0.01 0.01 0.01 0.01 0.01
Alginic acid sodium 1 1 1 1 1 1
Proximate composition
Crude protein 40.51 41.40 41.18 40.54 40.83 40.36
Crude lipid 5.57 5.78 5.98 5.86 5.77 6.32
ash 9.95 9.75 9.82 9.69 9.83 9.81
Moisture 10.50 10.58 12.17 11.17 11.97 11.77

Note:Vitamin premix (In 1 kg contains):vitaminA,250,000IU;
vitaminC,7000 mg; folicacid,125 mg; biotin,10 mg; riboflavin, 750 mg; calcium
pantothenate,1250 mg; pyridoxine HCL,400 mg; cyanocobalamin,1 mg;
thiamin,250 mg; menadione,250 mg; α-tocopherol,2.5 g; myo-in-
ositol,8000 mg; nicotinicacid,2000 mg; cholinechloride,8000 mg; vitamin
3,45,000IU; cellulose was used as a carrier.
Mineral premix (In 1 kg contains):ZnSO4·7H2O,0.04 g; KCL,5.3 g; KI,0.04 g;
NaCl,2.6 g; CuSO4·5H2O,0.02 g; MnSO4·H2O,0.03 g; CaCO3,37.9 g;
MgSO4·7H2O,3.5 g; Ca(HPO42·2H2O,9.8 g; CoSO4·7H2O,0.02 g; FeSO4·7H2O,0.9 g;
cellulose was used as a carrier.
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2.4. Biochemical composition analysis

Chemical composition of diets and shrimps were determined by
standard methods [20]. Moisture was determined by oven drying at
105 °C until a constant weight was obtained. Crude protein content
(N × 6.25) was determined according to the Kjeldahl method after acid
digestion using an Auto Kjeldahl System (1030- Autoanalyzer; Tecator,
Höganäs, Sweden). Crude lipid was determined by the ether extraction
method using a Soxtec extraction System HT (Soxtec System HT6, Te-
cator). Ash content was determined after samples were placed in a
muffle furnace at 550 °C for 4 h.

2.5. Hepatopancreas antioxidant status and digestive enzymes analysis

Hepatopancreas and gut samples were homogenized in ice-cold
phosphate buffer (1:10 dilution). The homogenate was then centrifuged
for 20 min (4 °C, 3000 rpm) and aliquots of the supernatant were used
to quantify hepatopancreas antioxidant status and digestive enzymes
analysis. All indices were measured with commercial assay kits
(Nanjing Jian cheng Bioengineering Institute Nanjing, China) in ac-
cordance with the instructions of the manufacturer.

2.6. Intestinal morphology

Samples fixed in Bouin solution were dehydrated in ethanol, equi-
librated in xylene and embedded in paraffin according to the method
described by Krogdahl et al. [21]. The paraffin blocks was sectioned
(5 μm) in serial sagittal section using a Leica RM 2135 rotary microtome
and stained with haematoxylin and eosin (H & E). The sections were
examined using a light microscope with villi height measured. Photo-
graphs were taken with an Olympus digital camera attached to the
microscope. 10 random villi from each segment were measured.

2.7. DNA extraction and 16S DNA gene sequencing

Total DNA of microbes in intestine was extracted directly with the
E.Z.N.A. Stool DNA Kit (OMEGA,US) according to manufacturer's in-
structions. Amplification and sequencing of the V4 region of the bac-
terial 16S DNA gene was performed using barcoded fusion primers
515F (GTGCCAGCMGCCGCGGTAA) 806R (GGACTACHVGGGTWTCT-
AAT). 16S rRNA tag-encoded high-throughput sequencing was carried
out in Illumina MiSeq platform at the Novogene (Beijing, China).
Sequencing reads were assigned to each sample according to the in-
dividual unique barcode. Sequences were analyzed with QIIME soft-
ware package (Quantitative Insights Into Microbial Ecology) and
UPARSE pipeline [22]. The reads were first filtered and clustered into
Operational Taxonomic Units (OTUs) at an identity threshold of 97%.
For each OTU, a representative sequence was selected and used to as-
sign taxonomic composition by using the RDP classifier [23]. Alpha and
beta diversity analyses were also performed using QIIME.

2.8. Calculations and statistical analysis

The following variables were calculated:

Initial body weight (IBW, g) = initial body weight / initial number of
fish;

Final body weight (FBW, g) = final body weight / final number of fish;

Weight gain rate (WG, %) = 100 × (final body weight−initial body
weight) / initial body weight;

Specific growth rate (SGR, % day−1) = 100 × (Ln final individual
weight−Ln initial individual weight) / number of days; Feed conver-
sion ratio (FCR) = dry diet fed /wet weight gain;

Survival rate (%) = 100 × (final number of fish) / (initial number of
fish);

All data are presented as means ± S.E.M. and subjected to in-
dependent-sample t-test to test the effects of experimental diets using
the software of the SPSS for windows (ver 16.0, U.A.S). Statistical sig-
nificance was examined at P < 0.05 unless otherwise noted.

3. Results

3.1. Growth performance and body composition

Growth performance and feed utilization of juvenile Litopenaeus
vannamei fed different levels of dietary complex probiotics are shown in
Table 2. Results showed that FBW, WG and SGR were significantly in-
fluenced by different levels of mixed probiotics. In general, final body
weight (FBW), weight gain (WG) and special growth rate (SGR) of
shrimps fed mixed species probiotics diets were higher than that of the
control group (P < 0.05). FBW, WG and SGR increased significantly
(P < 0.05) with dietary mixed probiotics levels supplemented from 0
to 2000 mg/kg, and then decreased and leveled off. FCR were sig-
nificant higher in control group than that in any other groups
(P < 0.05).SR were no significant differences in any groups
(P > 0.05).

The proximate compositions of whole body and muscle of white
shrimp fed the diets containing grade mixed probiotics levels are shown
in Table 3. Moisture decreased with mixed probiotics supplemented.
The control group was significantly higher than F4, F5 and F6 in whole
shrimp (P < 0.05). Crude lipid in control group was significantly
higher than that of other groups except for F6 (P < 0.05) in whole
shrimp. Ash in control groups both whole shrimp and muscle were
significantly higher than supplemented groups (P < 0.05).

3.2. Hepatopancreas antioxidant status and immunity and gut digestive
enzymes analysis

The antioxidant status and immunity of juvenile Litopenaeus van-
namei are presented in Table 4. Results showed that T-AOC increased

Table 2
Effects of different levels of dietary mixed probiotics on growth performance of white shrimp (Litopenaeus vannamei).

mg/kg F1 F2 F3 F4 F5 F6

0 1000 2000 4000 6000 8000

IBW(g) 1.20 ± 0.01 1.20 ± 0.01 1.21 ± 0.01 1.22 ± 0.01 1.20 ± 0.01 1.22 ± 0.01
FBW(g) 23.96 ± 0.28a 27.10 ± 0.51bc 27.74 ± 0.15c 26.54 ± 0.30bc 25.92 ± 0.56b 26.80 ± 0.28bc

WG (%) 1893 ± 23.69a 2157 ± 24.02cd 2204 ± 25.03d 2080 ± 28.87bc 2052 ± 36.83b 2101 ± 18.36bc

SGR 5.34 ± 0.02a 5.56 ± 0.02bc 5.60 ± 0.02c 5.50 ± 0.02bc 5.48 ± 0.03b 5.52 ± 0.01bc

FCR 1.24 ± 0.01c 1.10 ± 0.02b 1.04 ± 0.01a 1.02 ± 0.02a 1.03 ± 0.02a 1.01 ± 0.04a

SR (%) 97.5 ± 1.44 99.17 ± 0.83 97.5 ± 1.44 100 ± 0 98.33 ± 0.83 100 ± 0
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significantly as mixed species probiotics supplemented from 0 to
2000 mg/kg (P < 0.05), with the highest in 2000 mg/kg mixed species
probiotics supplemented group, while the 4000–8000 mg/kg groups
were no significant differences compared to control groups (P > 0.05).
With dietary complex probiotics supplemented, SOD increased at first
and then decreased. The activities were significant higher in 4000 mg/
kg groups than any other groups (P < 0.05). CAT increased and then
leveled off as dietary mixed species probiotics supplemented, with the
highest level in 2000 mg/kg, significantly higher than control group
(P < 0.05). MDA showed the decreasing trend with dietary complex
probiotics supplemented, and the lowest content showed in 6000 mg/
kg groups, significant lower than any other groups (P < 0.05). With
dietary mixed species probiotics added, the alkaline phosphatase and
acid phosphatase increased at first and then decreased; the highest
value showed in 2000 mg/kg, significant higher than that of any other
treatments (P < 0.05). The LYZ showed the same trends while the
highest value showed in 4000 mg/kg groups, significant higher than
that of any other treatments (P < 0.05). As can be shown from Table 5,
lipase and amylase were higher in shrimps fed mixed probiotics groups.
The activities of lipase and amylase were significantly higher with
2000 mg/kg complex probiotics than that of control group (P < 0.05).

3.3. Intestinal morphology

As is shown in Fig. 1, height of intestinal villi increased at first and
then decreased and leveled off. Shrimps fed diets containing 2000 mg/
kg mixed probiotics owned the highest intestinal villi, significantly
higher than F1, F2 and F5 groups (P < 0.05). All treatments except for
1000 mg/kg were significantly higher than the control one (P < 0.05)
(see Fig. 2).

3.4. Microbiota

3.4.1. Richness and diversity
A total of 63437–81876 6S rRNA gene sequences were analyzed and

assigned to 771 to 2219 OTUs. The observed species, Chao1,

abundance-based coverage estimator (ACE) and Shannon indices ob-
tained for all the samples in the 6 groups are reported in Table 6 to
assess the alpha diversity of intestinal microbiota of the 6 groups of
Litopenaeus vannamei. The non-parametric species-richness index Chao1
showed an Operational Taxonomic Units (OTUs) minimum count of
896 in F5 group and a maximum count of 2992 in F2 group, with no
significant difference with F3 (P > 0.05), while signifcantly higher
than other groups (P < 0.05). The relative high supplemented content
of probiotics (4000, 6000 and 8000 mg/kg) had lower OUT than that of
control groups with no significantly difference (P > 0.05). Observed
species and ACE showed the same trend, with F2 significantly higher
than other groups except for F3 (P < 0.05). With mixed-species pro-
biotics supplemented, observed species increased at first and then de-
creased, observed species in F5 and F6 groups significantly lower than
that in F1 groups (P < 0.05). Shannon index, which combines esti-
mates of richness and evenness within the samples [24], ranged from
5.55 to 7.14 in F2 groups, significantly higher than other groups
(P < 0.05). Phylogenesis was measured using PD whole tree estimator,
which ranged from 65.08 to 129.19. All those indices suggest the F2
and F3 groups had higher microbial diversity in their intestines, whe-
ther measured in richness or evenness (see Table 7).

3.4.2. Beta diversity analysis
The differences of gut microbiota between treatments were ana-

lyzed by the beta diversity metric. Principal component analysis (PCA)
and principal coordinates analysis (PCoA) based on unweighted-
UniFrac distance for bacterial profiles were used in the present study to
indicate the community change in different samples. The PCA two-di-
mensional plot showed that the gut microbiota of the basal diets were
similar with the F4, F5 and F6, while different to F2 and F3 (Fig. 3). But
unweighted (Fig. 4) UniFrac PCoA analysis showed that F2 and F3 were
similar to F1, different with F5 and F6, which were confirmed by cluster
analysis (Fig. 5). As is shown in Fig. 5, cluster analysis revealed that F2
and F3 were clustered into a clade, and then clustered with F1, in-
dicating that the bacteria communities in F2 and F3 were quiet similar,
different with that of shrimps fed the basal and high mixed species

Table 3
Effects of different levels of dietary mixed probiotics on whole shrimp and muscle composition of white shrimp (Litopenaeus vannamei).

Whole shrimp F1 F2 F3 F4 F5 F6

0 1000 2000 4000 6000 8000

Moisture 76.07 ± 0.51b 75.11 ± 0.25ab 75.17 ± 0.25ab 74.71 ± 0.25a 74.07 ± 0.55a 74.32 ± 0.44a

Crude protein 75.53 ± 0.13 76.45 ± 0.23 75.76 ± 0.06 75.97 ± 0.88 75.99 ± 0.39 76.14 ± 0.19
Crude Lipid 4.51 ± 0.22b 3.98 ± 0.08a 3.69 ± 0.04a 3.53 ± 0.18a 3.78 ± 0.12a 4.43 ± 0.08b

Ash 13.99 ± 0.38b 13.14 ± 0.54ab 13.25 ± 0.26ab 12.60 ± 0.45ab 12.23 ± 0.67a 12.95 ± 0.50ab

Muscle composition
Moisture 74.92 ± 0.09 74.56 ± 0.47 74.60 ± 0.26 74.17 ± 0.53 74.23 ± 0.38 74.19 ± 0.16
Crude protein 88.02 ± 0.16 88.46 ± 0.87 88.09 ± 0.53 88.20 ± 0.26 87.50 ± 0.11 87.82 ± 0.17
Crude Lipid 2.43 ± 0.23 2.45 ± 0.07 2.05 ± 0.10 2.26 ± 0.17 2.10 ± 0.09 2.22 ± 0.05
Ash 6.41 ± 0.10b 6.13 ± 0.04a 6.22 ± 0.09ab 6.17 ± 0.05a 6.24 ± 0.08ab 6.14 ± 0.03a

Table 4
Effect of different levels of dietary mixed probiotics on hepatopancreas antioxidative indices of white shrimp (Litopenaeus vannamei).

F1 F2 F3 F4 F5 F6

0 1000 2000 4000 6000 8000

T-AOC,U/mgprot 2.02 ± 0.10a 2.78 ± 0.16b 2.95 ± 0.03b 2.09 ± 0.15a 2.35 ± 0.18a 2.11 ± 0.10a

SOD,U/mgprot 179.30 ± 12.9a 200.19 ± 2.5ab 201.60 ± 9.1ab 294.14 ± 17.9c 218.55 ± 5.2b 187.27 ± 1.9ab

CAT,U/mgprot 17.94 ± 1.52a 26.83 ± 3.69b 45.28 ± 0.35c 43.63 ± 2.24c 37.92 ± 2.83c 39.56 ± 3.49c

MDA, nmol/mgprot 1.70 ± 0.28c 1.15 ± 0.14abc 1.60 ± 0.08bc 1.25 ± 0.03abc 0.90 ± 0.12a 1.31 ± 0.15abc

ALP,KU/gprot 5.81 ± 0.36a 7.20 ± 0.52ab 9.20 ± 0.34b 8.44 ± 1.27b 8.16 ± 0.89b 8.05 ± 0.11ab

ACP,KU/gprot 12.90 ± 0.46a 14.16 ± 0.78a 18.24 ± 1.04b 13.05 ± 0.86a 13.07 ± 0.41a 15.11 ± 0.45a

LZM,U/mgprot 12.30 ± 1.38a 15.87 ± 0.47ab 16.67 ± 0.39b 23.33 ± 1.61c 20.26 ± 0.33bc 17.87 ± 1.05bc

T-AOC, total antioxidant capacity; SOD, superoxide dismutase; CAT, catalase; MDA, malondialdehyde; ALP, Alkaline phosphatase; ACP, Acid phosphatase; LZM,
lysozyme.
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probiotics diets. Besides, as the probiotics increased up to 4000 mg/kg,
the communities differed from the F1 groups with diversity decreased.
Venn diagram was constructed to identify the core and different OTUs
existing in shrimp samples under different diets. In this regard, 793
OTUs were shared among all shrimp gut samples (Fig. 6). In contrast,
80 OTUs, 237 OTUs, 127 OTUs, 55 OTUs, 28 OTUs and 43 OTUs unique
to basal, F2, F3, F4, F5 and F6 diets, respectively. This observation
suggested that the exposure of shrimp to different graded probiotics led
to the selection of unique microbial populations.

3.4.3. Gut microbiota composition of Litopenaeus vannamei and changes
with probiotics supplemented

The dominant phyla in all groups are Proteobacteria
(36.86 ± 1.27%), Bacteroidetes (29.80 ± 2.02%) and Actinobacteria
(17.48 ± 2.20%). In general, the most abundant taxonomic groups for
shrimp gut samples were Cytophagia, Gammaproteobacteria and
Alphaproteobacteria at class level, Cytophagales and Rhodobacterales at
order level and Cyclobacteriaceae and Rhodobacteraceae at family level
Algoriphagus and Vibrio at genus level. The microbial community

structure after the probiotic treatments were changed at different levels
with different bacteria mainly in F2 and F3 groups. As the probiotics
increased, the Gemmatimonadetes, Acidobacteria, Deltaproteobacteria and
Xanthomonadales firstly increased and then decreased, with the highest
content in F2 group, which was no significant difference to F3 group
(p > 0.05) while significantly higher than other groups (P < 0.05).
The control group was significantly higher than that of the supple-
mentary groups in Cyclobacteriaceae, Rhodobacteraceae and Algoriphagus
(P < 0.05). At the genus level, the microbial diversity increased, and
the abundance of other bacteria was also increased at the expense of
Bacillus in F3 groups compared with the control and high probiotics
groups. With probiotics supplemented, Bacillus firstly increased and
then decreased, with the highest content in F3 group, significantly
higher than other groups (P < 0.05). In family level, Bacillaceae were
first increased and then decreased with mixed probiotics supplemented,
with the highest content in F3 group, higher than other groups except
for F2 group (P < 0.05). Similar trend occurred in Bacillales.

4. Discussion

The current study demonstrates that supplementing mixed probio-
tics in feed improved growth performance. Similar findings have pre-
viously been documented in preliminary trials on European lobster
(Homarus gammarus L.) [25], tiger shrimp Penaeus monodon [26], and
Penaeus vannamei by photosynthetic bacteria and Bacillus sp. mixture
[27]. Earlier study [28] showed that mixed probiotics induced the best
growth performance of common carp compared with individual pro-
biotics. The better growth performance may be due to the ability of
probiotics to influence the digestion mediated via enzyme production
[29]. Supplement of probiotics to shrimp resulted in an increasing ac-
tivity of lipase and amylase in the shrimp's digestive tract in the present
study. Similar study has been reported by Ziaei-Nejad et al. who ob-
served higher digestive enzyme activity in Indian shrimp (Fenner-
openaeus indicus) gut after fed bacillus probiotics [30]. Liu reported that
bacillus enhanced protease of white shrimp, Litopenaeus vannamei [31].
Gram-positive bacteria do secrete a wide range of exoenzymes [32],

Table 5
Effect of different levels of dietary mixed probiotics on intestinal digestive enzymes of white shrimp (Litopenaeus vannamei).

F1 F2 F3 F4 F5 F6

0 1000 2000 4000 6000 8000

Lipase (U/gprot) 5.82 ± 0.38a 8.50 ± 0.70ab 9.47 ± 0.91b 7.97 ± 0.94ab 7.08 ± 0.45ab 9.25 ± 0.49b

Amylase (U/mgprot) 0.68 ± 0.03a 0.81 ± 0.02ab 0.83 ± 0.03b 0.70 ± 0.06ab 0.72 ± 0.03ab 0.81 ± 0.03ab

Fig. 1. Effect of different levels of dietary mixed probiotics on height of in-
testinal villi of pacific white shrimp (Litopenaeus vannamei).

Fig. 2. Comparison of intestinal villi height between shrimps fed diets supplemented 0 mg/kg and 2000 mg/kg mixed probiotics (200 × ).
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and the presence of the probiotics may in some way stimulate en-
dogenous enzymes produced by the shrimp [30]. The increases in ac-
tivities of digestive enzymes in probiotic treatments may lead to en-
hanced digestion and increased absorption of food, which in turn
contributed to the improved growth performance and feed utilization.

Besides the increasing activities of enzymes, shrimp fed diets supple-
mented mixed-species probiotics had higher intestinal villi than control
groups. The villi are important for digestion and absorption in intestine.
To some extent, the villi heights reflect the function of the intestinal
wall [33]. Study on broilers suggested that dietary inclusion of

Table 6
Richness and diversity indices used in this study.

F1 F2 F3 F4 F5 F6

Observed species 1402.33 ± 84.05cd 1903.67 ± 75.34e 1655.00 ± 67.68de 1180.00 ± 140.83bc 794.67 ± 84.36a 1026.00 ± 121.13 ab
Chao1 1653.24 ± 107.91a 2992.58 ± 873.43b 1908.33 ± 65.13 ab 1410.54 ± 152.01a 896.94 ± 94.59a 1206.94 ± 159.94a
ACE 1711.28 ± 114.55bc 2431.90 ± 256.52d 1974.31 ± 64.22cd 1491.37 ± 157.67bc 921.29 ± 93.34a 1296.08 ± 179.29 ab
Shannon 5.90 ± 0.21 ab 7.14 ± 0.11c 6.54 ± 0.13bc 5.56 ± 0.51a 5.62 ± 0.32 ab 5.55 ± 0.27a
PD whole tree 102.80 ± 4.71cd 129.19 ± 4.95e 116.01 ± 3.19de 86.76 ± 8.71bc 65.08 ± 4.61a 81.17 ± 7.03 ab

Table 7
Changes of various bacteria in shrimps fed with graded probiotics.

F1 F2 F3 F4 F5 F6

Gemmatimonadetes 0.40 ± 0.07a 0.96 ± 0.20b 0.69 ± 0.09 ab 0.29 ± 0.06a 0.33 ± 0.17a 0.37 ± 0.14a
Acidobacteria 0.47 ± 0.06b 1.07 ± 0.05c 1.08 ± 0.10c 0.31 ± 0.13 ab 0.08 ± 0.04a 0.17 ± 0.07a
Deltaproteobacteria 0.77 ± 0.15 ab 1.48 ± 0.10c 1.13 ± 0.25bc 0.69 ± 0.21 ab 0.36 ± 0.14a 0.62 ± 0.12 ab
Cytophagales 24.21 ± 4.51b 11.55 ± 1.75 ab 14.01 ± 5.02 ab 14.58 ± 3.60 ab 12.90 ± 3.82 ab 10.73 ± 3.77a
Rhodobacterales 15.66 ± 1.67 ab 9.11 ± 2.19a 12.64 ± 2.74 ab 20.08 ± 3.57b 10.43 ± 2.78a 12.97 ± 3.14 ab
Xanthomonadales 1.77 ± 0.25a 3.96 ± 0.46b 2.69 ± 0.42 ab 1.62 ± 0.49a 1.82 ± 0.48a 2.15 ± 0.43a
Cyclobacteriaceae 19.11 ± 5.09b 1.82 ± 0.21a 5.03 ± 1.25a 8.03 ± 5.01a 5.87 ± 2.75a 5.23 ± 2.77a
Rhodobacteraceae 15.66 ± 1.67 ab 9.11 ± 2.19a 12.64 ± 2.74 ab 20.08 ± 3.57b 10.43 ± 2.78a 12.97 ± 3.14 ab
Algoriphagus 19.11 ± 5.09b 1.82 ± 0.21a 5.03 ± 1.25a 8.03 ± 5.01a 5.87 ± 2.75a 5.23 ± 2.77a
Bacillales 0.085 ± 0.016a 0.138 ± 0.017 ab 0.224 ± 0.058b 0.094 ± 0.003a 0.070 ± 0.010a 0.040 ± 0.029a
Bacillaceae 0.058 ± 0.016a 0.083 ± 0.015 ab 0.153 ± 0.050b 0.213 ± 0.141 ab 0.034 ± 0.016a 0.009 ± 0.005a
Bacillus 0.046 ± 0.005a 0.085 ± 0.009a 0.153 ± 0.050b 0.075 ± 0.003a 0.056 ± 0.011a 0.016 ± 0.003a

Fig. 3. Principal component analysis (PCA) plot.
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probiotics had increased the villi heights and led to better nutrient
absorption and better growth performance [34]. Standen showed that
probiotics on tilapia may improve the microvilli density and microvilli
length, thus increasing the intestinal absorptive surface area and pro-
moting growth performance [35].

In response to bacterial ingestion, invertebrate animals produce
ROS and the express antimicrobial peptides [36]. ROS-dependent in-
nate immunity effectively operates in the majority of infections in some
certain tissues [37]. The excessive ROS can be removed by internal
antioxidants and anti-oxidative systems, normally [38]. Total anti-
oxidant capacity (T-AOC) is an overall indicator of the antioxidant

status of an individual, representing the level of enzyme and non-en-
zyme original antioxidant of the body [39]. As it increases, the anti-
oxidant defense against free radical reaction and reactive oxygen in-
termediates increases [40]. Results showed that 1000 mg/kg and
2000 mg/kg mixed-species probiotics had higher T-AOC than control
groups, suggesting that probiotics can improve the antioxidant status.
Tissue MDA content is widely used as biomarker for oxidative damage
of lipids, which may result from generation of excess reactive oxygen
species (ROS) [37]. SOD is considered to be molecular biomarkers for
evaluating the oxidative stress status of aquatic organisms, due to its
catalyzing the dismutation of superoxide anions to hydrogen peroxide

Fig. 4. Principal coordinate analysis (PCoA) plot based on the 16S rRNA sequencing genes from 18 samples. The scatter plot is of principal coordinate 1 (PC1) vs
principal coordinate 2(PC2). The percentages are the percentage of variation explained by the components.

Fig. 5. UniFrac UPGMA cluster of microbial communities associated with graded supplemented mixed species probiotcs gut samples. The figure was constructed on
the basis of Illumina sequencing data.
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and molecular oxygen, forming the first line antioxidant enzymatic
defense [41]. CAT is an important oxidoreductase enzyme that cata-
lyzes the conversion of hydrogen peroxide molecules into water and
oxygen during immune responses in different species [42]. MDA de-
creased with dietary mixed-species probiotics supplemented. SOD and
CAT showed the similar trend, increasing at first and then decreasing
and leveling off, suggesting that dietary mixed-species probiotics im-
proved shrimp hepatopancreas antioxidant capacity.

ACP and ALP were composed of many kinds of phosphomonoes-
terases, which was very important to the crustacea immune system
[43]. ACP was a sign of lysosome activity to digest the invading or-
ganisms [44] and ALP was a kind of phosphomonoesterase to detoxify
during the normal living and phagolysis and to digest and absorb many
nutriments [45]. The alkaline phosphatase and acid phosphatase in
2000 mg/kg were significant higher than control groups. Lysozyme is a
component of the innate immune system in invertebrates, functioning
as an antibacterial protein [46]. It hydrolyzes mucopolysaccharides,
which are basic components of bacterial cell wall and kill pathogens
[47]. Shrimp fed diets containing mixed-species probiotics showed
higher LYZ activities in the present study. Similar researches were re-
ported on rainbow trout [48] and Yoshitomi tilapia [49]. All indices
considered, mixed-species probiotics boosted the shrimp immunity.

To assess the diversity between the mixed-species probiotics groups
and control groups, α-diversity metrics were calculated to identify
species richness and diversity within each sample. Among these α-di-
versity indices, chao1 and ACE were used to estimate the species
richness of microbiome [50]; observed species is the amount of unique
OTUs found in each sample; and shannon indices estimate the diversity
of microbial communities. Species richness is simply prediction of
species number, and it does not take into account the abundances of the
species or their relative abundance distributions [51]. Species diversity
takes into account both species richness and species evenness [52].
Chao1, observed species, ACE and shannon indices all showed a sig-
nificant difference between 1000, 2000 mg/kg mixed-species probiotics
groups and control groups, suggesting that the greater diversity of
bacterial species in mixed-species probiotics groups than in control
groups. With mixed-species probiotics supplemented, observed species
increased at first and then decreased, observed species in F5 and F6
groups significantly lower than that in F1 groups. Observed species and
ACE showed a similar trend with no significant difference, indicating
that 1000/2000 mg/kg mixed-specices probiotics enhance shrimp gut
microbiota richness and diversity, but high concentrations of probiotics
may decrease the species richness of shrimp gut microbiota. In our data,
the phylogenetic method PD whole tree revealed significant differences
between different groups, indicating when taxonomy is taken into ac-
count those differences even out as the different OTUs may be mapped
to the different taxonomic assignment [53]. All indices taken into ac-
count, 1000/2000 mg/kg mixed-species probiotics may improve both
species richness and species evenness of shrimp microbiota, which

means that there is more colonization resistance to a pathogen [54].
Our findings further indicated influences of mixed-species probioticcs
on the intestinal bacterial composition of Pacific white shrimp. Prin-
cipal component analysis (PCA) and principal co-ordinates analysis
(PCoA) plots were used to further assess and visualize beta diversity. A
clear shift of F2 and F3 groups from the control groups in microbial
community structure was observed based on the PCA plot, suggesting
that probiotics was a critical factor in shaping gut microbiota. The
observation that the core microbial populations accounted for a sig-
nificant fraction of total populations in shrimp guts under graded
concentrations of probiotics indicated that the core populations could
tolerate supplementation of probiotics. Among those phyla, proteo-
bacteria and bacteroidetes were predominated in pacific white shrimp
intestines and this was consistent with the previous findings [55–57].
Proteobacteria is widely dispersed in marine environments and might
participate in the degradation of complex compounds [58]. However, a
bloom of proteobacteria in the gut reflcts dysbiosis or an unstable gut
microbial community structure, which may trigger inflammatory re-
sponses [59]. The 2000 mg/kg mixed-species probiotics decreased the
content of proteobacteria as the results showed, indicated that probiotics
may maintain the homeostasis of pacific white shrimp. Actinobacteria
phylum, plays a pivotal role in the development and maintenance of gut
homeostasis, modulating gut permeability, immune system and meta-
bolism [60]. Actinobacteria increased with the mixed-species probiotic
added, indicating that it may be beneficial to the growth and im-
munology of shrimp. The ability to balance the host gut microbiota with
probiotics has been documented. The presence of the mixed probiotic
significantly improved shrimp growth performance and survival rate in
most treatments in this present study mainly by increasing the abun-
dance of the Bacillus interacting with other bacteria. Bacillus has been
proven to produce antimicrobial substances that are active against
many microbes [61]. Research showed that the probiotic Bacillus sup-
plementation caused the increase in the lipase and amylase activity
regardless of its concentration [62].

Lactobacillus is a facultative anaerobic bacterium, which is difficult
to maintain at desired viability during storage as they do not form
spores to cope with adverse conditions, such as feed processing [63].
The application of non-viable beneficial microbes was due to certain
practical applicability and functionality issues associated with viable
microbes [64]. Many beneficial effect are involved from the application
of live form of probiotics and non-viable form of probiotics [65].

There is increasing trends that mixed multiple probiotics were used
because many bacteria have symbiotic relationships with each other,
which needs further analysis.

5. Conclusion

Supplementation of mixed species probiotics can promote growth
performance of juvenile pacific white shrimp, Litopenaeus vannamei,
enhance the non-specific immunity, influence the microbiota by in-
creasing the abundance of the Bacillus. The recommended optimum
dosage in diet of Litopenaeus vannamei was 2000 mg/kg.
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