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Abstract
Adipicolonic acid fluorimetry assay was used instead of plate counting for the assessment of spore yields for enhanced optimization
efficiency. The associated parameters, including the ratio of solid substrates, composition of liquid substrates, and cultivation
conditions, were systematically optimized in a shake-flask culture. The maximum spore yield of 7.24 × 1010 CFU/g of wet substrate
was achieved. The optimization process produced a 25.7-fold increase in spore yields compared with those before optimization. In
addition, the maximum release of bioactive metabolites during spore accumulation was subsequently obtained with 573.0 U/g of
protease, 188.8 U/g of amylase, 186.8 U/g of cellulase, and 3.45 mg/g of acid-soluble protein. The experiment provides a
methodological basis for the rapidly optimized production of Bacillus spores in pure solid-state fermentation.
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Introduction

Spore-forming Bacillus species are being intensively studied
as probiotics and applied in animal feed as growth promoters
and disease-resistance agents [1–5]. The increasing interest in
Bacillus probiotics is due to their potential in livestock pro-
duction as an alternative to feed antibiotics, which are being
gradually banned from use as growth promoters [1, 3].
Furthermore, spore-formers share the capability of surviving
the gastrointestinal barrier and high stability during processing
and storage without a loss of viability [6, 7].

The strategies for the production of spore-formers from
Bacillus have been studied both in submerged fermentation
(SMF) and solid-state fermentation (SSF) [8–11]. Compared
with SMF, SSF offers the advantage of less energy consump-
tion, lower cost, and simpler techniques [12–14]. In particular,
some local agro-industrial biomasses, such as wheat bran,
soybean meal, and some other residues, can be fully used as

the solid substrates in SSF [8, 13]. Bacillus spp. can produce
abundant extracellular enzymes such as protease, amylase,
and cellulase [15]. During the growth process of Bacillus in
SSF, the accumulation of spores is often concomitant with the
digestion of agro-industrial substrates and the release of bio-
active metabolites [10]. Therefore, SSF often results in lower-
ing antinutritional factors and improving the bioavailability of
feed ingredients [16, 17]. This is why the preparation of
probiotics by SSF is better than by SMF in terms of practical
feeding effects for piglet and broiler production [18, 19].

With whichever fermentation technique, high spore yields
are often achieved based on careful experimental designs for
industrial exploitation [8, 9, 11, 20]. In our previous study, a
rapid and simple method on endospore detection based on the
DPA marker was presented and the method was successfully
applied in the rapid optimization of spore production in SMF
[20, 21]. The assay provided a high throughput method for the
detection of many samples from a statistically designed group
in response surface methodology (RSM). Under this method,
the efficiency in screening key factors associated with spore
production can be greatly improved.

In the present study, the objective was to further investigate
the feasibility of using a DPA-fluorimetry response variable
(measured in arbitrary units, AUs) as an alternative to plate
counting (measured in colony forming units, CFUs) in the
optimization procedures for SSF (Fig. 1). In addition, the
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production of bioactive metabolites during spore accumula-
tion was subsequently analyzed for possible enhanced bio-
availability as feed additives.

Materials and Methods

Bacterial Strains and Inocula Preparation

The strain of B. amyloliquefaciens BS-20, applied as spore-
forming probiotics, was used in the present study. The strain
was deposited in the China Center of Industrial Culture
Collection (CICC; Beijing, China) as CICC 24265. The colo-
nies of strain on slope culture were picked and maintained at
−80 °C in 20% sterile glycerol until needed. It was activated
on commercial Luria-Bertani (LB) agar (Oxoid) at 37 °C. A
loopful of the activated strain was inoculated in a 250-ml
Erlenmeyer flask containing 50 ml of LB broth (Oxoid). The
strain was cultured on a rotating shaker at 37 °C and 200 rpm
for 12 h. Ready for the inoculum, the cells were collected by
centrifugation at 2500g at 4 °C for 10 min. After twice washes
with 0.85% NaCl, the cells were then suspended in 0.85%
NaCl solution with an OD600 nm of 1.0.

Optimization for Spore Production in SSF

Effect of the Ratio of Solid Substrates

The fermentations were carried out in 250 ml Erlenmeyer
flasks containing 30 g (dry weight) of solid substrates

with a proper proportion of nutritious solution to match
the initial moisture contents. Each flask after mixing solid
and liquid substrates was autoclaved at 121 °C for 30 min
ensure sterility. The optimization strategy was developed
by consecutively determining the ratio of solid substrates,
the composition of liquid substrates, and the cultivation
condition parameters. The initial optimized conditions
were employed in subsequent experiments. In the process
of solid-substrates and liquid-substrates optimization, the
fermentations were carried out at 37 °C for 48 h with 50%
moisture content and an inocula volume of 4%. The final
results for statistical analysis were based on three replica-
tion experiments.

The solid dry substrates for the SSF were composed of
feed-grade soybean meal, corn flour, and wheat bran,
which were bought from the local market of feedstuffs
in Jiangxia District, Wuhan City. The solid substrates
were divided into groups that consisted of soybean meal,
corn flour, and wheat bran in the proportions of 0:0:1,
1:1:0, 1:1:1, 1:1:2, 1:1:3, 1:1:4, and 1:1:5, respectively.
The proportion of 0:0:1 was used as a control.

Effect of Different Liquid Substrates and the Combination
of Optimized Substrates

First, a single-factor experiment was used for screening
liquid substrates containing carbon sources, nitrogen
sources, and mineral salts at optimal concentrations for
maximum spore yields (Table 1 and Table 2). The mate-
rials were of analytical reagent grade and were purchased

Fig. 1 Schematic illustration of application of a DPA fluorimetry assay in the rapid optimization of spore production
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from Shanghai Guoyao Chemical, Ltd. The liquids were
separately mixed with solid material to reach a 50%-mois-
ture level, and the production of spores was tested. The
selection of single liquid substrates was based on statisti-
cal analysis of three replication experiments. The opti-
mized liquid substrates’ combined effect on spore produc-
tion was studied through response surface methodology
(RSM) with two replications based on the statistical soft-
ware JMP 11 (SAS Institute Inc., USA).

Effect of Cultivation Conditions

Five process parameters affecting spore production during
SSF were optimized, including the initial moisture levels, ini-
tial pH, inocula volume, dry flask content, and cultivation
time. Each parameter was optimized in sequential order. The
results of three replication experiments were compared by
statistical analyses.

Extraction of Spores and Bioactive Metabolites

At the end of SSF, all of the fermented substrates in one flask
were immersed in sterile phosphate-buffered saline (PBS;
0.144% Na2HPO4, 0.024% KH2PO4, and pH 7.0) for a 10-
fold dilution (1:10,w/v). The mixed material was shaken thor-
oughly in a shaker at 250 rpm for 20 min. Then the mixture
was filtered through an autoclaved two-layer gauze. The
spore-containing filtered solution was collected for spore de-
termination. The bioactive metabolite–containing supernatant
was prepared by centrifugation at 2500g at 4 °C for 10 min.

Spore Determination

The spore concentration was quantified based on the opti-
mized DPA fluorimetry method [20, 21]. Briefly, the spore
suspensions were treated by centrifugation (2500×g for
10 min at 4 °C) and washed twice, and finally suspended in

Table 1 Effects of carbon and nitrogen sources with different concentrations on the spore yields in SSF detected by the fluorometric assay

Fluorescence intensity (AU)

0 2 g/l 5 g/l 8 g/l 10 g/l

Carbon sources Glucose 150.2 ± 3.8 a 212.8 ± 4.9 b 260.4 ± 14.8 c 315.5 ± 18.2 d 215.8 ± 5.8 b

Starch 150.2 ± 3.8 a 207.7 ± 11.7 d 254.8 ± 6.8 d 222.3 ± 5.9 c 172.6 ± 10.6 b

Sucrose 150.2 ± 3.8 a 186.4 ± 12.1 b 210.7 ± 12.6 c 226.4 ± 6.4 c 200.4 ± 4.7 c

Molasses 150.2 ± 3.8 a 200.9 ± 14.0 d 286.1 ± 6.8 d 225.4 ± 16.2 c 177.6 ± 11.6 b

Maltose 150.2 ± 3.8 a 175.3 ± 11.5 b 217.7 ± 12.3 c 210.6 ± 13.0 c 200.3 ± 11.5 c

Cellulose 150.2 ± 3.8 a 168.8 ± 10.6 b 176.9 ± 9.7 b 184.9 ± 10.1 b 176.9 ± 9.8 b

Nitrogen sources Beef extract 150.2 ± 3.8 a 187.1 ± 17.4 b 217.6 ± 15.4 c 233.2 ± 9.4 c 210.7 ± 16.3 c

Peptone 150.2 ± 3.8 a 259.8 ± 20.0 c 243.3 ± 18.6 c 214.2 ± 15.1 b 212.4 ± 11.2 b

Yeast extract 150.2 ± 3.8 a 207.3 ± 17.4 b 250.7 ± 19.4 c 222.8 ± 9.4 b 194.6 ± 16.1 b

Urea 150.2 ± 3.8 a 188.5 ± 14.0 b 200.1 ± 15.1 b 198.1 ± 14.6 b 193.8 ± 14.9 b

Mean values in the same line with different letters (a, b, c, d) are significantly different (P < 0.05). The final results are expressed as the means ± standard
deviation (n = 3) after 104 -fold dilution of the spore samples

Table 2 Effects of metal minerals
with different concentrations on
the spore yields detected by the
fluorometric assay

Fluorescence intensity (AU)

0 mM 0.5 mM 1 mM 2 mM 3 mM

MnSO4 150.2 ± 3.8 a 196.6 ± 12.0 b 234.3 ± 14.2 c 212.0 ± 11.0 b –

KH2PO4 150.2 ± 3.8 a – 180.9 ± 9.8 b 211.4 ± 4.2 c 193.6 ± 10.0 b

CaCl2 150.2 ± 3.8 a – 175.8 ± 11.1 b 184.2 ± 8.9 b 184.1 ± 9.3 b

CuSO4 150.2 ± 3.8 – 162.0 ± 9.7 165.9 ± 9.3 160.0 ± 9.7

MgSO4 150.2 ± 3.8 a – 182.3 ± 8.8 b 214.0 ± 4.9 c 200.5 ± 3.9 c

FeSO4 150.2 ± 3.8 a – 169.7 ± 3.9 b 199.4 ± 13.4 c 197.6 ± 12.7 c

FeCl3 150.2 ± 3.8 a – 180.9 ± 3.6 b 197.9 ± 10.7 c 199.4 ± 9.6 c

ZnCl2 150.2 ± 3.8 – 166.7 ± 11.9 158.0 ± 3.9 158.3 ± 5.0

Mean values in the same line with different letters (a, b, c) are significantly different (P < 0.05). The final results
are expressed as the means ± standard deviation (n = 3) after 104 -fold dilution of the spore samples
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isometric, sterile tris-HCl (50 mM, pH 8.0). The spore suspen-
sions were then autoclaved at 121 °C for 10 min for the full
release of DPA into the buffer. The DPA-containing superna-
tants were collected by centrifugation (2500×g for 10 min at
4 °C). With a certain dilution, the supernatants were mixed
with 2 mM EuCl3 and 2 mM CyDTA (Alfa Aesar, 99.9%
purity) in the proportion of 1:4.5:4.5 by a vortex oscillator.
The complexes were assayed for the detection of fluorescence
intensity, which was quantified by a Hitachi F-7000
spectrofluorophotometer (Hitachi Ltd., Tokyo, Japan) at a
272-nm excitation and 619-nm emission level with the pre-
set parameters of a 5-nm/10-nm slit and a photo-multiplier
tube voltage of 700 V. The final fluorescence intensity, chosen
in arbitrary units on a scale from 0 to 1000, was used to obtain
the proper dilution of DPA supernatants. If necessary, tradi-
tional plate-counting assay was also performed to detect the
spore concentration based on previous reports [20].

Bioactive Metabolites Determination

Protease Activity Assay

The protease activity after SSF was determined by using 1%
casein (Sigma-Aldrich) as the substrate following the methods
in previous reports with some modifications [15]. Briefly,
500 μl of the supernatant (diluted by PBS buffer at pH 7.0 if
necessary) was mixed with 250 μl of the substrate (1% casein)
and 1.25 ml of PBS. The 2 ml mixture was incubated at 37 °C
for 30 min and was then terminated by adding 5 ml of 10%
trichloroacetic acid (TCA; Shanghai Guoyao, China). After
standing for 20 min, the mixture was centrifuged at 2500g
for 10 min at 4 °C, and the supernatant was analyzed for
protein content by Lowry’s method [22]. The protease activity
(U/g) is expressed as the amount in micromoles of tyrosine
equivalents released from casein per minute at 37 °C and
pH 7.0 per gram of wet weight of fermented material.

α-Amylase Activity Assay

One percent of soluble starch was used as the substrate for the
determination of α-amylase activity following the method de-
scribed in previous reports with minor modifications [15].
Briefly, 500 μl of the supernatant (diluted by PBS buffer at
pH 7.0 if necessary) was mixed with 500 μl of the substrate
and incubated at 37 °C for 30 min for the release of reducing
sugar. The reaction was terminated by adding 3 ml of
dinitrosalicylic acid (DNS; Shanghai Guoyao, China) solu-
tion. The mixture was heated in boiling water for 5 min.
After cooling to room temperature, 15 ml of water was added
and mixed by an oscillator. The mixture was sampled to detect
the absorbance peak at 540 nm through a spectrophotometer
(7230G; Shanghai Analysis Co., China). The protease activity
(U/g) is expressed as the amount in micromoles of maltose

equivalents released from starch per minute at 37 °C and
pH 7.0 per gram wet weight of fermented material.

Cellulase Activity Assay

The method for detecting cellulase activity was similar to that
of α-amylase activity assay except that the substrate was re-
placed by a 1% carboxymethylcellulose sodium (CMC-Na;
Shanghai Guoyao, China). The cellulase activity (U/g) is de-
fined as the amount of maltose in micromoles liberated from
the CMC-Na per minute at 37 °C and pH 7.0 per gram of wet
weight of fermented material.

Estimation of Trichloroacetic Acid-soluble Protein

TCA-soluble protein was analyzed according to Rai et al.’s
method [15] by precipitating 1 ml of supernatants by an equal
volume of 10% TCA (w/v). The supernatants were separated
from the precipitation after incubation at 37 °C for 2 h and
then were centrifuged at 8000g for 10min at 4 °C. The protein
content was measured by Lowry’s method [22]. TCA-soluble
protein was expressed as milligrams of tyrosine per gram of
wet weight of fermented material.

Statistical Analysis

The results were expressed as means and standard deviation
(SD). The counts of viable cells based on plate counting were
transformed to log10 values. Differences among treatments
were compared using a one-way analysis of variance
(ANOVA) followed by the Tukey-Kramer (HSD) test [23]
through the software JMP 11.0 (SAS Institute Inc., USA). A
P value less than 0.05 was considered to represent a signifi-
cant difference.

Results

Optimization of the Ratio of Different Solid Substrates

The ratio of the three raw solid substrates was optimized by
varying the wheat bran content, and the result is shown in
Fig. 2. The highest fluorescence intensity was observed in
the treatment with a 1:1:3 ratio of corn meal to soybean meal
to wheat bran (w/w). The ratio without wheat bran (1:1:0)
produced the lowest fluorescence intensity in all treatments.

Optimization of Liquid Substrates

From the results in Table 1, the addition of carbon sources and
nitrogen sources in liquid substrates all shared a positive effect
on the spore production (P < 0.05). Out of all carbon and
nitrogen sources, 8 g/l of glucose and 2 g/l of peptone

924 Probiotics & Antimicro. Prot. (2019) 11:921–930



produced the highest responses in fluorescence intensity, re-
spectively. All mineral salts except ZnCl2 significantly en-
hanced the production of spores compared with the control
without salt supplementation (P < 0.05). MnCl2 at 1 mM had
the highest spore production (Table 2).

Glucose, peptone, andMnSO4 were selected as the optimal
constituents in liquid substrates and were included in the cen-
tral composite design (CCD) for the determination of their
optimum combination. As observed from Table 3, the

response variable was analyzed through RSM and a standard
ANOVA (Table 4). The dataset can be fitted with a regression
quadratic equation as described in Eq. (1):

Y ¼ −11975:74þ 2963:59x1 þ 312:16x2 þ 1078:09x3
þ 40:5x1x2–89:5x1x3–8:5x2x3–184:64x21–166:21x

2
2–179:68x

2
3:

ð1Þ

The model shows that the optimization was successful in
improving spore production since the coefficient of determi-
nation, R2, and adjusted determination coefficient, adj. R2,
were 0.9213 and 0.82, respectively. The value of BP > F^
was less than 0.05, indicating that the model was significant.

0:0:1 1:1:0 1:1:1 1:1:2 1:1:3 1:1:4 1:1:5

0

20

40

60

80

100

120

140

160
F

lu
o

re
sc

en
ce

 i
n

te
n

si
ty

 (
ar

b
it

ra
ry

 u
n

it
s)

Corn meal: Soybean meal: Wheat bran

Fig. 2 Effect of solid substrates ratio on spore production. The final
results are expressed as the means ± standard deviation (n = 3) after
104-fold serial dilution of the spore suspensions in PBS buffer

Table 3 Central composite
design for key liquid substrates
associated with spore density by
the fluorometric assay

Run Models Metal ions concentration (mM) Fluorescence intensity (AU)

Glucose (x1) Peptone (x2) MnSO4 (x3) Experimental Predicted

1 + − + 8.5 1.5 1.5 543.0 ± 16.8 572

2 000 8 2 1 725.0 ± 15.3 721

3 a00 7.16 2 1 567.0 ± 13.6 587

4 00a 8 2 0.16 585.0 ± 14.5 606

5 −++ 7.5 2.5 1.5 568.0 ± 19.2 570

6 ++− 8.5 2.5 0.5 613.0 ± 19.5 614

7 0A0 8 2.84 1 568.0 ± 17.7 573

8 00A 8 2 1.84 611.0 ± 21.5 582

9 000 8 2 1 719.0 ± 13.5 721

10 000 8 2 1 718.0 ± 13.5 721

11 −−+ 7.5 1.5 1.5 628.0 ± 18.6 632

12 A00 8.84 2 1 622.0 ± 22.5 595

13 – 7.5 1.5 0.5 609.0 ± 21.6 597

14 +−− 8.5 1.5 0.5 624.0 ± 19.8 627

15 − + − 7.5 2.5 0.5 568.0 ± 22.0 544

16 0a0 8 1.16 1 647.0 ± 20.5 635

17 +++ 8.5 2.5 1.5 534.0 ± 17.5 551

The experimental results are the means of two replicates after 104 -fold dilution of the spore samples. The symbols
in themodel columnmean each factor at five different levels (−a, −, 0, +, A). The variables at a central coded value
are considered at zero

Table 4 Analysis of variance (ANOVA) for response surface quadratic
models for spore production based on DPA florescence detection

Term Liquid substrates
optimization (RSM)

F ratio 9.1000
P >F 0.0041
R2 0.9213
Adj. R2 0.8200
Root mean square error 25.2051
Mean 723.4
Response surface solution Maximum
Predicted value at solution 721.1

The value of BP > F^ less than 0.05 indicates the model terms are
significant
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The terms x1; x21; x
2
3; x

2
2; x3; and x1x3 (arranged by ascending

P values) were found to be significant (P < 0.05).
Response surface plots were drawn to study the interac-

tive effects of glucose, peptone, and Mn2+ on sporulation
and to determine their optimum concentrations for maxi-
mum possible spore yields (Fig. 3a, b, c). The response
surface and contour plots indicated that the interactions be-
tween the independent variables glucose (x1), peptone (x2),
and Mn2+ (x3) were significant (P < 0.05). All three re-
sponse surface plots had a convex surface with a downward
opening, shown in Fig. 3. Therefore, the response surface
maximal point (721.1 AU) was obtained when the optimal

significant variables were at the following levels: glucose
(x1) = 8.0 g/l, peptone (x2) = 2 g/l, and Mn2+ (x3) = 1 mM.

Optimization of Cultivation Conditions

Each parameter associated with cultivation conditions was
studied in sequential order, and the selected five parameters
significantly alter the spore yields (Table 5). The optimized
process was as follows: water content, 50%; initial pH, 7.0;
dry flask content, 30 g/250 ml; inocula volume, 6%; and fer-
mentation time, at least 48 h.

Fig. 3 Response surface plots for spore production caused by liquid substrates. The interaction between a peptone and glucose, b glucose andMn2+, and
c peptone and Mn2+, respectively
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Verification of Optimization Procedure for Spore
Production

The predicted spore results based on the CCD analyses were
further verified in practice to check the accuracy of the models
over three replicates (Table 6). The results indicated that the

experimental values (723.4 ± 24.0 AU) were very close to the
predicted values (721.1 AU), which suggested that the opti-
mization models were validated. From the verification exper-
iments, the optimization processes enhanced spore yield by
25.7-fold, and the spore concentration reached 7.24 ×
1010 CFU/g of wet substrate.

The Change of Production of Spores and Bioactive
Metabolites under Optimized Conditions in SSF

From the results in Table 7, many bioactive metabolites, in-
cluding active hydrolases and TCA-soluble protein (protease,
573.0 U/g; amylase, 188.8 U/g; cellulase, 186.8 U/g; acid-
soluble protein, 3.45 mg/g), significantly increased at 48 h
after the spore optimization processes. The spore-
accumulation and bioactive metabolites–production process
by B. amyloliquefaciens BS-20 fermentation is shown in
Fig. 4. The results indicated that the spores were formed at
12 h, and there was a considerable decline in reducing sugar at
the initial stage of SSF from 0 h to 24 h.Meanwhile, the active
metabolites started to produce at 24 h, and the highest levels of
spore and hydrolase concentrations were obtained at 48 h.

Discussion

The production of endospores depends on many factors,
including the composition of solid substrates, the amount
of extra nutrients from liquid substrates, and whether the
cultivation conditions in SSF are optimal [8, 12]. Many
early reports have focused on techniques for high yields
of spore production and resulted in spore concentrations
varying from 3.6 × 1010 CFU/g to 1.7 × 1011 CFU/g of dry
matter [8, 11]. The optimization process for higher spore
concentrations is not easy to conduct, and many factors
are often included when screening designs with many

Table 5 The optimization of cultivation factors for the enhancement of
spore production

Runs Factors Levels Fluorescence
intensity (AU)

1 Water contents 30 313.0 ± 33.9 a

40 512.0 ± 24.0 b

50 715.0 ± 19.8 c

60 543.0 ± 25.5 b

2 Initial pH 5.0 530.0 ± 12.7 a

6.0 577.0 ± 17.0 b

7.0 718.0 ± 18.4 d

8.0 636.0 ± 24.0 c

3 Flask dry contents (g/250 ml) 20 443.5 ± 36.1 b

30 720.0 ± 29.7 d

40 561.0 ± 39.6 c

50 276.0 ± 26.9 a

4 Inocula volume (%) 2 648.5 ± 13.4 a

4 724.5 ± 19.1 b

6 748.5 ± 13.4 c

8 715.0 ± 8.5 d

5 Cultivation time (h) 24 3.6 ± 1.1 a

48 750.5 ± 34.6 b

72 755.0 ± 31.1 b

96 757.5 ± 26.2 b

Mean values in the same columnwith different letters (a, b, c, d) under the
same factors differ significantly (P < 0.05). The experimental results are
the means of two replicates after 104 -fold dilution of the spore samples.
The final results are expressed as the means ± standard deviation (n = 3)

Table 6 Verification for spore
production after optimization
procedures

Optimization
processes

Dipicolinic acid fluorimetry assay Plate counting
assay

Enhanced
yields

Predicted
fluorescence
intensity (AU)

Observed
fluorescence intensity
(AU)

Colony
counting
(log CFU/g)

Control – 38.6 ± 2.7 9.45 ± 0.02 1.00

Solid substrates
optimization

– 146.7 ± 5.7 10.03 ± 0.02 3.79

Liquid substrates
optimization

721.1 723.4 ± 24.0 10.82 ± 0.01 23.4

Cultivation condition
optimization

– 748.5 ± 21.9 10.86 ± 0.02 25.7

The final detected results are expressed as the means ± standard deviation (n = 3) after 104 -fold dilution of the
spore samples
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experimental treatments [20, 24]. The quantification of
spore concentration based on routine colony-forming
counting is relatively tedious and time-consuming [25].
The optimization technique based on the DPA fluores-
cence intensity of spore concentrations has the advantage
of enhancing the efficiency of high-throughput studies on
optimized SMF designs [20]. Similar findings were also
observed in the optimization procedures for SSF in the
present study. Using single-factor experiments, about
200 samples from different liquid substrates at different
concentrations based on three replicates were assayed for
spore quantification. Moreover, in the CCD experiments,
17 runs with two replicates produced 34 samples.
Therefore, a large number of samples caused significant
trouble in quantifying spore concentration through
colony-forming unit counting. The current study demon-
strated that as a response variable, a DPA fluorimetry
assay can successfully determine the number of spores
in order to optimize spore production in SSF, and the
spore concentration was greatly enhanced after optimiza-
tion. This easy and rapid method can greatly simplify the
optimization process, which provides a feasible way to
enhance spore yields by screening possible factors in-
volved in the SSF of Bacillus.

In the optimization procedure of solid substrates, raw
solid substrates of corn meal, soybean meal, and wheat
bran were included in SSF since the solid substrates not
only served as nutrient material, but also as supporters for
bacteria proliferation [12]. Corn meal is rich in starch, and
soybean meal is rich in protein, respectively, and both of
them can be utilized for the growth of Bacillus strains
through the release of amylase and protease. Wheat bran
is mainly used as a supporter for aerobic Bacillus growth
with enough oxygen transfer and heat dispersion [12, 26].
Therefore, wheat bran content in the solid substrates is
very important for maintaining a certain degree of spong-
iness in SSF. The result in Fig. 2 confirmed the role of
wheat bran in SSF, which shows that solid substrates with
comparatively high proportions of wheat bran (1:1:3) pro-
duced significantly higher DPA fluorescence intensity.
Similar results were also reported in other, earlier studies
[12, 27, 28]. The decreased spore production that result-
ed when the proportion of wheat bran was further in-
creased from 1:1:3 to 1:1:5 might be associated with the
lower amount of nutrients coming from corn meal and
soybean meal.

In addition to the nutrients from solid substrates, extra-
soluble nutrients, including carbon sources, nitrogen

Table 7 The enhanced
production of bioactive
metabolites after optimization
process

Optimization procedures Amylase
(U/g)

CMCase
(U/g)

Protease
(U/g)

TCA soluble
protein (mg/g)

Control 16.1 ± 0.3 a 13.5 ± 0.4 a 48.0 ± 0.8 a 0.23 ± 0.05 a

Solid substrates optimization 50.9 ± 2.1 b 40.3 ± 3.3 b 108.9 ± 5.2 b 0.70 ± 0.04 b

Liquid substrates optimization 180.5 ± 1.9 c 173.5 ± 3.8 c 553.0 ± 5.9 c 3.35 ± 0.18 c

Cultivation condition optimization 188.8 ± 2.5 d 186.8 ± 2.4 d 573.0 ± 9.1 d 3.45 ± 0.16 c

The final results are expressed as the means ± standard deviation (n = 3)
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Fig. 4 The fermentation kinetics
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with the production of spores
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sources, and certain metal minerals, in optimal concentra-
tions favored the accumulation of vegetative cells of
Bacilli and the formation of endospores in SSF [8]. The
selection of glucose and peptone as essential nutrients in
certain concentrations benefited Bacilli proliferation and
sporulation. However, extra nutrients in high concentra-
tions could lead to the suppression of sporulation, which
was observed in the present study and was also in line
with some earlier reports [24]. As for metal ions, manga-
nese plays an indispensable role in the sporulation of
Bacillus [20, 29], and the findings in the present study
also showed a similar effect. The optimization of liquid
substrates produced a 23.4-fold increase in spore yield,
which also demonstrated the advantage of optimizing
SSF in contrast with the findings of earlier reports on
spore production [8, 11].

In the production of probiotic Bacillus preparations,
the spores are often manufactured through SMF, which
often results in high costs and effluent waste [26]. In
contrast, SSF techniques have the advantages of low
investment; no waste released into the environment;
and the application of cheap, local materials [11, 26].
Moreover, the increased production of many bioactive
metabolites during spore accumulation greatly improved
the bioavailability of feed probiotics through SSF.
Bioactive metabolites also play important roles in pro-
moting intestinal health and feed digestion in animals,
which enhanced the utility of probiotic spore-formers, in
particular those produced by SSF [18, 19]. The fermen-
tation kinetics of B. amyloliquefaciens BS-20 in SSF
indicated that the rapid increase of spores may have
been caused by the exhaustion of reducing sugar since
spores are mainly accumulated at the later stage of fer-
mentation [6, 7]. The release of TCA-soluble proteins
during fermentation was caused by the soybean hydro-
lysates, and the concentration of TCA-soluble proteins
also increased over the fermentation period. Therefore,
the rapid optimization process described in the study
improved both the production of spores and the corre-
sponding bioactive metabolites.

For the first time, the parameters associated with the
spore production of B. amyloliquefaciens BS-20 in SSF
were statistically optimized based on spore detection by
a DPA fluorimetry assay. The optimization procedures
described in the present study present a rapid method
for spore production and following high concentrations
of bioactive metabolites. This is a model study and the
design of technological process will include appropriate
optimization of all processes, including those preceding
the actual SSF. The present study will serve as a gen-
eral example for spore production under SSF conditions
in industrial Bacillus probiotic fermentation.
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