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Abstract Bacillus atrophaeus’s spores are used as biological indicators to monitor
sterilization processes and as a Bacillus anthracis surrogate in the development and
validation of biosafety methods. The regular use of biological indicators to evaluate the
efficiency of sterilization processes is a legal requirement for health services. However, its
high cost hinders its widespread use. Aiming at developing a cost-effective inoculum
medium, soybean molasses and nutrient-supplemented vinasse were evaluated for their
effectiveness in solid-state fermentation (SSF). In biomass production, the results
demonstrated that all tested compositions favor growth by providing the nutritional demands
of the microorganism. Optimum casein peptone and soybean molasses concentration (1.0%,
2.5%, or 4.0%) was determined by a 2(2–0) factorial experimental design. The results have
showed a positive influence of peptone on biomass production. In order to define peptone
final concentration (4.0% or 6.0%), a 22 factorial experimental design was used. An
optimized medium containing 4.0% soybean molasses and 4.0% casein peptone was similar
in performance to a synthetic control medium (tryptone soy broth) in dry-heat thermal-
resistant spore production by SSF. An experiment performed under optimum SSF
conditions resulted in 1.9×1010 CFU g−1 dry matter with D160 °C=5.2±0.2 min.
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Introduction

Preventing infection in patients undergoing dental or medical treatment is important in
order to avoid human suffering and diminish health care costs. One aspect in the prevention
of infection in health care facilities is the effective sterilization of tools and instruments [1].
Health service current guidelines on infection control practices recommend regular
biological monitoring of sterilizers to avoid infections, and their regular use is a legal
requirement for health services. Nevertheless, its high cost hinders its widespread use.

Bacillus atrophaeus’s spores are used as biological indicators in tests to assess anti-septic
and sterilizing products [2, 3] in order to monitor the low temperature steam (up to 121 °C),
dry heat, ethylene oxide, hydrogen peroxide, UV radiation, and plasma sterilization processes
[4–6]; determine the efficiency of consumption water treatment systems [7]; and substitute
Bacillus anthracis in the development and validation of biosafety methods [8].

The first stage of the sporulation process is the preparation of the culture starter—or
inoculum—in order to obtain high biomass production. As a seed culture, spores have some
advantages over vegetative cells inoculum because they are relatively easy to count and
store while showing minimal chances in viability and other properties [9]. Davies et al. [10]
have demonstrated that spores coming from spores’ solutions present greater thermal
resistance in relation to those produced from vegetative cells. The United States
Pharmacopeia [4] standardizes the use of the synthetic medium—tryptone soy broth
(TSB) or soybean casein digest broth—for the production of biological indicators and to
recover unheated and heated spores. This chemically defined medium contains casein digest
peptone (soybean digest peptone), sodium chloride, and dibasic potassium phosphate as
nutrient sources.

In industrial fermentation, the goal is to obtain a low-cost, easily available, and high cell
productivity medium [11–13]. Complex media usually give higher fermentation yields at
lower costs. The agro-industrial by-products and residues are common raw materials used
in fermentation processes. Studies with sugar cane molasses, soy molasses, and corn-steep
liquor have presented positive results in relation to the Bacillus sp. biomass productivity
[14–17].

The soybean molasses is a by-product of the high-protein concentrate soybean meal
production, with high concentration of sugars, 57% dry weight (approximately 65% mono-
and disaccharides; and 35% oligosaccharides, mainly raffinose, 5–7%; and 30–32%
stachyose), nitrogen, and other macro- and micronutrients [18–20]. Soy molasses vinasse is
a residue of soy alcohol production whose utilization brings about positive results in the
prevention of environmental pollution.

The B. atrophaeus strain’s capacity to adapt and use several nutrients as energy sources
was reported by Neves et al. [21]; and Li et al. [22] have demonstrated that Bacillus strains
can grow in the presence of raffinose, galactose, and sucrose as a carbon source. Sella et al.
[23] have suggested that soybean molasses can be used as low-cost substrate to obtain high
sporulation yield of B. atrophaeus for industrial production by solid-state fermentation
(SSF) using sugar cane bagasse as support.

The conditions under which sporulation takes place, including inoculum development
conditions, determine spore characteristics such as heat resistance and germination
properties [24–27]. The difficulty in developing an ideal inoculum medium lies not just
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in inducing high-yield spores at sporulation step. The real challenge is to produce large
quantities of heat-resistant spores.

Aiming at developing a cost-effective inoculum medium, nutrient-supplemented soybean
molasses and vinasse were evaluated for their effectiveness in SSF. Their component
concentrations were optimized in order to obtain a similar performance to that of a synthetic
control medium (TSB) in dry-heat thermal-resistant and high-yield spore production.

Materials and Methods

Bacterial Strain

B. atrophaeus ATCC 9372, Bach-1403349, was obtained from a standard strain supplied by
the Instituto Nacional de Controle de Qualidade em Saúde (INCQS/MS, Brazil).

Selection and Optimization of Starter Culture Medium

Inoculum Medium Selection

Seed culture growth was tested in different agro-industrial by-products and residue media.
TSB was used as a reference medium. Soybean molasses (∼75°Brix) was composed of total
sugar 50.8 g%, protein 5.1 g%, lipids 0.3 g%, and pH 6.1 and was diluted 1/50 and 1/60.

The soybean vinasse (∼11°Brix) was composed of the following: total sugar 8.3 g%,
protein 1.3 g%, lipids 1.9 g%, and pH 4.7. In medium no. 5, it was clarified and diluted 1/
15. The medium compositions are (1) soybean molasses 1.7%; casein peptone, 1.8%; (2)
soybean vinasse, 6.7%; beef extract, 2.3%; (3) soybean molasses, 2.0%; (4) soybean
molasses, 1.7%; and (5) soybean vinasse, 6.7%.

The media were prepared in distilled water, filtered through cotton, adjusted to final pH
7.2±0.1, and autoclaved at 121 °C for 15 min. They were kept at 2–8 °C until inoculation.
The soybean molasses and vinasse came from IMCOPA Company (Araucaria, PR, Brazil).
For inoculum preparation, 100.0 μL of spore suspension—batch: 01/06-CPPI—was
inoculated in three tubes, each with 30.0 mL of tested medium. These media were
incubated for 18 h at 36 °C.

Inoculum Media Optimization

A 2(2–0) factorial experimental design was used to select the suitable casein peptone and
soybean molasses concentration, with replications of center point and experiments, as
shown in Table 1.

Table 1 2(2–0) factorial design
for 1st optimization of the
inoculum.

(c) central point

Treatment Replicate Soybean molasses
(v/v %)

Casein peptone
(w/v %)

1 1 and 2 4.0 4.0
2 1 and 2 4.0 1.0
3 1 and 2 1.0 4.0
4 1 and 2 1.0 1.0
5 (c) 1 and 2 2.5 2.5
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The second stage of optimization consisted of a 22 factorial experimental design aiming
at defining the casein peptone final concentration (4.0% or 6.0%), as shown in Table 2.

Inoculum Effect in SSF

SSF

Sugarcane bagasse support was obtained from COCAMAR, Cianorte-PR, Brazil. The
milled residue was washed once in tap water and twice in distilled water. The washed
bagasse was dried on trays for 24 h at 90 °C in an air oven [28]. The dry bagasse was
sieved to obtain 0.84 to 1.18 mm particles size (mesh between nine and 14).

Five grams of dried sugar cane bagasse were placed into a 250 mL Erlenmeyer flask.
The added substrates consisted of soybean molasses 2.0%, supplemented with sporulation
inductor salts (K2HPO4·H2O, 0.005 g%; MnSO4·H2O, 0.004 g%; CaCl2·6H2O, 0.004%;
MgSO4·7H2O, 0.005 g%). The initial substrate pH was adjusted to 8.0, and the initial
moisture content was adjusted at 93% (dried sugar cane bagasse 1.0 mm mean particle size,
that is, the maximum substrate absorption at 121 °C). The flasks were autoclaved at 121 °C
for 15 min. The inoculum size was 3% (v/v substrate). Two batches of optimized inoculum
medium and one from a control medium (TSB) were used. SSF was carried out at 36 °C for
9 days.

Sporulation Control Agar Medium

Culture was grown in Roux flasks containing 400.0 mL of medium, autoclaved at 121 °C
for 15 min. Sporulation was carried out at 36 °C for up to 14 days, using spore suspension
as seed for TSB inoculum. The medium pH was adjusted to 7.2±0.2.

The sporulation agar had the following composition: yeast extract 0.8 g%, nutrient broth
0.4 g%, MnSO4·4H2O 0.005 g%, CaCl2·6H2O 0.005 g%, and agar 3.0 g%.

Spore Suspension Preparation

Spores were detached from the agar medium with a sterile glass rod and collected in cold,
sterile 0.02 M calcium acetate solution adjusted to pH 9.7 with 0.14% calcium hydroxide
solution. In SSF, the fermented mass was mixed with 100.0 mL of 0.02 M calcium acetate
solution with Tween 80 (0.01%) pH adjusted to 9.7 and sterile glass beds for 1 h. The
mixtures were filtered through cotton and gauze tissue and subsequently centrifuged three
times at 2,500 rpm for 20 min at 4 °C [29, 30]. Spore’s suspensions kept in milk bottles
were subjected to a heat shock (80 °C, 10 min), which is lethal to vegetative cells but not to
spores. Spores suspensions were stored at 4 °C.

Treatment Replicate Soybean molasses
(v/v %)

Casein peptone
(w/v %)

1 1 and 2 1.0 4.0
2 1 and 2 1.0 6.0
3 1 and 2 4.0 4.0
4 1 and 2 4.0 6.0

Table 2 22 fractional design
structure for 2nd optimization of
the inoculum.
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Viable Spores Count

Serial decimal dilutions in distilled sterile water were prepared from spore suspensions, and
50.0 μL of each dilution was inoculated in duplicate in tryptone soy agar plate’s surface.
Plates were incubated overnight at 36 °C. The plate count made it possible to calculate
colony-forming units per milliliter (CFU mL−1). For CFU per gram dry matter
determination:

CFUg�1¼ CFUmL�1�recuperation volume mLð Þ
support dry weight gð Þ

Biological Indicator System Preparation

About 100 sterile filter papers (48.0 g/m2 strips, size 1.0 cm×2.0 cm) were soaked in
500.0 mL of 0.02 M calcium acetate solution pH 11, adjusted with 0.14% calcium
hydroxide solution, and kept at room temperature for about 18 h. The strips were spread
on trays and dried at 45.0 °C in a heated air oven [29]. The trays were packed in sealed
plastic papers bags, autoclaved at 121 °C for 15 min, and dried at 45 °C in a heated air
oven for about 24 h. They were stored at room temperature. The spore suspensions were
homogenized by vortex, and 10.0 μL of it was dispensed on each strip. The inoculated
strips were dried at 45 °C in a heated air oven for about 24 h. Each strip was put into a
7.0-mL sterile glass vial, rubber stoppered, and sealed with aluminum seal. Prepared
biological indicators (BIs) were stored at 4 °C. Population assays on carrier strips were
done using the glass bead method: Five inoculated strips were placed in sterile screw cap
with glass beads and 10.0 mL of sterile distilled water, vortexed for 6 min, and counted
as described in “Viable Spores Count” section.

Dry-heat Resistance Performance Test

The D value is defined as the time it takes to reduce the spore population by 90% or one log
at a specified set of conditions. D value was performed by fraction negative analysis,
limited Spearman–Kaber method. Dry-heat exposure conditions were 160±2 °C at 15, 20,
25, 30, 35, and 40 min in a table-top heated air oven. Ten units per exposure were used.
Following exposure, samples were cultured in a recovery growth medium containing TSB,

0 5 10 15 20
ln CFU.mL-1

TSB

1

2

3

4

5

Media

Fig. 1 B. atrophaeus growth in
different soybean agro-industrial
by-product and residue media:
(TSB-control)=1.2×108 CFU
mL−1; 1 soybean molasses +
peptone=7.6×10 7 CFU mL−1;
2 soybean vinasse + beef extract=
3.9×106 CFU mL−1; 3 soybean
molasses 1/50 (v/v)=4.2×106 CFU
mL−1; 4 soybean molasses 1/60
(v/v)=1.9×106 CFU mL−1;
5 soybean vinasse=
4.3×107 CFU mL−1

384 Appl Biochem Biotechnol (2008) 151:380–392



3.0%; CaCl2·6H2O, 0.018%; soluble starch, 0.1%; and bromotimol blue, 0.0015%. They
were incubated at 36 °C for 48 h.

For D value determination: D160 �C ¼ Usk
logN0þ0:2507

Where:

N0 Initial number of organisms on BI
Usk Spearman–Kaber heating time/dosage estimate

Usk ¼ Uk � 2:5� 0:5�
Xk�1

i¼1

ri
10

" #

Where:

Uk First heating time with all units negative
ri Number of replicate units negative

The survival/kill times were determined by the following formula:

Survival time ¼ logN0 � 2ð Þ � D value

Kill time ¼ logN0 þ 4ð Þ � D value

95% confidence limits were calculated for all determinations.

C
F

U
.m

L-
1

0

2

4

6

8

10

12
(X 1,E7)Fig. 2 B. atrophaeus inoculum

growth Box-and-Whisker plot

Table 3 2(2–0) factorial experimental design results—analysis of variance.

Source Sum of squares df Mean square F ratio p value

Between groups 2.5×1015 4 6.3×1014 25.0989 0.0000 (<1×10−16)
Within groups 2.5×1014 10 2.5×1013

Total (Corr.) 2.8×1015 14
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Statistical Analysis

Regression variance analysis, estimated parameters, and respective confidence intervals at
significance levels were calculated by the SGWIN program (StatGraphic Plus for Windows
version 5.0, Statistical Graphics Co., 2000). The fractional factorial experimental designs
were done through Statistic 5.0 (Statsof Inc., 1984).

Results

Different culture medium formulations were tested to evaluate the B. atrophaeus growth.
The results, shown in Fig. 1, demonstrate that all tested mediums—formulated with
soybean agro-industrial by-products and residues—were capable of promoting the
microorganism growth, even adding no supplements. The addition of complementary
carbon and nitrogen sources to soybean vinasses did not increase biomass production. Only
the addition of peptone extract to soybean molasses allowed an increase of approximately 1
log in the biomass.

The growth box plot analyses (Fig. 2) indicate that formulations with colony counts
equal or above 1.5 107 CFU mL−1 (median) can substitute the standard medium. Although
two formulated media follow this criterion, the results indicate that the best medium is
number 1 (soybean molasses supplemented with peptone), which presents colony counts
similar to those of the control medium.

media
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U
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L-
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8

18

28

38

48
(X 1,E6)Fig. 3 B. atrophaeus biomass

LSD plot. Media with soybean
molasses % and casein peptone
%, respectively: m1 (4/4)=4.0×
107 CFU mL−1; m2 (4/1)=
3.3×106 CFU mL−1; m3 (1/4)=
1.3×107 CFU mL−1;
m4 (1/1)=7.7×106 CFU mL−1;
m5 (2,5/2,5-central point)=
1.2×107 CFU mL1

Standardized effect

+
-

0 1 2 3 4 5 6

:soybean molasses

AB

B:casein peptone
Fig. 4 Pareto chart for casein
peptone and soybean molasses
influence on the B. atrophaeus
biomass
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The 2(2–0) factorial experimental design results were submitted to analysis of variance
(ANOVA) statistical analysis (Table 3). The F ratio, which in this case equals 25.0989, is a
ratio of the between-group estimate to the within-group estimate. Since the p value of the F
test is below 0.05, there is a statistically significant difference between the means of the five
variables at the 95.0% confidence level. To determine which means are significantly
different from the others, a Fisher’s least significant difference (LSD) procedure was
applied.

The LSD plot analyses (Fig. 3) indicate that only medium no. 1 (soybean molasses 4.0%
and peptone casein 4.0%) presents a significant statistical difference.

The Pareto chart (Fig. 4) was used to plot the estimated effects and interactions in
decreasing order of importance. Its analyses confirm the casein peptone positive influence
in biomass production and show a possible interaction casein peptone×soybean molasses
concentration influence.

The increase of the peptone casein concentration to 6.0% did not positively affect
biomass production (Table 4).

The main effects plot of biomass (Fig. 5) presents 4.0% (w/v) for casein peptone
concentration optimum value and 4.0% (v/v) for soybean molasses concentration optimum
value.

The spore yield and the D value of the spore population obtained from the different
inoculum media are shown in Table 5. Yields (spores g−1 dry matter) ranging from 1.1×109

to 1.2×1010 for control media and from 1.2×1010 to 1.9×1010 for optimized complex
inoculum medium were recorded. The highest spores yields (1.9×1010 CFU g−1dry matter)
were obtained from the optimized complex inoculum medium.

C
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U
/m

L

soybean molasses (%)
1.0 4.0

peptone (%)
4.0 6.0

0

1

2

3

4

5

6
(X 1,E7)Fig. 5 Analysis of the results of

a 22 fractional factorial
experimental design for main
effects

Table 4 22 fractional factorial experimental design—Bacillus atropheus biomass production results.

Treatment Soybean molasses
(v/v %)

Casein peptone
(w/v %)

Biomass
(CFU mL−1)

1 1.0 4.0 1.3×107

2 1.0 6.0 1.2×107

3 4.0 4.0 8.4×107

4 4.0 6.0 2.3×107
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The dry-heat resistance D value results varied from up to 5.1±0.2 min to less than 5.5±
0.3 min for spores from different inoculum media.

Sporulation results Box-and-Whisker plot analysis (Fig. 6) indicates that complex-
optimized medium given total spores count statistically equal to TSB inoculum medium
and better than sporulation agar medium control.

The D160 °C-value results were submitted to ANOVA statistical analysis (Table 6). The F
ratio, 0.46, is a ratio of the between-group estimate to the within-group estimate. The p
value of the F test is greater than or equal to 0.05, indicating that there is no statistically
significant difference between the means of the five media at the 95.0% confidence level.

The LSD plot (Fig. 7) graphically demonstrates that all media had the same thermal
resistance performance.

Discussion

The relationship between sporulation media and spore yield, thermal resistance, and
germination index has been widely demonstrated [9, 29]; however, there are few studies
about the inoculum media influence. Olson and Nottingham [31] have demonstrated that
the thermal resistance of spores depends on the quality of vegetative cells and that spores
produced from stationary phase vegetative cells are more sensitive to heat due to their long
exposition to toxic metabolites in the culture medium.

Thermal resistant spores used as a sterilization bioindicator are usually produced on
synthetic agar medium surface inoculated with vegetative cells from TSB or other synthetic
nutritive commercial broth, aiming at obtaining less variation in resistance spores
characteristics [32], although the industrial use of defined culture medium is relatively
expensive. Complex natural nutrients had been studied as a source for high-level growth

Table 6 Analysis of variance of Bacillus atrophaeus spores D value.

Source Sum of squares df Mean square F ratio p value

Between groups 0.184 4 0.046 0.46 0.7641
Within groups 0.50 5 0.1
Total (Corr.) 0.684 9

0 0.4 0.8 1.2 1.6 2

(X 1,E10)

Fig. 6 B. atrophaeus spore pro-
duction Box-and-Whisker plot
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factors and trace elements and a mixture of free amino acids for exponential growth of the
Bacillus sp.

Results of the present study confirm that soybean molasses and vinasse supply the
necessary nutrients for the B. atrophaeus culture growth at inoculum stage, even adding no
supplements. The best growth was obtained by increasing initial complex nitrogen
concentrations with peptone addition.

The concentration of soybean molasses and the peptone effect on cell growth was
examined, and the results show an optimum concentration of 4% (w/v) for both. These
nutrient concentrations produced vegetative cell biomass ranging from 8.4×107 to 2.1×
1010 CFU mL−1 and the control media from 1.1×108 to 2.4×108 CFU mL−1 in 18-h culture
(exponential growth phase), producing a colony count difference of less than 1 log, and
were thus considered statistically equal.

Only calibrated spores can be used to determine the sterilization capacity of heat
treatments. In the evaluation of sterilization processes, the D value is routinely used as a
measure of microorganism resistance. The D value, survival time, and kill time results
(from 5.1±0.2 to 5.2±0.2 min, from 25.1±1.0 to 25.5±1.0 min, and from 55.9±2.2 to
56.7±2.2 min, respectively) were above the typical characteristics for commercially
supplied BI systems: D value from 1.0 to 3.0 min; survival time from 4 to 14 min, and kill
time from 10 to 32 min [33]. This could be explained by the kind of packing used (glass
vial), which makes heat penetration difficult, allowing a better evaluation of the dry-heat
sterilization process whose recommended exposition time is 120 min.

The spore yield obtained from the different inoculum media and the dry-heat resistances
(D value) showed variability within the ANSI/AAMI/ISO 11138 [34] recommendations:
Spores population should be replicated within 50% to 300% of the claims of manufacturers,
and resistance (D value) should be within ±20%.

Soybean molasses is a very low-cost agro-industrial by-product, which appears not to
have been studied for Bacillus atropheus thermal-resistant spore production.

Conclusions

The present results demonstrate that soybean molasses with peptone have a performance
similar to that of a synthetic control medium, indicating an economically attractive
alternative for dry-heat biological indicator inoculum production. Its choice as inoculum
medium will also have to take into account the easiness and the guarantee of the supply,
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incidental costs (transport, conservation), and homogeneity of the lots, reducing the costs of
the standardization analyses.

Complementary researches will have to be carried out to evaluate the interference of
inoculum produced from this medium in the formed spore thermal resistance and viable
stability.
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