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a b s t r a c t

A bacterial strain, designated DR-834 and producing immunostimulatory activities to carp (Cyprinus
carpio), was isolated from QinghaieTibetan Plateau permafrost soil. Cultural characteristic studies sug-
gested that this strain belongs to the genus Bacillus. The nucleotide sequence of the 16S rRNA gene of
strain DR-834 exhibited close similarity (99%) with the 16S rRNA gene of Bacillus simplex. Two
compounds showing potent activity were isolated from secondary metabolites of the strain through
bioassay-guided isolation techniques and identified by spectral data (infrared, nuclear magnetic reso-
nance and mass spectrometry) as: (1) 4-trans-hydroxy-L-proline and (2) cyclo-(L-Pro-Gly)2. They were
found to be significantly increased the selected innate immune function parameters, serum SOD activity,
serum lysozyme activity, serum bactericidal activity, superoxide anion production and phagocytic
activity by isolated blood leucocytes. The effects of two compounds on immune-related genes expression
were further investigated. The outcomes of real-time quantitative polymerase chain reaction (RQ-PCR)
proved that the transcribing level of interleukin 1b (IL-1b) and inducible nitric oxide synthase (iNOS)
mRNA in the blood have been augmented by 4-trans-hydroxy-L-proline and cyclo-(L-Pro-Gly)2.
Compounds 1 and 2 administration the challenge with live Aeromonas hydrophila decreased the
percentage mortality in the experimental groups with the consequence increase in relative percent
survival (RPS) values. Compound 2 produced the highest protection with the RPS values of 87.50, 77.78,
55.56 and 55.56 after 1, 2, 3 and 4 weeks, respectively. The study indicates that the isolated compounds
could be positively influence the immune response and protect the heath status of carp against
A. hydrophila infection.

Crown Copyright � 2010 Published by Elsevier Ltd. All rights reserved.
1. Introduction

China is one of the most important contributors to world
aquaculture production. In 2006, China produced 66.5% of the
world total volume of aquaculture production [1]. As aquaculture
activities intensify and expand, the disease problems caused by
viruses, bacteria, fungi, parasites and other undiagnosed and
emerging pathogens has become a primary constraint to the
culture of many aquatic species, resulting in great economic losses
[2]. Traditionally, antibiotics and chemotherapeutics have been
generally adopted to treat diseases of aquatic animals, but these are
no longer recommended practices due to the accumulation of drugs
in tissues, development of drug resistance and immunosuppression
[3]. Vaccinations have been suggested as an effective prophylactic
method for use in the disease control of fish [4]. But there are some
methodological problems insofar as they may be very expensive
and stressful to fish [5]. Thewide range of pathogens in fish farming
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also limits the effectiveness of vaccine [6]. Therefore, the need for
alternative techniques is increasing. One of the most promising
methods of controlling diseases in aquaculture is strengthening the
defence mechanisms of fish through prophylactic administration of
immunostimulants [6].

Immunostimulants are compounds leading predominantly to
a non-specific stimulation of the immunological defence system
and immunoadjuvants inparticular are substances that enhance the
production of antibodies without acting as antigens themselves [7].
Many types of biological and synthetic compounds have been
shown to enhance non-specific immune system of cultivated fish
[8]. Best-known immunostimulants are components of bacterial
cell wall, like muramyl dipeptide (MDP) [9], chitin [10], lipopoly-
saccharide (LPS) [11], b-1,3 glucan [12] and peptidoglucan [13].
However, such products may cause severe inflammations and they
may be very toxic at concentrations only slightly above a“safe” dose
[14]. For instance, LPS may be toxic at high concentrations, causing
severe inflammation, in turn suppressing appetite and growth of
animals [15]. Moreover, bacterial cell wall preparations have
chemical structures which cannot be defined exactly in chemical
terms and their mode of action on the immune system is unspecific
and still obscure. Accordingly, such products are therefore not very
rights reserved.
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relevant for use in practice [13]. Hence, new immunostimulatory
activity compounds are needed to apply in aquaculture. Current
research efforts are focused primarily on the investigation of
bioactive compounds from secondary metabolites including
microbial sources. Microbial secondary metabolites represent
a large source of compounds endowed with novel structures and
potent biological activities [16]. In a previous study it was demon-
strated that the injection of a peptide FK-565 (heptanoyl-y-D-glu-
tamyl-(L)-meso-diaminopimelyl-(D)-alanine) isolated from the
cultures of Streptomyces olivaceogriseus into rainbow trout (Salmo
gairdneri) increased their resistance to Aeromonas salmonicida,
following the activation of phagocytic cells [17]. However, the
detection of newcompounds fromnatural environment has become
more and more difficult in spite of the efforts to increase both
screening capacities and the number of bacteria tested, because
previously described strains and molecules are being rediscovered
and redescribed [18]. One effort which has been undertaken to
improve the situation in recent years is to use cultured microbial
isolates from extreme or unusual habitats (such as the deep sea, hot
springs or habitats of extreme cold) since the microbial community
composition is likely to contain unusual and phylogenetically
divergent micro-organisms with unique adaptations to their habi-
tats, which might be correlated in some cases with synthesis of
unusual natural products [19]. Nevertheless, compared with micro-
organisms existing in non-extreme environments, extremophiles
have been relatively poorly studied, perhaps because of the slow
growth rate and the difficulty in handling these micro-organisms.

Permafrost, defined as ground (including bedrock, soil and sands)
that remains below 0 �C for more than 2 years, makes up 26% of the
land surface of the Earth [20]. It poses unique challenges to its resi-
dent biota because that not only there are only minute amounts of
water in the liquid form, little organic compounds and minerals
within permafrost but temperatures that have remained below 0 �C
over geologically significant periods of time [21]. Cold-adapted
micro-organisms, which include psychrophiles and psychrotrophs,
are present in virtually these cold and extreme conditions. They offer
a potentially diverse source of novel bioactive compounds, because
the synthesis ofnewsecondarymetabolites andpotential biologically
active compounds that help them to survive and adapt to these
conditions can be expected in these micro-organisms with the
greatest probability. For instance, a penicillium citrinum strain VKM
FW-800 producing ergot alkaloids and new quinoline alkaloids qui-
nocitrinines and a penicilliumpalitans strainWestling 1911 producing
clavine alkaloid were isolated from permafrost deposits, respectively
[22,23]. TheQinghaieTibet Plateau is called the ‘world’s roof’ or ‘third
polar’, the highest plateau in the world, with an average elevation of
4500 m and annual average temperature of0 �C [24]. It represents
a unique permafrost environment, being a result of high elevation
and low latitude caused by land uplift in the order of 3000mover the
last 200 million years [25]. Such a unique permafrost environment
provide a specific ecological niche and some specialmicro-organisms
whichmaybeusedas a source for newbiologically active compounds
could be gained in the QinghaieTibet Plateau permafrost region. In
our previous study, we have screened a probiotic strain from Qing-
haieTibet Plateau permafrost soil. The aim of the present study was
to isolate bioactive compounds which could be used as immunosti-
mulants from secondary metabolites of the stain through bioassay-
guided isolation techniques and identified by spectral analysis.

2. Materials and methods

2.1. Fish

Carp (Cyprinus carpio) of 65.3 � 5.48 g mean body weight were
selected from a commercial fish farm in Xianyang, Shannxi
Province, China. The fish were maintained in continuous flow glass
aquaria (200.0 l water-holding capacity) at a constant flow rate of
1.5 l min�1. An acclimation period of 15 days was performed prior to
the experiments commencing. The basic physico-chemical water
parameters were measured systematically at 7-day intervals to
maintain the optimal level (dissolved oxygen: 5.72 � 0.63 mg l�1;
pH: 8.02 � 0.26; nitrites: 0.016 � 0.008 mg l�1; ammonia:
0.102 � 0.022 mg l�1) through out the experiment. Temperature
range of aquaria water was 21e23 �C. Fish were fed daily with
commercial pellet diet (Hibio Fisheries Company, Xi’an, China) at
a rate of 3% of their body weight.

2.2. Bacterial strains

Frozen soil samples were collected from the Huashi Valley
(41�170 N 105�230 E, 4240 m above sea level) in the QinghaieTibet
Plateau region of China in July 2007. Soil samples (500 g) were kept
in plastic bags under�18 �C till processing in the lab. Ten-fold serial
dilutions of soil samples was prepared in sterilized distilled cold
water, and a 0.1-ml diluted sample was spread on the surface of
nutrient agar medium (0.3% beef extract, 0.5% peptone, 0.5% NaCl,
0.2% glucose, 1.7% agar, pH 7.0). The plates were incubated at 5 �C
for 1 to 2 weeks. Seven strains designated DT-605, DT-1207, DT-418,
DR-834, DX-910, DX-1006 and DR-712 which exhibiting different
colony morphology were selected. They were incubated in nutrient
broth (NB) at 28 �C for 5 days. The cell-free supernatants were
reserved for the immunostimulatory activity assays (phagocytic
activity, serum bactericidal activity and superoxide anion produc-
tion) to evaluate which bacterial culture exhibited the best
immunostimulatory activity. Among them, a pure culture, desig-
nated stain DR-834, was used as potent immunostimulatory
activity producer.

2.3. Characterization of the selected strain

2.3.1. Morphological, physiological and biochemical characteristics
The morphologies of strain DR-834 was observed by growth on

the nutrient agar medium and a JEOL JSM-6360LV scanning elec-
tron microscope (JEOL, Tokyo, Japan). Physiological and biochem-
ical tests including Gram staining, catalase, oxidase, growth under
anaerobic conditions and other biochemical tests were determined
as previously reported [26] to characterize the strain. The isolate
was compared and identified according to Bergey’s Manual of
Determinative Bacteriology [27]. Further characterizationwas done
on the basis of 16S rRNA gene sequencing.

2.3.2. PCR amplification and sequencing of 16S rRNA gene
Genomic DNA was extracted using a genomic DNA isolation kit

(Generay Biotech Inc., Shanghai, China) as described by the
manufacturer’s instructions and verified by electrophoresis with
0.7% agarose gel in Tris-acetate-EDTA buffer (TAE). Two primers,
63 F (50eCAGGCCTAACACATGCAAGTCe30) and 1387 R
(50eGGGCGGTGTGTACAAGGCe30) as described by Marchesi et al.
[28], were used to amplify the 16S rRNA gene. The reaction mixture
of 50 ml consisted of 2 ml genomic DNA, 2.5 U of Taq DNA poly-
merase, 5 ml of 10� PCR amplification buffer (100 mM TriseHCl,
500 mM KCl pH-8.3), 4 ml dNTPs (2 mmol l�1), 32.5 ml double
distilled water, 0.6 nmol each of the two primers and 4 ml MgCl2
(25 mmol l�1). Amplification was performed in an automated
thermocycler (Applied Biosystems, USA). The reactions were sub-
jected to an initial denaturation at 95 �C for 5 min, followed by 30
cycles of 94 �C for 1 min, 58 �C for 1 min and 72 �C for 2 min, and
a final extension step at 72 �C for 10 min. The PCR product was
sequenced by Jiancheng Biotechnology Co., Ltd. (Nanjing, China),
and the sequence was compared with the sequences in the
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GenBank database at NCBI website using the BLAST (Basic Local
Alignment Search Tool) program. The 16S rRNA gene sequence of
strain DR-834 and related sequences retrieved from GenBank were
aligned using CLUSTAL X program (version 1.83), with default
parameters and a phylogenetic tree was constructed by the
neighbor-joining method of software MEGA (Molecular Evolu-
tionary Genetics Analysis) version 4.1.
2.4. Isolation of bioactive metabolites from strain DR-834

Strain DR-834 was inoculated in NB for 5 days on a reciprocal-
shaker water bath at 28 �C. The combined culture broth (50 l) was
chromatographed on macroporous resin LSAe10 (Sunresin Co., Ltd.
Xi’an, China) as determined from preliminary experiments and
eluted with methanol, then the eluents concentrated to dryness
under vacuum by a rotary evaporator at 60 �C yielding 54.5 g of
methanol extract. Part of methanol extract (50.0 g) was put
through a silica gel column (silica gel: 100e200 mesh) and eluted
with a solvent mixture of acetone/methanol (1:0, 20:1, 10:1, 2:1,
1:1, 1:2, 1:10, 0:1, v/v) and finally eluted with water affording 228
fractions (500 ml each). Thin layer chromatography (TLC) analysis
was performed on silica gel using the same solvent system as the
mobile phase. Spots on thin layer chromatography were visualized
under ultraviolet (UV) light (254 and 365 nm) or by spraying the
plates with ethanolesulfuric acid reagent [29] and fractions
showing similar chromatograms were combined to yield five new
fractions, i.e., Fr. A: 1e14 fractions (2.5 g), Fr. B: 15e52 fractions
(6.7 g), Fr. C: 53e115 fractions (11.2 g), Fr. D: 116e170 fractions
(9.5 g) and Fr. E: 171e228 fractions (10.6 g). All these five fractions
were evaporated to dryness. Quadrate transparent crystal
(compound 1, 73.2 mg) and white-colored crystal (compound 2,
85.6 mg) were obtained from Fr. E and Fr. A by successive recrys-
tallization with acetone/methanol system, respectively. The resi-
dues of Fr. B, Fr. C and Fr. D, as well as two compounds were
dissolved in distilled water to get 10 mg ml�1 of experimental
solutions as selected by previous study [30] which were reserved
for immunostimulatory activity assays to decide which part exhibit
the best immunostimulatory efficacy.
2.5. Immunostimulatory activity assays

2.5.1. Experimental design and sampling procedure
Acclimated carp were taken from the stock and five groups

designed for every sampling day, i.e., on 0, 7th, 14th, 21st and 28th
day were established corresponding to experimental solutions.
Among the 5 groups, 4 groups were used for administration of
experimental solutions. Each group comprised 2 tanks of 10 fish
and each experiment was conducted in duplicate. The animals were
anaesthetised with benzocaine (ethyl-4-aminobenzoate, Sigma-
eAldrich) solution (4 mg ml�1 of ethanol) diluted in water to give
a final concentration of 25 mg ml�1. After treatment, fish was
injected intraperitoneally with 200 ml of experimental solutions.
The corresponding control fish received 200 ml of saline. Blood
samples (4 fish/group, 1 ml/fish) were collected one of the replicate
tanks in each treatment from the caudal vein using disposable
syringes coated with heparin (SigmaeAldrich) at 0, 7, 14, 21 and 28
days before or after treatment. Individual fish was sampled only
once to avoid the influence on the assays due to multiple bleeding
and handling stress on the fish. For serum separation, the bloodwas
allowed to clot at 4 �C and centrifuged at 2000�g for 25 min. The
resulting supernatant (0.5 ml/ml blood) was collected and stored at
�70 �C until required.
2.5.2. Separation of viable leucocytes from blood
Blood from each group as collected earlier was used for isolation

of leucocytes by density gradient centrifugation technique which
was described by Misra et al. [31] with some slight modifications.
One milliliter of blood samples was diluted 1: 3 (v/v) in Hanks’
Balanced Salt Solution (HBSS, SigmaeAldrich), respectively. The
diluted blood was slowly layered onto preformed continuous
gradients of 51% Percoll (SigmaeAldrich) in 0.85% NaCl and
centrifuged at 700�g for 15 min at 4 �C. The band of cells lying at
the interface of the blood plasma and Percoll layer was harvested
with a Pasteur pipette, diluted 10-fold with HBSS and recentrifuged
at 700�g for 15min at 4 �C to remove residual Percoll. The resulting
pellet was again washed twice by resuspending evenly in HBSS
with a Pasteur pipette and centrifuging at 700�g for 15 min at 4 �C.
After a third wash, the number of cells was adjusted to
w106 cells ml�1 using a haemocytometer slide by adding an
appropriate volume of RPMI 1640 (SigmaeAldrich). Cell viability
was determined at �400 magnification of preparations containing
equal mixtures of the cell suspension and 0.4% (w/v) aqueous try-
pan blue solution (SigmaeAldrich). The final pellet with more than
95% viability was resuspended in RPMI 1640 and was used to study
superoxide anion production and phagocytosis.

2.5.3. Phagocytic activity
Phagocytic activity of blood leucocytes was determined spec-

trophotometrically involving the measurement of stained yeast
cells that had been phagocytosed (internalization of yeast) by cells
[32]. Briefly, 1 ml of leucocyte suspension (106 cells ml�1) mixed
with 2 ml of Congo red-stained yeast cells (yeast cell:macrophage
ratio of 30:1) in microfuge tubes. Following incubation at room
temperature for 1 h, 1 ml ice-cold HBSS was added and 1 ml of
histopaque (density of 1.077 g ml�1, SigmaeAldrich) was injected
by a syringe into the bottom of each sample tube. The samples
were centrifuged at 850�g for 5 min to separate leucocytes from
free yeast cells. Leucocytes located at the medium/histopaque
interface were harvested with a Pasteur pipette and washed twice
in HBSS. The cells were then resuspended in 1 ml trypsineEDTA
solution (5.0 g l�1 trypsin and 2.0 g l�1 EDTA, SigmaeAldrich) and
incubated at 37 �C overnight. The optical density (OD) value of the
samples was measured with a microplate reader (Multiskan MK3,
Thermo Labsystems Co., USA) at 520 nm using trypsineEDTA as
a blank.

2.5.4. Determination of superoxide anion production
Superoxide anion production by phagocytic cells was deter-

mined by slight modification of the method described by Chung
and Secombes [33]. Leucocyte suspension in RPMI 1640 was
added to 20 mM HEPES buffer (SigmaeAldrich) and the cell
concentration was adjusted to 105 cells ml�1. Cell suspension of
200 ml was incubated into each of five wells of a 96 well
microplate. After 3 h, the cells were washed with RPMI 1640
medium to remove unadhered cells and 100 ml of nitroblue
tetrazolium solution (NBT, SigmaeAldrich) containing 106 cells
of Aeromonas hydrophila was added to each well. After incuba-
tion for 60 min at 25 �C, the staining reaction was terminated by
removing the medium and adding absolute methanol. Each well
was washed three times with 70% methanol and air-dried. Then
120 ml of 2 M KOH followed by 140 ml dimethyl sulphoxide
(DMSO, SigmaeAldrich) were added to dissolve the formazan
and the colour was subsequently measured at 630 nm with
a microplate reader.

2.5.5. Serum superoxide dismutase
Fifteen microlitres serum was sampled for superoxide dis-

mutase (SOD) activity detection with SOD kits (Nanjing Jiancheng



Table 1
Primers used in RQ-PCR gene expression analysis.

Gene Accession number
GenBank

Primer sequences
(50e30) Fw and Rv

Product
length (bp)

40S AB012087 GTT GAA GGA AGT GGC AAG GA
AGA ATA CGG CCT CTG ATG GA

146

IL-1b AJ245635 AAG GAG GCC AGT GGC TCT GT
CCT GAA GAA GAG GAG GCT GTC A

69

iNOS AJ242906 AAC AGG TCT GAA AGG GAA TCC A
CAT TAT CTC TCA TGT CCA GAG TCT
CTT CT

100
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Bioengineering Institute, China) as described by the manufacturer’s
instructions. The SOD activity was calculated as follows:

ASOD ðU ml�1Þ ¼ ðabsorbance at 550 nm of the control

� absorbance at 550 nm of the sampleÞ=
absorbance at 550 nm of the control=

50%� total volume of the reaction=

the volume of sample

2.5.6. Serum lysozyme
The serum lysozyme activity was determined by a turbidimetric

method [34]. Serum (25 ml well�1) was placed in triplicate in a 96
well plate and 175 ml of a suspension ofMicrococcus lysodeikticus at
a concentration of 0.2 mgml�1 in 0.5 M phosphate buffer saline, pH
6.2 (PBS, SigmaeAldrich) was added. As a negative control, PBS
replaced serum. The decrease in ODwas recorded at 530 nm after 1
and 5 min at 22 �C with a microplate reader. The unit of lysozyme
activity was defined as the amount of lysozyme that caused
a decrease in absorbancy of 0.001 min�1.

2.5.7. Serum bactericidal activity
The serum bactericidal activity was assayed following the

method described by Villamil et al. [35] with some modifications.
The bactericidal activity was measured by comparing the growth of
A. hydrophilawhich was obtained from the culture collection of the
College of Animal Science and Technology, Northwest A&F Univer-
sity in serumwith that observed in NB. Serum samples (33 ml) were
placed in triplicate in each well of a 96 well plate. A suspension
(100 ml) of 106 bacteria ml�1 in NB was then added to each well,
shaken and incubated for 6 h at 18 �C. The plate was then centri-
fuged for 10min at 200�g, the supernatant discharged, and 100 ml of
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT, SigmaeAldrich) (0.5 mg ml�1) added to each well. After
15min in the dark, the OD value (520 nm) of the viable bacteriawas
measured, and the bactericidal index (BI) calculated as follows:

BI ¼ Sample ABS520/Control ABS520 of A. hydrophila.

2.6. Real-time quantitative PCR analysis of related gene expression

Compounds 1 and 2 were proved to be the most active compo-
nents. Additional immunostimulatory efficacy test of two
compounds were performed to study the expression of genes
related to the immune response. Five groups designed for every
sampling day, i.e., on 0, 7th,14th, 21st and 28th daywere established
corresponding to experimental solutions. Among the 5 groups, 4
groups were used for administration of experimental solutions.
Each group comprised 2 tanks of 10 fish and each experiment was
conducted in duplicate. Fish were injected intraperitoneally with
200 ml of either saline (control), 10 mg ml�1 compound 1 or
compound 2. Blood samples were harvested at 0, 7, 14, 21 and 28
days before or after injection (three fish per time), as above.

2.6.1. RNA extraction
Total RNAwas extracted using themethoddescribed byYuan et al.

[36] with some modifications. Blood samples were sonicated in the
presence of 1ml Trizol (Invitrogen, Carlsbad, USA) to disrupt the cells
and release the RNA. It was then placed on ice and 0.2 ml chloroform
was added. After vigorous shaking and incubation at room temper-
ature for 10 min, the samples were centrifuged in micro-tubes
(Axygen, CA, USA) at 12,000�g for 15 min at 4 �C. The lower phase
and white protein inter-phase were discarded, while the clear upper
phase containing the RNA was aspirated and placed in new micro-
tubes. An equal volume of cold isopropanol was added and the
solutionwas allowed to stand at room temperature for 10min before
being centrifuged as mentioned above. The supernatant was dis-
carded and the pellet washed in 1 ml 75% ethanol followed by
centrifugation at 7500�g for 10min. After the finalwash, the ethanol
was removed and the pellet was air-dried for 30min and redissolved
in DEPC-treated water. The concentration of the RNA in each sample
was measured spectrophotometrically (GeneQuant, Pharmacia
Biotech) at OD260 nm and the quality determined as the OD260
nm/OD280 nm ratio with expected values between 1.8 and 2.0. Total
RNA was stored at �70 �C until further use.

2.6.2. cDNA synthesis
cDNA was synthesized by using the RevertAid� First Strand

cDNA Synthesis Kit (Fermentas Life Sciences, St. Leon-Rot,
Germany). In brief, 3 mg of total RNA were mix with 1 ml random
hexamer primer (0.2 mg ml�1) and DEPC-treated water to add up to
a total of 12 ml. The mixture was centrifuged briefly and incubated
at 65 �C for 5 min. After the incubation, 4 ml of 5� reaction buffer,
1 ml RiboLock� Rnase Inhibitor (20 U ml�1), 2 ml dNTP mix (10 mM),
and 1 ml of RevertAid�M-MuLV Reverse Transcriptase (200 U ml�1)
were added, mixed and the mixture incubated for 5 min at 25 �C
followed by 60min at 42 �C. The reactionwas stopped by heating at
70 �C for 10 min, and the resulting cDNA stored at �20 �C.

2.6.3. RQ-PCR assays
The real-time quantitative PCR was performed using SYBR�

Premix Ex Taq� Perfect real-time kit (TaKaRa, Dalian, China) in an
iCycler iQ5 Real-Time PCR Detection System (Bio-Rad Laboratories,
USA) and were carried out in 96-well reaction plates. The 40S
ribosomal protein S11 was used as house keeping gene and inter-
leukin 1-b (IL1-b) and inducible nitric oxide synthase (iNOS) were
used as genes of interest. The PCR primer sequences used for RQ-
PCR are listed in Table 1 as described previously [37]. Reaction
mixture consisted of 10 ml of SYBR� Premix Ex Taq�, 1 ml of cDNA,
1 ml of forward and reverse primer (10 mM), filled up with ultra pure
water to a final volume of 20 ml. The cycling conditions were: 95 �C
for 5min, followed by 40 cycles consisting of 94 �C for 15 s, 58 �C for
30 s, and 72 �C for 30 s. Datawere analyzed using iQ5 software (Bio-
Rad Laboratories, USA). Data were analyzed using the Bio-Rad iQ5
v2.0 software (Bio-Rad Laboratories, USA). R-values were calculated
with Pfaffl’s [38] method (EGI(Ctreference � Ctsample))/
(EHG(Ctreference � Ctsample)), using the average control Ct values as
a reference. E stands for the efficiency of the primer set; GI stands
for gene of interest and HG stands for house keeping gene. The Ct
value was determined manually for each run.
2.7. Disease resistance

A. hydrophila (strain SG 322), obtained from the culture collec-
tion of the College of Animal Science and Technology (Northwest
A&F University, China) was inoculated in tryptone soya broth and
incubated at 28 �C. The culturewas centrifuged at 800�g for 15min
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at 4 �C. The packed cells were washed and the required dose was
prepared in PBS. Groups of 10 fish each in duplicate were injected
intraperitoneally with 200 ml of compounds 1 and 2 on day 1. The
control fish were received 200 ml of saline. An untreated and a PBS
injected control were also maintained. After the administration of
two compounds fish were challenged (injected) with virulent
A. hydrophila (1 �107 cells/fish) on day 7. Earlier the challenge dose
was standardized to give 80% mortality in the untreated group. The
fish were observed regularly at 2 days intervals for behavioural
changes and mortalities. The symptoms observed include, hae-
morrhagic septicemia, distended abdomen and lesions on the
ventral surface of the body. The cause of deathwas confirmed by re-
isolating the organism from liver of 10% of dead fish using Aero-
monas isolation medium (Kanghui Biotechnology Co., Ltd,
Guangzhou, China). Relative percent survival (RPS) was calculated
by the following formula of Ellis [39].

RPS ¼
�
1� Percent mortality in treated group

Percent mortality in control group

�
� 100
2.8. Identification of active compounds

The structure of the bioactive compounds were determined by
infrared spectrum (IR, Nicolet Avatar 360 FT-IR; Madison, WI, USA),
electron ionization mass spectrometry (EI-MS; VG Co., UK), nuclear
magnetic resonance hydrogen spectrum (1H NMR), and nuclear
magnetic resonance carbon spectrum (13C NMR) (Bruker, Madison,
WI, USA).
2.9. Statistical analysis

The data were analyzed by one-way analysis of variance
(ANOVA) and expressed as the arithmetic mean � standard devi-
ation (SD). Differences was determined by Tukey’s test in SPSS
statistical software (SPSS Inc., USA) with P values less than 0.05
being accepted as significant.
Table 2
Phagocytic activity, bactericidal index and superoxide anion production observed on dif
DT-418, DR-834, DX-910, DX-1006 and DR-712.

Parameters Groups 0 day 7th da

Phagocytic activity Control 0.524 � 0.035 0.622
DT-605 0.515 � 0.058 0.679
DT-1207 0.536 � 0.061 0.693
DT-418 0.547 � 0.081 0.637
DR-834 0.501 � 0.014 0.766
DX-910 0.537 � 0.090 0.642
DX-1006 0.527 � 0.047 0.670
DR-712 0.546 � 0.023 0.565

Bactericidal index Control 0.932 � 0.050 0.929
DT-605 0.921 � 0.015 0.888
DT-1207 0.908 � 0.052 0.758
DT-418 0.915 � 0.060 0.892
DR-834 0.931 � 0.086 0.741
DX-910 0.984 � 0.098 1.004
DX-1006 0.962 � 0.085 0.999
DR-712 0.930 � 0.069 0.930

Superoxide anion production Control 0.246 � 0.012 0.250
DT-605 0.237 � 0.009 0.279
DT-1207 0.248 � 0.035 0.292
DT-418 0.267 � 0.007 0.269
DR-834 0.242 � 0.012 0.339
DX-910 0.252 � 0.019 0.277
DX-1006 0.230 � 0.023 0.282
DR-712 0.246 � 0.033 0.262

Data are expressed as mean � standard deviation from a duplicate set of 4 fish. Statistic
3. Results

3.1. Strain selection

Results on phagocytic activity, bactericidal index and superoxide
anion production from the blood of C. carpio administrated with
seven bacterial cultures, i.e., DT-605, DT-1207, DT-418, DR-834,
DX-910, DX-1006 and DR-712, indicated that DR-834 exhibited
remarkable immunostimulatory efficacy to carp as compared with
other strains (Table 2). Intraperitoneal injection of DR-834 bacterial
culture had significant (P < 0.05) effect on phagocytic activity and
serum bactericidal activity from the 7th day to the 21st day.
Furthermore, the data of superoxide anion production for the fish
which received DR-834 bacterial culture was significantly higher
than the control group on the 7th and 14th day. The phagocytic
activity and superoxide anion production were also significantly
(P < 0.05) increased in the DX-1006 bacterial culture treated group
on the 14th and 21st day, respectively. And significant increases in
the phagocytic activity and serum bactericidal activity of carp that
received DT-1207 bacterial culture were observed on the 7th and
14th day and 7th, 14th and 21st day, respectively. DT-418 bacterial
culture only had significant (P < 0.05) effect on serum bactericidal
activity on the 14th day.

3.2. Characterization of strain DR-834

This organism has an optimumgrowth on nutrient agarmedium
and liquid nutrient broth. The colonies on nutrient agar were
circular, entire, raised, smooth, and translucent in color. The cells
were gram-positive, spore-forming motile rods growing aerobi-
cally. The DR-834 strain showed positive test results for oxidase,
catalase, starch hydrolysis, VP test, gelatin liquefaction, nitrate
reduction, and negative results for glucose O/F test and M.R reac-
tion. The morphological and physiological characteristics of strain
DR-834 indicated that the strain belongs to the genus Bacillus. To
ensure the genetic background of strain DR-834, the gene encoding
the 16S rRNA was partially amplified by PCR and its nucleotide
ferent assay days after i.p. injection with cell-free supernatants of DT-605, DT-1207,

y 14th day 21st day 28th day

� 0.033 0.621 � 0.057 0.666 � 0.048 0.659 � 0.028
� 0.034 0.588 � 0.035 0.654 � 0.067 0.749 � 0.055
� 0.046* 0.759 � 0.082* 0.707 � 0.039 0.727 � 0.074
� 0.053 0.564 � 0.068 0.590 � 0.016 0.712 � 0.034
� 0.035* 0.817 � 0.051* 0.772 � 0.053* 0.678 � 0.020
� 0.022 0.653 � 0.053 0.720 � 0.027 0.644 � 0.028
� 0.027 0.737 � 0.108* 0.681 � 0.029 0.669 � 0.103
� 0.013 0.691 � 0.022 0.667 � 0.028 0.632 � 0.035

� 0.089 0.965 � 0.052 0.923 � 0.060 0.968 � 0.031
� 0.028 0.905 � 0.118 0.987 � 0.023 0.998 � 0.042
� 0.049* 0.747 � 0.025* 0.726 � 0.031* 1.017 � 0.038
� 0.031 0.849 � 0.028* 0.907 � 0.074 0.985 � 0.019
� 0.028* 0.665 � 0.021* 0.672 � 0.041* 0.855 � 0.021
� 0.105 1.010 � 0.129 0.973 � 0.049 0.974 � 0.051
� 0.045 0.966 � 0.074 1.004 � 0.096 0.942 � 0.081
� 0.069 0.989 � 0.055 0.962 � 0.078 0.961 � 0.043

� 0.018 0.274 � 0.013 0.254 � 0.023 0.250 � 0.032
� 0.022 0.290 � 0.032 0.248 � 0.013 0.270 � 0.042
� 0.041 0.280 � 0.029 0.241 � 0.031 0.281 � 0.043
� 0.032 0.273 � 0.016 0.227 � 0.051 0.252 � 0.019
� 0.033* 0.316 � 0.021* 0.260 � 0.032 0.250 � 0.033
� 0.042 0.278 � 0.027 0.248 � 0.021 0.234 � 0.029
� 0.013 0.273 � 0.021 0.284 � 0.012* 0.278 � 0.033
� 0.011 0.266 � 0.045 0.269 � 0.046 0.241 � 0.038

al differences (P < 0.05) from the control group are indicated by asterisks.
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sequence was sequenced. A high homology with Bacillus simplex
(99%) was found, documenting its relation to genus Bacillus. The
16S rRNA gene sequence determined for strain DR-834 was 1288
nucleotides long, and was deposited in GenBank under the acces-
sion number GU112526.
3.3. Immunostimulatory efficacy assays

In order to identify the active compounds within the methanol
extract, the extract was divided into five parts (three fractions and
two compounds) which were tested for immunostimulatory
activity. The results of the immunostimulatory efficacy for the test
samples were shown in Table 3. On the 7th day after injection, Fr. B
revealed a significantly increased SOD activity than the control. The
same effect was also observed in the Fr. C treated group on the 21st
day and Fr. D treated group on the 14th day, respectively. And the
two compounds showed much better SOD activities than the three
fractions (Fr. B, Fr. C and Fr. D). The data for the fish which received
compounds 1 and 2 were significantly higher on the 7th, 14th, 21st
day and 7th, 14th, 21st, 28th day, respectively. However, these
fractions exhibited slightly activity in regarding other immunologic
parameters including lysozyme activity, superoxide anion produc-
tion, phagocytic activity and bactericidal index. Therefore, Fr. B, Fr. C
and Fr. D with lower immunostimulatory activity were not further
studied, although they may contain compounds that have high
activity, but present in low concentration.

Administration of compound 1 had significant effects on serum
lysozyme activity, superoxide anion production and phagocytic
activity. The serum lysozyme activity started significantly (P < 0.05)
increasing after 7 days of injection until 28 days, and the highest
lysozyme activitywas seen on the 14th day. Also, thefish injectedwith
Table 3
Serum SOD activity, serum lysozyme activity, superoxide anion production, phagocytic ac
fractions, compound 1 or compound 2.

Parameters Groups 0 day 7th day

SOD (U ml�1) Control 62.932 � 7.138 60.291 �
Fr. B 61.285 � 4.276 70.785 �
Fr. C 60.854 � 4.091 65.950 �
Fr. D 58.188 � 5.697 60.419 �
Compound 1 63.722 � 3.894 78.985 �
Compound 2 59.780 � 5.706 76.156 �

Lysozyme (U ml�1) Control 99.274 � 4.406 108.824 �
Fr. B 108.893 � 12.667 106.213 �
Fr. C 107.658 � 10.509 112.475 �
Fr. D 113.265 � 6.512 92.456 �
Compound 1 105.161 � 16.230 142.626 �
Compound 2 110.484 � 10.272 140.698 �

Superoxide anion production Control 0.266 � 0.014 0.290 �
Fr. B 0.263 � 0.026 0.281 �
Fr. C 0.273 � 0.003 0.282 �
Fr. D 0.264 � 0.018 0.267 �
Compound 1 0.279 � 0.009 0.339 �
Compound 2 0.266 � 0.030 0.351 �

Phagocytic activity Control 0.540 � 0.103 0.553 �
Fr. B 0.528 � 0.055 0.584 �
Fr. C 0.535 � 0.027 0.489 �
Fr. D 0.547 � 0.079 0.492 �
Compound 1 0.525 � 0.057 0.657 �
Compound 2 0.517 � 0.082 0.713 �

Bactericidal index Control 0.922 � 0.074 0.989 �
Fr. B 0.965 � 0.064 0.957 �
Fr. C 0.943 � 0.101 0.955 �
Fr. D 0.951 � 0.091 0.977 �
Compound 1 0.933 � 0.059 0.954 �
Compound 2 0.937 � 0.039 0.853 �

Data are expressed as mean � standard deviation from a duplicate set of 4 fish. Statistic
compound1 showed significantly higher superoxide anionproduction
on day 14 and 21 after injection. Furthermore, except for one week
injectingwith compound 1 (P> 0.05), the phagocytic activity of blood
leucocytes was statistically different from that of control fish.
Conversely, the data did not reveal any significant findings for bacte-
ricidal index between experimental and controls, but the levels of
serum bactericidal activity with compound 1 treated group remained
enhanced over controls until the end of the experiment.

A significant increase in the lysozyme activity of carp that
received compound 2 was observed from day 7 to day 28, and the
maximum index was seen on the 14th day. Injection with
compound 2 also led to significantly (P < 0.05) pronounced super-
oxide anion levels comparedwith controls on the 7th, 21st and 28th
day. Certainly, there was a significant increase in the phagocytic
activity of blood leucocytes of fish injected with compound 2 from
the 7th day to the trail of the experimentwith themaximumactivity
on day 14 compared with the levels observed in the controls.
Furthermore, significant lower values of bactericidal index were
observed on the 7th, 14th and 21st days after injection.

SerumSODactivity, serum lysozyme activity, phagocytic activity,
superoxide anion production, and bactericidal index of studied
groups indicated that both compounds 1 and 2 showed remarkable
immunostimulatory efficacy to carp as compared with fractions
after injection. Consequently, compounds 1 and 2 are considered as
the main active ingredients having immunostimulatory activity
from the secondary metabolites of B. simplex strain DR-834.
3.4. Expression analysis of IL1-b and iNOS with RQ-PCR

Further immunostimulatory efficacy test of compounds 1 and 2
were performed to study the mRNA expression levels of IL1-b and
tivity and bactericidal index observed on different assay days after i.p. injection with

14th day 21st day 28th day

4.597 68.077 � 4.109 67.598 � 11.834 63.470 � 5.091
2.372* 75.334 � 5.478 59.650 � 5.792 52.243 � 5.828
2.796 71.388 � 8.256 83.415 � 8.716* 66.992 � 6.913
3.683 86.550 � 6.457* 72.483 � 7.591 70.478 � 9.917
2.725* 109.933 � 7.650* 95.017 � 8.249* 86.156 � 7.925
3.702* 118.147 � 6.831* 98.605 � 2.643* 91.298 � 7.583*

14.105 114.178 � 22.607 123.21 � 13.75 102.371 � 19.558
6.557 95.930 � 15.183 111.466 � 27.280 118.737 � 12.795
4.801 110.758 � 18.221 108.656 � 6.439 105.405 � 10.808
14.110 81.190 � 23.136 103.775 � 12.397 114.246 � 13.279
29.357* 215.402 � 33.165* 197.231 � 33.118* 148.516 � 27.684*
13.884* 274.772 � 20.294* 234.180 � 32.447* 135.881 � 12.593*

0.023 0.302 � 0.033 0.298 � 0.011 0.294 � 0.042
0.013 0.269 � 0.025 0.273 � 0.012 0.276 � 0.032
0.004 0.304 � 0.024 0.303 � 0.032 0.301 � 0.014
0.013 0.292 � 0.051 0.287 � 0.033 0.270 � 0.013
0.023 0.394 � 0.022* 0.347 � 0.014* 0.314 � 0.022
0.043* 0.381 � 0.032* 0.367 � 0.033* 0.325 � 0.021

0.067 0.524 � 0.024 0.559 � 0.029 0.587 � 0.048
0.072 0.549 � 0.093 0.563 � 0.042 0.531 � 0.029
0.037 0.490 � 0.052 0.624 � 0.045 0.592 � 0.068
0.098 0.571 � 0.055 0.647 � 0.051 0.593 � 0.052
0.059 0.806 � 0.068* 0.770 � 0.036* 0.783 � 0.051*
0.076* 0.838 � 0.234* 0.810 � 0.072* 0.790 � 0.031*

0.048 0.949 � 0.088 0.893 � 0.099 0.972 � 0.090
0.085 0.917 � 0.119 0.981 � 0.039 0.971 � 0.082
0.052 0.999 � 0.019 0.933 � 0.062 0.956 � 0.023
0.066 0.951 � 0.087 0.971 � 0.112 0.939 � 0.033
0.039 0.927 � 0.057 0.816 � 0.078 0.901 � 0.075
0.086* 0.755 � 0.062* 0.654 � 0.035* 0.957 � 0.048

al differences (P < 0.05) from the control group are indicated by asterisks.
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Fig. 2. Cumulative mortalities after artificial challenging with Aeromonas hydrophila in
carp injected intraperitoneally with compounds 1 and 2.
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iNOS by real-time quantitative PCR. The results demonstrated that
the IL1-b and iNOS genes showed similar expression patterns
(Fig. 1). On day 7 and 14 post injection a significant (P < 0.05) up-
regulation of IL1-b (i.e., 1.8-fold, 1.9-fold for compound 1 and 1.9-
fold, 2.5-fold for compound 2, respectively) was observed
compared to the control (Fig. 1a). Similarily, mRNA expression of
iNOSwere significantly increased on day 7 and 14 after i.p. injection
with compounds 1 and 2 (i.e., 1.7-fold, 2.2-fold for compound 1 and
1.6-fold, 2.4-fold for compound 2, respectively; Fig. 1b). Moreover,
significant changes were seen in fish injected with compound 2
(1.7-fold) on day 21.

3.5. Disease resistance

After 6 days of active compounds treatment, fish were chal-
lenged with A. hydrophila and cumulative mortality was registered
during 30 days (Fig. 2). Mortalities due to A. hydrophila first
occurred in control fish reaching 40% after 2 days post-infection
and a cumulative mortality over the 30-day experimental period
was 90%. Cumulative mortalities in fish injected with compounds 1
and 2 were at lower level comparing to control, reaching 50% and
40%, respectively. RPS values in the compound 1 injection group
was 75.00 and 55.56 after 1 and 2 weeks, and 44.44 after 3 and 4
weeks (Table 4). Compound 2 produced the highest protectionwith
the RPS values of 87.50, 77.78, 55.56 and 55.56 after 1, 2, 3 and 4
weeks, respectively.

3.6. Structure determination of active compounds

Compound 1 was obtained as quadrate transparent crystal; IR
(KBr) n/cm�1: 3288, 3138, 3038, 2952, 2734, 2599, 2456,1640,1592;
1H NMR (D2O, TMS, 400 MHz) d 4.69 (1H, t, H-2), 4.37 (1H, m, H-4),
3.51(1H, dd, J¼ 4.0 and 3.6 Hz, H-5a), 3.39 (1H, dt, J¼ 6.4 and 3.2 Hz,
H-5b), 2.46 (1H, m, H-3a), 2.19 (1H, m, H-3b); 13C NMR (D2O, TMS,
100 MHz) d 174.22 (C-1), 52.91 (C-2), 37.39 (C-3), 70.03 (C-4), 59.82
(C-5); EIMS (70 ev)m/z (%) [MþH]þ132.0. Based on the above data,
compound 1was identified as 4-trans-hydroxy-L-proline (Hyp)with
CAS no. 51-25-4. Its molecular formula is C5H9NO3 and its structure
is shown in Fig. 3.

Compound 2 was obtained as white-colored crystal; 1H NMR
(CH3OD, TMS, 400MHz) d 7.19 (2H, br, s, NH), 4.16 (2H,m), 4.05 (1H, d,
J ¼ 2.0 Hz), 4.01 (1H, m), 3.69 (1H, s), 3.65 (1H, s), 3.47 (4H, m), 2.25
(2H, m), 1.91 (6H, m); 13C NMR (CH3OD, TMS, 100 MHz) d 172.13
(s, 2C), 166.59 (s, 2C), 59.99 (s, 2C), 47.14 (s, 2C), 46.45 (s, 2C), 29.53
(s, 2C), 23.44 (s, 2C); EIMS (70 ev) m/z (%) [M þ H]þ309.0. The NMR
data of compound 2 were in agreement with previously published
data of cyclo-(L-Pro-Gly)2 [40]. Its molecular formula is C14H20N4O4
and its structure is shown in Fig. 4.
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Fig. 1. RQ-PCR expression in carp blood of IL-1b (a) and iNOS (b) following i.p. injection
represent the average þ SD from a duplicate set of 3 fish. Statistical differences (P < 0.05)
4. Discussion

The use of natural immunostimulants seems to be the most
promising method of preventing fish diseases [41]. Natural
immunostimulants are biocompatible, biodegradable and safe for
the environment and human health [42], offering an alternative to
the drugs, chemicals and antibiotics currently used in fish culture to
control disease. Microbial products are surveyed that have an
immunoregulatory activity, both from compounds with low-
molar-mass and the group of naturally occurring polymers [43].
The components of bacterial cell wall, such as MDP, peptidoglucan
and LPS, were attributed to the immunostimulatory effects of
aquatic animals [9,11,13]. However, such substances may not be
adequate for use in practice due to their side effects [14,15].
Protective subcellular components from microbial secondary
metabolites in disease control have been received more attention
over the last two years. It has already been demonstrated by Newaj-
Fyzul et al. [44] that feeding to rainbow trout in feed with cell-free
supernatant of Bacillus subtilis AB1 significantly reduced cumula-
tive mortalities after challenge with Aeromonas sp. Arijo et al. [45]
also reported that subcellular components of Vibrio harveyi were
successful for the stimulation of immunity and the prevention of V.
harveyi infections in rainbow trout, Oncorhynchus mykiss (Wal-
baum). Hence, screening of new immunostimulants from the
secondary metabolites of micro-organisms could be advantageous
in this field. Recently, potential applications for the cold-adapted
micro-organisms and bioactive compounds from permanently cold
environments, such as glacial ice and permafrost have been high-
lighted [46]. However, to our knowledge, no studies focus on the
iNOS
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Fig. 4. Structure of cyclo-(L-Pro-Gly)2.

Table 4
Relative percent survival of carp injected intraperitoneally with compounds 1 and 2.

Groups Relative percent survival

1 week 2 weeks 3 weeks 4 weeks

Compound 1 75.00 55.56 44.44 44.44
Compound 2 87.50 77.78 55.56 55.56
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exploration of bioactive compounds having immunostimulatory
activity from micro-organisms living below the permafrost soil.
Therefore, the present work attempted to address this lack of
knowledge by isolating immunostimulatory compounds from
QinghaieTibetan Plateau permafrost soil.

Based on previous studies, Bacillus spp. have been successfully
used as probiotic bacteria. Earlier research showed that oral
administration of B. subtilis could enhance the innate immune
responses of Labeo rohita (Ham.) [47]. It has also been demonstrated
in gilthead seabream that addition of Lactobacillus delbrüeckii and
B. subtilis, single or combined improve the cellular innate immune
parameters [48]. The current study demonstrated that two
compounds, cyclo-(L-Pro-Gly)2 and 4-trans-hydroxy-L-proline,
produced by a isolated bacterium B. simplex strain DR-834 from
QinghaieTibetan Plateau permafrost soil are able tomodulate some
non-specific immune functions in carp. B. simplex have been
reported to produce wide bioactivities, such as nematicidal activity
[49] and biosorption of heavy metal [50]. To the best of our
knowledge, this work is the first to report on the immunostimula-
tion of B. simplex.

Cyclic tetrapeptides have previously been reported to be both
antitumor [51] and antibacterial [52]. The cyclic tetrapeptide
identified in this work have to our knowledge never before been
shown to be produced from Bacillus genus, nor has the immunos-
timulatory activity of cyclo-(L-Pro-Gly)2 been reported earlier. In
organism, 4-Trans-hydroxy-L-proline (Hyp) is synthesized by
hydroxylation of proline. Hyp-rich glycoproteins (HRGP) possess
diverse biological activities such as antibacterial [53] and antifungal
[54]. However, the immunostimulatory activity of 4-trans-hydroxy-
L-proline has never been investigated.

The present results showed that experimental fish injected with
10 mg ml�1 dose of cyclo-(L-Pro-Gly)2 significantly enhanced
phagocytic activity from day 7 to the tail of the experiment, while
the same effect was observed on the 4-trans-hydroxy-L-proline
treated group from day 14 to day 28. Phagocytic cells are the most
important cellular components of the innate immune system of fish
[55]. Their phagocytic activity is a primitive defence mechanism
[56] and an important characteristic of the non-specific immune
system [32]. Fish treated with immunostimulants usually show
enhanced phagocytic activity [8]. Several studies have reported that
i.p. injection of chitin [10] and LPS [57] increased phagocytic
activity of leucocytes of carp. In the present study, the maximum
stimulation of phagocytic cells was demonstrated in the fish treated
Fig. 3. Structure of 4-trans-hydroxy-L-proline.
with cyclo-(L-Pro-Gly)2 on day 21 after injection. We hypothesized
that i.p. administration of cyclo-(L-Pro-Gly)2 and 4-trans-hydroxy-L-
proline can enhance the production of cell activating factors in the
hemocytes, thus, increasing the phagocytic activity of the blood
leucocytes.

When micro-organisms are engulfed by haemocytes, fish
phagocytic cells, i.e. monocytes/macrophages and neutrophils, are
able to generate superoxide anion (O2

�), hydrogen peroxide (H2O2),
nitric oxide (NO), peroxynitrite (ONOO�), hypochlorous acid (HOCl)
and hydroxyl radical (OH�), all of which are highly microbiocidal
[58]. Since superoxide anion is the first product to be released from
the respiratory burst, the measurement of O2

� has been accepted as
a precise way of measuring respiratory burst [59]. In this work, the
isolated compounds were demonstrated to have a positive effect on
the extracellular superoxide anion production of isolated leuco-
cytes. We observed significant increases of the superoxide anion
production in cyclo-(L-Pro-Gly)2 treated group from day 7 to day 21
and 4-trans-hydroxy-L-proline treated group on day 14 and day 21
after the start of treatment, respectively. The present results are in
accordance with this performed in fish where respiratory burst
activity was enhanced by dietary supplementation with b-glucan
[60] for 2 weeks as well as i.p. injection of peptidoglycan [61] for
five days.

In the present study, both 4-trans-hydroxy-L-proline and cyclo-
(L-Pro-Gly)2 were found to have significant stimulatory effects on
the lysozyme activity from day 7 to the tail of the experiment.
Lysozyme is an important component in the immune system of fish,
that breaks b-1,4 glycosidic acids and N-acetyl glucosamine in the
peptidoglucan of bacteria cell walls. This action is known to attack
mainly Gram-positive bacterial as well as some Gram negative
bacteria in conjunction with complement [62]. The present study
indicates that serum lysozyme levels were higher due to crystalloid
solution treatment than the controls during the experiment, an
effect also seen in fish injected with a range of immunostimulants
for various periods. For example, stimulation of lysozyme activity
has been recognized after three days and four weeks of injection
with levamisole in rainbow trout [63] and tuftsin in Indian Major
carp [31], respectively. This increase may be correlated with
enhanced leucocytic response. Possibly, such enhanced non-
specific factors of the immune system may have provided defence
against infection by the pathogen.

Superoxide dismutase (SOD) is the only enzyme that disrupts
superoxide radicals and is present in all cells with high amounts in
erythrocytes [64]. The activity of SOD in serum can reflect the
competence of clearing the free radical and the severity of cell
impairment. Many authors have reported that administration of
immunostimulants enhance SOD activity in Clarias fuscus and Epi-
nephelus fuscoguttatus [65,66]. Similar phenomena were also
observed in the present study. In this work, SOD activity
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significantly increased by cyclo-(L-Pro-Gly)2 and 4-trans-hydroxy-L-
proline compared to the control group and the SOD activity reached
its peak in the cyclo-(L-Pro-Gly)2 treatment group on the 21st day
after injection.

The present study indicates that cyclo-(L-Pro-Gly)2 plays an
important role in the stimulation of serum bactericidal activity. In
this study, the bactericidal activity of serum as measured by the
mean bactericidal index was elevated in the cyclo-(L-Pro-Gly)2
treated fish as compared with the controls, with the differences
being significant on day 7, 14 and 21 after administration (Table 2).
The increased serum bactericidal activity indicates that various
humoral factors involved in innate and/or adaptive immunities are
elevated in the serum to protect the host effectively from infection.
The higher bactericidal activities can possibly be due to a higher
production of O2

�. Similarly, it was reported that higher levels of
bactericidal activity occurred in the head kidney phagocytes of
Ictalurus punctatus after treating with a yeast glucan [67]. This has
also been shown for Atlantic salmon (Salmo salar) against virulent
and avirulent strains of A. salmonicida [68].

Real-time quantitative PCR was performed to analyse the mRNA
expression of IL-1b and iNOS genes. IL-1b is a key mediator in
response to microbial invasion and tissue injury and can stimulate
immune responses by activating lymphocytes or by inducing the
release of other cytokines that are able to activate macrophages, NK
cells and lymphocytes [69]. Macrophages are the primary source of
IL-1b although it is produced by a wide variety of other cell types
including B-cells and NK cells. It is already known that injection of
peptidoglycan (PG) stimulates the production of IL-1b in carp [70].
Low et al. [69] revealed that increased phagocytic activity may result
from an increased IL-1b production. In bothmammals and fish, iNOS
and nitric oxide (NO) are well known immune-regulatory factors
important in the defence against various pathogens. The importance
of NO production during the immune response has been demon-
strated during several pathogen infections in fish [71]. The present
work demonstrates that the expression of IL-1b and iNOS genes was
significantly up-regulated on day 7 and 14 after i.p. injection with
cyclo-(L-Pro-Gly)2 and 4-trans-hydroxy-L-proline.

After challenge with A. hydrophila, all treated groups showed
a reduced mortality compared to the control group. The best
survival rate was observed in the group treated with compound 2.
Compared with untreated control, 4-trans-hydroxy-L-proline and
cyclo-(L-Pro-Gly)2 treatment increased the survival rate of the fish
infected with A. hydrophila, by a minimum of 50% in the 4-trans-
hydroxy-L-proline group, to a maximum of 40% in the cyclo-(L-Pro-
Gly)2 group. The dose of bacteria we used for challenge was very
high, resulting in 90% mortality of control fish. Earlier studies also
revealed that dietary supplementation of b-glucan enhanced the
disease resistance against A. hydrophila in L. rohita fingerlings [60].
Chiu et al. [66] showed that use of sodium alginate by oral
administration enhanced protection in E. fuscoguttatus against
Streptococcus sp. and an iridovirus. The enhancement of non-
specific immune parameters by 4-trans-hydroxy-L-proline and
cyclo-(L-Pro-Gly)2 is possibly an important factor in reducing the
percentage mortality and thereby protecting the fish against live
A. hydrophila challenge.

To summarize, the results of our study showed that 4-trans-
hydroxy-L-proline and cyclo-(L-Pro-Gly)2 derived from secondary
metabolites of a isolated B. simplex strain DR-834 from Qing-
haieTibetan Plateau permafrost soil could significantly enhance the
non-specific immunity of C. carpio following intraperitoneal
administration through improvement of various immune parame-
ters such as phagocytic activity, serum lysozyme activity, serum
SOD activity, superoxide anion production and serum bactericidal
activity. In addition, IL-1b and iNOS gene expression was
augmented at dose 10 mg ml�1. Therefore, there is a possibility of
using 4-trans-hydroxy-L-proline and cyclo-(L-Pro-Gly)2 as an better
immunostimulants, which can have a promising role in aquaculture
to prevent diseases and disease outbreaks. Also further investiga-
tion on the immunostimulatory effect of the compounds when
administered along with feed in the field for disease prevention in
aquaculture is warranted.
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