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Isolation of a novel deep-sea Bacillus circulus strain and uniform design for
optimization of its anti-aflatoxigenic bioactive metabolites production
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ABSTRACT
The deep-sea bacterium strain FA13 was isolated from the sediment of the South Atlantic Ocean and
identified as Bacillus circulans based on 16S ribosomal DNA sequence. Through liquid fermentation
with fivemedia, the cell-free supernatant fermentedwith ISP2 showed the highest inhibition activities
against mycelial growth of Aspergillus parasiticus mutant strain NFRI-95 and accumulation of norso-
lorinic acid, a precursor for aflatoxin production. Based on ISP2, uniform design was used to optimize
medium formula and fermentation conditions. After optimization, the inhibition efficacy of the
20-time diluted supernatant against A. parasiticus NFRI-95 mycelial growth and aflatoxin production
was increased from 0–23.1% to 100%. Moreover, compared to the original protocol, medium cost and
fermentation temperature were significantly reduced, and dependence on seawater was completely
relieved, thus preventing the fermentor from corrosion. This is the first report of a deep-sea micro-
organism which can inhibit A. parasiticus NFRI-95 mycelial growth and aflatoxin production.
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Introduction

Aflatoxins are highly toxic and carcinogenic sec-
ondary metabolites that produced by certain strains
of Aspergillus flavus and Aspergillus parasiticus [1].
They are one of the major mycotoxins that con-
taminate grains, foods and feeds, and causes sub-
stantial economic losses worldwide [2,3]. Therefore,
control of aflatoxin contamination has always been
the highlights of researches. Compared with physi-
cal and chemical methods, biological control using
bacteria, yeast and non-aflatoxigenic strains of
A. flavus has become a non-toxic and efficient
alternative [4–8].

The special environment of the deep sea has
endowed deep-sea microorganisms with unique
physiological structures and metabolic systems,
producing diverse metabolites with novel structures
and various functions [9]. At present, many studies
on deep-sea microorganisms and their bioactive
metabolites have been reported [10]. Among
them, some deep-sea bacteria and their novel meta-
bolites could effectively suppress terrestrial fungal
phytopathogens, such as Fusarium, Rhizoctonia,
Valsa and Phytophthora [11–14].

Currently, there are only few reports on offshore
microorganisms that inhibit aflatoxin production
[15–18]. Researches on deep-sea microorganisms
that inhibit aflatoxin production have not yet been
reported. We isolated a bacterium, designated FA13,
from the deep-sea sediment of the South Atlantic
Ocean, during our research on deep-sea microorgan-
ism resources that inhibit aflatoxin production. Using
visual agar plate assay, it has been confirmed that this
bacterium had the ability to remarkably inhibit
A. parasiticus NFRI-95 mycelial growth and aflatoxin
production. The objectives of the present study were
to identify the FA13 strain, to screen for suitable
fermentation medium, to optimize fermentation con-
ditions for its enhanced production of active sub-
stances that inhibit aflatoxin, and to study the
stability of the active substances that inhibit aflatoxin,
so as to lay a foundation for the separation, purifica-
tion and application of the active compounds.

Materials and methods

Media

The five cultivation media and their compositions are
as follows: (1) A1 medium: 10.0g soluble starch, 2.0g
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peptone, 4.0g yeast extract, 750mL seawater and
250mL deionized water;(2)Starch casein medium:10g
soluble starch, 4g yeast extract, 2g casein, 1000mL
seawater, pH7.2–7.4;(3)ISP2medium: 4g yeast extract,
10gmaltose, 4g glucose, 1000mL seawater, pH7.2–7.4;
(4)PDA medium: 30g potato, 20g glucose, 1000mL
deionized water; (5)Gause No.1 medium: 20g soluble
starch, 1g KNO3, 0.5g NaCl, 0.5g K2HPO4, 0.5g
MgSO4, 0.01g FeSO4, 1000mL deionized water,
pH7.2–7.4.

Isolation and identification of the FA13
bacterium

The deep-sea sediment sample was collected from
a depth of 3203 m of the South Atlantic Ocean
(W14.5°, S13.6°) on Jul. 25th, 2012. The sample was
kept at 4°C in sterile plastic bag in a refrigerator and
carried to the laboratory. In Nov., 2012, the sediment
was diluted 10 times by sterile seawater to make
a suspension and heated for 6 min at 55°C by using
water bath in the lab. Then, one hundred micro liter
of the supernatant was taken and spread on Gause
No.1 medium supplemented with potassium dichro-
mate(0.05g/L). After 3 days’ incubation at 28°C, the
colonies were picked. The FA13 strain was obtained
after repeated streaking.

Identification of the FA13 bacterium was per-
formed by morphological observation and 16s rRNA
sequence analysis. Template DNA was extracted
according to the protocol recommended by the kit.
Amplification of the 16s rRNAgenewas carried out by
PCR using universal primers 27 F(5ʹ-AGAGTTTGAT
CCTGGCTCAG-3ʹ) and 1492 R(5ʹ-AAGGAGGTGA
TCCAGCCGCA-3ʹ) in a final volume of 50 μL. The
reaction solution contained 10× PCR Buffer 5 μL,
10 mM dNTPmix 4 μL, 10 μM 27F 1 μL, 10 μM
1492R 1 μL, template DNA 1 μL, 5 U/μl Taq polymer-
ase 0.5 μL, distilled water 37.5 μL. The thermal cycling
was done with the following protocol: 5 min at 94°C;
followed by 30 cycles of 1 min denaturation at 94°C,
40 s annealing at 55°C, and 40 s extension at 72°C; and
a final extension of 10 min at 72°C. The PCR product
was separated on 1% agarose gel using electrophoresis,
before sending to BGI (Beijing) Co. Ltd. for sequen-
cing. Sequence similarity was determined using NCBI
Blast and EzTaxon. Phylogenetic analysis was per-
formed using MEGA software version 5.0 with dis-
tance options according to Kimura’s two-parameter

model and clustering with the neighbour-joining
method, and supported with bootstrap values based
on 1000 replications.

Cultivation and measurement of anti-fungal/
anti-aflatoxigenic activity

The overnight liquid seed culture of FA13 was
inoculated into 50 ml Erlenmeyer flasks, con-
taining 20 ml of the above-mentioned 5 kinds
of liquid media, respectively. The inoculation
size was 1% (v/v). The cultures were cultivated
at 28°C with shaking at 120rpm for 6 days. Each
experiment was carried out in three replicates.
After the cultivation, the cell suspension was
centrifuged at 8,000 × g for 20 min at room
temperature. The supernatant was supplemented
with GY (2% glucose and 0.5% yeast extract) to
compensate for the consumption of nutrients by
bacterial growth, and the pH of the medium was
adjusted to approximately 6.0. After filter ster-
ilization with a 0.22-μm-pore-size Millipore
membrane, the resulting solution was used as
a cell-free supernatant for anti-fungal and anti-
aflatoxigenic bioassays.

A. parasiticus mutant strain NFRI-95was used as
an indicator in the anti-fungal and anti-aflatoxigenic
bioassays. Strain NFRI-95 did not produce aflatoxin,
but accumulate norsolorinic acid, the first stable pre-
cursor in the synthetic pathway of aflatoxin, in the
mycelia. Norsolorinic acid is vivid red and visible to
human eyes. For determination of the anti-fungal
activity, tip culture method was used [19]. To test
the anti-aflatoxigenic activity (suppression of red pig-
ment production), norsolorinic acid in the mycelia
was extracted with a solution containing 1mol/L
NaOH and methanol (1:9, v/v). Then, OD560nm of
the extract wasmeasured. Uncultivatedmedia supple-
mented with GY and inoculated with A. parasiticus
NFRI-95 were used as controls for tip culture. The
inhibition ratio of mycelial growth and aflatoxin were
calculated according to the following formulas:

Mycelial growth inhibition ratio(%) = (W2 –W1)/
W2 × 100% with W2: fresh weight of the mycelia in
the control tip andW1: fresh weight of the mycelia in
the experiment tip

Aflatoxin inhibition ratio(%) = (A2-A1)/A2 ×
100% with A2: OD560nm of the control tip and
A1: OD560nm of the experiment tip
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Uniform design of the medium composition and
cultivation conditions

Hybrid uniform design method in the DPS was used
to optimize the medium compositions and the culti-
vation conditions. Three nutritional components in
the ISP2 medium (yeast extract, maltose and glucose)
and five cultivation conditions (inoculation size, cul-
tivation temperature, cultivation time, pH of themed-
ium and seawater content) were chosen in this study
(refer to Table 1 for detailed factors and their values).
Sixteen experiments were generated according to the
hybrid uniform design. Based on the medium com-
position and cultivation conditions of the 16 designed
experiment schemes, cultivation and measurement of
the anti-fungal and anti-aflatoxigenic activity of the
cell-free supernatant were conducted by using the
methods described above.

Stability of the active metabolites in the
supernatants

Effects of temperature, acid-alkali, zymolysis and
storage period on the stability of the anti-fungal
and anti-aflatoxigenic active substances in the
supernatants fermented with optimized protocol 1
were evaluated.

Thermal stability: to determine the thermal sta-
bility, aliquots of the cell-free supernatants were
maintained at 60°C and 80°C for 2 h, and auto-
claved at 121°C for 30 min respectively, and natu-
rally cooled to room temperature. Cell-free
supernatant without heat treatment was used as
the control. Thermal stability of the active sub-
stances was tested with tip culture assay.

Effect of acid-alkali: The pH of the cell-free
supernatants was adjusted to 2, 4, 8, 10 and 12,
respectively, using 1 mol/L NaOH or 1 mol/L HCl.
Then, after 6 h of incubation at room temperature,
the pH of the culture supernatants was adjusted to
approximately 6.0. The untreated culture

supernatant served as the control. The effect of
acid-alkali on the stability of the active substances
was tested with tip culture assay.

Effect of zymolysis: the cell-free supernatants
were well mixed with 1 g/L trypsin, chymotrypsin
or pepsin and incubated for 6 h by using 37°C
water bath. Then, the proteases were denatured
with boiling water for 30 min, and cooled naturally
to room temperature. The culture supernatant
without enzymatic treatment served as the control.
The effect of zymolysis on the stability of the active
substances was tested with tip culture assay.

Effect of storage period: the cell-free supernatants
were stored at room temperature and protected
from light for 6 months. After that, the effect of
storage period on the stability of the active sub-
stances was tested with tip culture assay.

Results

Isolation and identification of the FA13 strain

Totally, fifteen bacterial strains were isolated
from the deep-sea sediments of the South
Atlantic Ocean, by using seawater Gause No.1
agar media. Preliminary screening was carried
out for all the strains that inhibit the mycelia
growth of A. parasiticus NFRI-95. The result
indicated that the FA13 strain exhibited
a strong inhibitory effect. Microscopic observa-
tion demonstrated that cells of the FA13 strain
were short rod-shaped and spore-forming. The
16S rRNA gene of the FA13 strain was (GenBank
accession no. MF574386) compared with avail-
able 16S rRNA gene sequences in the EzTaxon
server and the result indicated that it showed the
highest sequence similarity to B. circulans ATCC
4513 (98.55%). The phylogenetic tree (Figure 1)
also demonstrated that the FA13 strain and
B. circulans ATCC 4513 grouped together.
Therefore, the FA13 strain was designated
B. circulans FA13.

Screening of suitable cultivation media

Results of supernatants from five fermented media
showed that the cell-free supernatant cultivated
with Gause No.1 medium exhibited the lowest
anti-fungal and anti-aflatoxigenic activities, with
an inhibition ratio of 19.08% and 76.80%, respec-
tively. On the other hand, cell-free supernatants

Table 1. Factors and their levels in the uniform design.
Factors Level of Factors

X1 inoculation size (%) 1 2 4 8
X2 cultivation temperature (°C) 20 28 36
X3 cultivation time (d) 2 6 10
X4 pH of medium 6 7 8 9 10
X5 content of seawater (%) 0 20 40 60 80 100
X6 yeast extract (g/L) 1 2 3 4 5 6 7 8
X7 maltose (g/L) 2 4 8 10 12 14 16 20
X8 glucose (g/L) 1 2 4 8 12
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cultivated with the other four media (A1, starch
casein, PDA and ISP2) could inhibit the spore
germination of A. parasiticus NFRI-95 completely,
as the culture broth in the tip was transparent,
suggesting no mycelia growth.

In order to further define the suitable cultivation
media, the cultivated supernatants obtained from the
above-mentioned four media were diluted 10 times,
respectively. Results showed that the inhibition
ratios of mycelia growth of those cultivated by A1,
starch casein and PDA were decreased to 52.20%,
39.10% and 41.90%, while the aflatoxin inhibition
ratio was decreased to 85.60%, 94.90% and 87.80%,
respectively. However, the inhibition ratios of myce-
lia growth and aflatoxin weremaintained at 100% for
the diluted culture obtained from the ISP2 medium.
Therefore, ISP2 was confirmed to be the suitable

cultivation medium and chosen for further optimi-
zation of the medium compositions and cultivation
conditions by uniform design.

Optimization of the medium composition and
cultivation conditions and experimental
verification

Anti-fungal and anti-aflatoxigenic effects of
experiment schemes proposed by uniform design

Results showed that all the cell-free supernatants
from the 16 experiment schemes could completely
inhibit the spore germination of A. parasiticus
NFRI-95. Therefore, the supernastants were further
diluted 10 times and tested for their anti-fungal and
anti-aflatoxigenic activities. As can be seen from the
Table 2, there exists some differences in the anti-
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Figure 1. The phylogenetic tree of the genus Bacillus showing the position of the novel deep-sea strain FA13.

16 Y. ZHOU ET AL.



fungal and anti-aflatoxigenic activities among 16
experiment schemes. Therefore, aiming at increas-
ing the inhibition ratios of mycelia growth and
aflatoxin, the DPS uniform design software was
used to optimize the experimental factors.

Optimization with mycelia growth inhibition
ratio as the target

To enhance the mycelia growth inhibition ratio, the
quadratic polynomial stepwise regression, multifac-
tor and square regression analysis, and partial least
squares quadratic polynomial stepwise regression
analysis were performed. However, their analysis
results were unsatisfactory, as the objective function
value did not fit well with the predicted value. On
the other hand, the multifactor and reciprocal
regression analysis was better. The result is shown
in Table 3. The resulting regression equation was:

Y = – 8.04669817 + 0.5346961966 * X3 +
1.6553901303 * X4 + 6.124822367 * X6 –

0.23904773878 * X1 * X3 + 0.024164154042 * X1 *
X5 – 0.09943444422 * X2 * X3 – 0.003946526800 * X2
* X5 + 0.06766702078 * X3 * X5 + 0.24283270303 * X3
* X6 – 0.4653554272 * X4 * X6 – 0.08358333841 *
X5 * X6 – 0.06415126959 * X6 * X7 + 0.30180697630 *
X6 * X8.

The relation coefficiency of the regression equation
was R = 0.999996, the coefficient of determinationwas
R2 = 0.999993, F value was 21,386.3090, p value was
0.0000 and theminimum residual path coefficient was
0.05138. Thus, the regression equation was significant

and acceptable (p < 0.01). This indicates that this
equation can fit very well with the effects of various
factors on the inhibition ratio of mycelia growth. The
optimized fermentation protocol (protocol 1) was to
ferment at 21.24°C, pH 6.192 for 10.1799 days using
9.369g/L yeast extract, 2.082g/L maltose, 13.806g/L
glucose, 0% seawater with an inoculation size of
1.06%. The predicted maximum value of the mycelia
growth inhibition ratio was 73.231%.

Optimization with aflatoxin inhibition ratio as
the target

To enhance the toxin inhibition ratio, quadratic poly-
nomial stepwise regression, multifactor and reciprocal
regression analysis, and partial least squares quadratic
polynomial stepwise regression analysis were per-
formed. However, their analysis result was not good,
as the objective function value did not fit well with the
predicted value. The multifactor and square regres-
sion analysis and partial least squares reciprocal
regression analysis were better. The result of multi-
factor and square regression analysis is shown in
Table 4. It is indicated that the aflatoxin inhibition
ratio is remarkably affected by the linear terms of
Factor X1, X2, X3, X6, X7 and X8 the quadratic
terms of Factor X1, X2, X3, X4, X5, X6, X7 and X8.
The regression equation was as follows:

Y = – 229.5178760 + 20.559861205 * X1 + 10.45340
8696 * X2 + 11.255727827 * X3 + 16.05596
2203 * X6 + 5.306840400 * X7 + 3.801218843 * X8 –
2.5003807349 * X1 * X1 – 0.16891870667 * X2 *
X2 – 0.7120144801 * X3 * X3 + 0.4150864301 * X4
* X4–0.003391938195 * X5 * X5 – 1.0788601903 *
X6 * X6 – 0.25796625568 * X7 * X7 – 0.3858903884
* X8 * X8.

Table 2. Anti-fungal and anti-aflatoxigenic activities of the 10
times diluted supernatants obtained from different experiment
runs designed by uniform design.
experiment
runs

Mycelia growth inhibition
ratio(%)

Aflatoxin inhibition
ratio(%)

N1 18.30 ± 11.70 94.10 ± 0.20
N2 6.80 ± 4.60 60.50 ± 3.30
N3 0.00 ± 0.00 60.50 ± 14.60
N4 10.10 ± 8.90 87.80 ± 4.30
N5 0.00 ± 0.00 77.60 ± 9.50
N6 7.20 ± 11.10 76.80 ± 5.10
N7 8.30 ± 8.20 27.90 ± 14.70
N8 14.60 ± 13.10 61.70 ± 6.30
N9 11.40 ± 11.90 91.30 ± 4.70
N10 16.20 ± 9.50 30.40 ± 9.60
N11 17.30 ± 11.60 71.50 ± 16.90
N12 0.00 ± 0.00 81.10 ± 1.80
N13 0.00 ± 0.00 31.90 ± 5.10
N14 6.60 ± 7.20 87.90 ± 4.20
N15 0.00 ± 0.00 26.40 ± 12.10
N16 3.90 ± 3.70 57.00 ± 15.00
control 0.00 ± 0.00 70.90 ± 18.60

Table 3. Results of the multifactor and reciprocal regression
analysis with the highest mycelia growth inhibition ratio.
Factors Partial correlation index T test value P-value

r(y, X3) = 1.0150 18.7096 0.0032
r(y, X4) = 1.0158 30.7664 0.0013
r(y, X6) = 1.0165 49.3600 0.0005
r(y, X1*X3) = −1.0319 94.3020 0.0001
r(y, X1*X5) = 1.0169 150.3063 0.0001
r(y, X2*X3) = −1.0440 178.8622 0.0000
r(y, X2*X5) = −1.0405 50.7267 0.0005
r(y, X3*X5) = 1.0739 146.6788 0.0000
r(y, X3*X6) = 1.0176 55.0063 0.0004
r(y, X4*X6) = −1.0309 32.9933 0.0011
r(y, X5*X6) = −1.0410 367.0966 0.0000
r(y, X6*X7) = −1.0608 71.0856 0.0002
r(y, X6*X8) = 1.0740 295.1917 0.0000
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The relation coefficiency of the regression equa-
tion was R = 0.999999, the coefficient of determina-
tion R2 = 0.999997, F value = 27,150, p value = 0.0048
and theminimum residual path coefficient was equal
to 0.0102. Thus, the regression equation was signifi-
cant and acceptable (p < 0.01). This indicates that
this equation can fit very well with the effect of
various factors on the aflatoxin inhibition ratio.
The optimized fermentation protocol (protocol 2)
was to ferment at 34.399°C, pH 11.704 for
8.703 days using 7.914g/L yeast extract, 12.639g/L
maltose, 6.545g/L glucose, 4.577% seawater with an
inoculation size of 4.430%. The predicted maximum
value of the toxin inhibition ratio obtained by soft-
ware simulation was 137.1%.

The regression equation obtained by partial least
squares reciprocal regression analysis was as follows:

Y = 134.5594691–4.212325 × 1 + 0.452986 X2 –
5.431081 × 3–1.919745 × 4 – 0.147515 × 5–3.530894
× 6–2.236530 × 7–12.590841 × 8 + 0.173792 X1 * X2 –
0.206707 × 1 * X3 + 0.189688 X1 * X4 – 0.023535 × 1 *
X5 + 0.037325 X1 * X6 – 0.212785 × 1 * X7 + 0.342111
X1 * X8 + 0.009111 X2 * X3 – 0.208044 × 2 * X4 –
0.001214 × 2 * X5 – 0.050361 × 2 * X6 + 0.067487 X2 *
X7 + 0.122191 X2 * X8 + 0.674344 X3 * X4 + 0.013326
X3 * X5 + 0.346344 X3 * X6 – 0.125220 × 3 * X7 +
0.070801 X3 * X8 – 0.004496 × 4 * X5 + 0.259328 X4 *
X6 + 0.040652 X4 * X7 + 0.559272 X4 * X8 –
0.017031 × 5 * X6 + 0.010180 X5 * X7 + 0.020150
X5 * X8 + 0.145807 X6 * X7 + 0.265836 X6 *
X8 + 0.036184 X7 * X8.

The optimized fermentation protocol (protocol 3)
was to ferment at 41.457°C, pH 10.990 for

10.370 days using 9.873g/L yeast extract, 2.198g/L
maltose, 12.456g/L glucose, 0% seawater with an
inoculation size of 8.504%. The predicted maximum
value of the toxin inhibition ratio obtained by soft-
ware simulation was 151.57%.

Experimental verification of the optimized
fermentation protocols

Strian FA13 was cultivated according to the above-
mentioned optimized fermentation protocols. The
anti-fungal and anti-aflatoxigenic activities of the 20
times diluted cell-free supernatants were shown in
Table 5. The predicted and measured mycelia growth
inhibition ratios were similar for the supernatant
obtained from the optimized fermentation protocol
1 targeting at mycelia growth inhibition ratio. The
optimization purpose was achieved. On the other
hand, for the supernatant obtained from the opti-
mized fermentation protocol 2 and 3 targeting at
toxin inhibition ratio, the measured aflatoxin inhibi-
tion ratios had poor relevance with the predicted
values. The actual aflatoxin inhibition ratios did not
reach the expected values. The results demonstrate the
importance of validating the predicted mathematic
regression models through real experiments.

To further validate the feasibility of protocol 1,
three batches of experiments were carried out.
Results indicated that the inhibition ratios of myce-
lia growth and aflatoxin of the 20 times diluted cell-
free supernatants obtained from all three batches
were 100% (Table 6 and Figure 2). Therefore, pro-
tocol 1 was proved to be reproducible and feasible.

Comparison between the optimized protocol and
the original protocol

Compared with the original cultivation protocol
(Table 7), the optimized protocol 1 was remarkably
improved in terms of cultivation temperature, sea-

Table 4. Results of multifactor and square regression analysis
with the highest aflatoxin inhibition ratio.
Factors Partial correlation index T test value P-value

r(y,X1) = 1.0120 180.2885 0.0042
r(y,X2) = 1.0119 107.6849 0.0069
r(y,X3) = 1.0920 124.9897 0.0060
r(y,X6) = 1.0640 159.6755 0.0043
r(y,X7) = 1.0809 90.3913 0.0078
r(y,X8) = 1.0949 86.4505 0.0085
r(y,X1*X1) = −1.0730 197.1295 0.0038
r(y,X2*X2) = −1.0639 93.8400 0.0077
r(y,X3*X3) = −1.0949 98.5193 0.0074
r(y,X4*X4) = 1.0730 240.0177 0.0031
r(y,X5*X5) = −1.0120 236.3563 0.0030
r(y,X6*X6) = −1.0730 118.4645 0.0063
r(y,X7*X7) = −1.0049 100.7431 0.0072
r(y,X8*X8) = −1.0120 121.5531 0.0063

Table 5. Comparison of predicted values and measured values
of different optimized fermentation protocols.

mycelia growth inhibition
ratio% aflatoxin inhibition ratio%

Protocol
predicted
value

measured
value

predicted
value

measured
value

1 73.231 100 - 100
2 - 0 137.1 12.0 ± 17.6
3 - 26.7 ± 9.7 151.57 72.1 ± 9.8
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water content and medium cost, except for an
increase in cultivation time. In particular, the med-
ium cost was reduced by 64.3%, the cultivation tem-
perature was decreased from 28°C to 21°C and the
dependence on seawater was completely relieved,
thus preventing the fermentor from corrosion.

Stability of the anti-fungal and
anti-aflatoxigenic substances

Effect of heat on the active substances

After heat treatments, there were no changes in
the mycelia growth and aflatoxin inhibition ratios

of the supernatants (Figure 3). They all remained
100%, the same as those of the controls without
heat treatment. This revealed that the active sub-
stances in the supernatants were resistant to high
temperature and high pressure.

Effect of acid-alkali on the active substance

After incubation at different pH, the mycelia growth
and aflatoxin inhibition ratios of the supernatants
remained 100%, the same as those of the untreated
controls. It can be inferred that the active substances
in the supernatants were resistant to acid-alkali,
being stable at pH 2–12.

Table 6. Inhibition ratios of mycelia growth and aflatoxin of the 20 times diluted supernatants obtained from
three batches of the protocol 1.

Mycelia growth inhibition ratio(%) aflatoxin inhibition ratio(%)

Batch 1
protocol 1 100.00 ± 0.00 100.00 ± 0.00
Control(un-optimized) 23.1 ± 7.9 71.9 ± 1.9
Batch 2
protocol 1 100.00 ± 0.00 100.00 ± 0.00
Control(un-optimized) 13.89 ± 3.5 62.5 ± 2.7
Batch 3
Protocol 1 100.00 ± 0.00 100.00 ± 0.00
Control(un-optimized) 0.00 ± 0.00 50.4 ± 19.5

Replicate 1 Replicate 2 Replicate 3  un-optimized  ISP2+GY

batch 1

batch 2

batch 3

Figure 2. tip culture assays of the 20 times diluted supernatants obtained from three batches of the optimized protocol 1.
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Effect of zymolysis on the active substance

The mycelia growth and aflatoxin inhibition ratios
remained 100% after pepsin, α-chymotrypsin and
trypsin treatment, the same as those of the controls
without protease treatment. This suggested that the
active substances in the supernatants were resistant
to protease hydrolysis.

Effect of storage period on the active substance

After 6 months storage, the mycelia growth and
aflatoxin inhibition ratios were still 100%, indicat-
ing that the active substances in the supernatants
were quite stable.

Discussion

To our knowledge, there have been no reports on
deep-sea microorganisms that inhibit aflatoxin
production. Bacillus circulans FA13 strain isolated
from deep-sea sediment of the South Atlantic
Ocean in this study showed significant inhibition
activity. The supernatants of the five media used to
cultivate the FA13 strain could all efficiently sup-
press the production of norsolorinic acid, indicat-
ing that the FA13 strain could grow on a broad
range of nutrient substances and produce active
metabolites that inhibit the mycelial growth of
A. parasiticus and production of aflatoxin.

In order to enhance the yield of anti-fungal
substances, many researchers used response sur-
face methodology to optimize cultivation media

and cultivation conditions [20–22]. Uniform
design was first proposed by Wang yuan and
Fang kaitai in 1978 [23]. Compared to the
response surface methodology, uniform design is
superior in that when dealing with multi-factors
and multi-levels, fewer number of essential
experiments are needed to achieve satisfactory
results [23]. In this research, we firstly used the
uniform design method to optimize the concen-
trations of different nutrient components in ISP2
medium and the fermentation conditions for pro-
duction of anti-aflatoxigenic metabolites by the
FA13 strain. However, only for optimized proto-
col 1, experimental verification demonstrated that
the measured mycelia growth inhibition ratio
fitted well with that of the predicted value.
Furthermore, compared with the original proto-
col, although the cultivation time of the opti-
mized protocol 1 was extended, the medium
cost was reduced by 64.3% and the cultivation
temperature was decreased from 28°C to 21°C.
To some extent, this reduces energy consump-
tion. The optimized protocol 1 was completely
free from seawater, thereby reducing corrosion
damages of the cultivation equipment caused by
it and extending equipment lifespan. Therefore,
the optimized protocol 1 designed in this study
was obviously practicable and feasible.

The anti-aflatoxin substances produced by the
deep-sea B. circulans FA13 strain exist in the culti-
vated supernatants. They are resistant to high

Table 7. Comparison of various factors between the optimized protocol and the original protocol.

Cultivation
temperature (°C)

Cultivation
time (day)

Inoculation
size %

Seawater
content% pH

glucose
(g/L)

maltose
(g/L)

Yeast extract
(g/L)

Medium cost
(local price)

(￥/L)

protocol 1 21.24 10.1799 1.06 0 6.192 13.806 2.082 9.369 2.819778
Original protocol 28.0 6 1.0 100 7.2–7.4 4 10 4 4.632

Figure 3. Effect of different heat treatment of fermented cell-free supernatants on the inhibition of mycelia growth and red pigment
production (CK stands for GY medium).
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temperature and high pressure, which is different
from the Bacillus megaterium strain isolated from
the fish intestines. The anti-aflatoxin activity of the
B. megaterium strain culture was lost after autoclave
treatment [16]. The active substances in the super-
natant of the FA13 culture were resistant to acid-
alkali, zymolysis and long-term preservation, as well.
The high stability of the active substances produced
by FA13 provides favorable conditions for prepara-
tion of biocontrol agents through fermentation and
spray drying and extension of shelf life. In our future
study, isolation, purification and identification of the
active compounds and clarification of the toxicity
and inhibition mechanism of identified compounds
will be conducted, so as to accelerate and ensure its
application in the biological control of aflatoxin con-
taminated food and feeds.

In conclusion, a novel deep-sea B. circulans FA13
was isolated from the sediment of the South Atlantic
Ocean. The fermented cell-free supernatants of
B. circulans FA13 could remarkably inhibit mycelial
growth of the A. parasiticus and accumulation of
norsolorinic acid. The inhibition efficacy of the 20
times diluted cell-free supernatant was increased
from 0–23.1% to 100% after fermentation optimiza-
tion by uniform design. In addition, the active sub-
stances in the cell-free supernatant obtained from
the optimal protocol are highly stable and resistant
to high temperature, high pressure, acid-alkali and
zymolysis. The novel deep-sea B. circulans FA13
strain and its optimal fermentation protocol estab-
lished in this study offer a basis for further study with
large scale fermentation and application in control of
aflatoxin contamination of food and feed.
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