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ABSTRACT

Studies were conducted to evaluate Bacillus atrepBaspores’ production by solid-state fermenta{88F) using
sugarcane bagasse as support and soybean molassssibastrate at lab-scale in column bioreactors déar
aeration), plastic bags and Erlenmeyer flasks (&eraby diffusion). Different moisture contents ¥8486% and
88%; 89%, 91% and 93%) and aeration rates (30mL/mBmL/min, 60mL/min and 90mL/min) were studied Th
best condition for spore production (3.3X1@FU.g-'dry matter) in column bioreactor was 80% of initraimidity
and no aeration. In Erlenmeyer flasks and plasag$the best sporulation production reached 1.%aup.7x16°
CFU.g'dry matter with 88-93% of initial moisture. The ation rate had no significant effect on the spoieddy
The initial moisture had a significant effect degieiyg on the bioreactor type. Sporulation kinetigissay was
carried out and it showed the possibility to redtite time of spore formation in two days.

Key words: Bacillus atrophaeusspores, solid state fermentation, column bioreabiofiim

INTRODUCTION Penna et al., 2001), as well as an indicator
organism in drinking water treatment (Ga&leal,
Bacterial spores are differentiated cell types2002). Due to its similar particle size and dispers
highly specialized, and designed for the survivatharacteristics to those @&acillus antrhacis,has
on adverse conditions. Its dormancy andeen used as a biological tracer for anthrax
resistance are responsible for some serioU$ISTAT, 2002).
problems in food-, medicare-, paper-, and spacdt has been well established that bacterial spore
industry. Bacillus atrophaeuss a Gram-positive, properties are affected by the conditions during
facultative anaerobic rod that makes endospores.gporulation. In most studies, spores are routinely
has been used as a biological indicator oproduced from fortified agar. Sella et al. (2008)
sterilization ~ assurance  (Christensen  andlad demonstrated the use of solid state
Kristensen, 1979AAMI, 1994 Fritze and Pukall, fermentation (SSF) with agro-industrial residues as
2001; USP 29, 2005), evaluation of agents fora cost-effectivemethod forBacillus atrophaeus’
cleaning and disinfection (Blakistone et al., 1999heat resistargpores’ production.
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160 Sella, S. R. B. R. et al.

SSF process can be defined as microbial growthir oven. The dry bagasse was sieved to obtain a
on solid particles without the presence of fregarticle size between 0.85 mm to 1.18 mm. The
water. The water present in SSF systems exists substrate consisted of: soybean molasses 2.0%,
a complexed form within the solid matrix, as a thinsupplemented with sporulation inductor salts
layer either absorbed to the surface of the pesicl (K,HPO, H,O 0.005%; MnSQ H,O, 0.004%;
or less tightly bound within the capillary regionsCaCb.6H,O, 0.004%; MgSQ7H,O, 0.005%).
of the solid (Raimbault,1988 Environmental Soybean molasses (~ 75°Brix) was supplied by
factors such as concentrations of nutrientdMCOPA (Araucaria-Brazil) with the
moisture, water activity and oxygen levelscomposition: total sugar, 50.8%; protein, 5.1%;
significantly can affect microbial growth and lipids, 0.3%; pH, 6.1. The initial substrate pH was
product formation (Mudgett, 1986). Usually adjusted to 8.0 before sterilization. The moisture
aeration also has very important effects omontent was adjusted with distilled water before
hydration properties and heat regulation in SSFfutoclaving. The flasks with SSF medium were
The effect of defined SSF conditions and media tautoclaved at 121°C for 15 min. The inoculum size
link specific bioreactor use withBacillus was 3% (v/v substrate) or 1CFU.g'dry matter.
atrophaeus sporogenesis has not been studie€alculated inoculum volumes were mixed
systematically. thoroughly with the autoclaved medium in a sterile
The aim of the present work was to evaluate théaminar flow chamber. SSF was carried out at
influence of aeration and moisture @wacillus 36°C. Different quantities of dry substrate were
atrophaeus spores’ SSF production using used for the different bioreactors: 5 g for
different types of bioreactors to define the besErlenmeyer flasks; 10 g for column bioreactors
parameters for growth kinetic study. and 12g for plastic bags. The fermented bagasse
was mixed with 0.02M calcium acetate solution
with Tween 80 (0.01%) pH adjusted to 9.7 and

MATERIALS AND METHODS sterile glass beds for 1 h, before filtration. All
spores’ suspensions were filtered through gauze
Microorganism tissue and, subsequently, washed three times by

A strain of Bacillus atrophaeusATCC 9372, centrifugation at 2,500 rpm (1.0489g) for 20 min at
Bach-1403349, obtained from standard strain4°C with cold, sterile 0.02M calcium acetate
supplied by Instituto Nacional de Controle de solution adjusted to pH 9.7 (Hoxey et al., 1985;
Qualidade em SaudéiINCQS/MS, Brazil), was Penna et al.1996) Spore suspensions kept in
used. Stock cultures and stored at —80°C in 20%asks were subjected to a heat shock (80 °C, 10
glycerol. Working cultures were maintained onmin) and were stored at 4 °C. Viable spore counts
standard tryptone soy agar (TSA) and were suere done by serial decimal dilutions in distilled
cultured periodically at 36 °C for 24-48 h and weresterile water and 5QL of each dilution was

stored a 4°C. inoculated on a tryptone soy agar plate surface, in
duplicate. Plates were incubated overnight at 36
Inoculum °C. For the media and the results analyses were

For inoculum preparation, 10QL of spore considered the U.S. Pharmacopeia requirements
suspension—batch: 01/06-CPPl—was inoculatethat allowed a 50% up to 300% as permissible
in three tubes, each one with 30 mL of testedariation of viable spores’ counts enumeration.
medium. These media were incubated for 18 h at

36 °C. The media used westandard medium: SSF in column bioreactor

tryptone soy broth — TSB (USP 29, 2005) andt was carried out in glass columns with a 4cm
complex medium: soybean molasses (~ 75°Brix)diameter and 20cm length (volume of 250 mL)

2.0% wi/v and tryptone, 4.0% w/v. filled with the inoculated SSF medium. The
temperature of the water bath was maintained at
Sporulation 36 °C and the columns were connected in the

For SSF sporulatiosugarcane bagasse was usetottom with a water saturated air flow.
as support. It was supplied by = COCAMARFermentation was carried out for nine days. In the
(Cianorte-Brazil), milled, washed once with tapfirst assay a mixed 2 and 3 levelactorial
water and twice with distillated water. The washed@xperimental design with 2 factors and 1 central
bagasse was dried on trays for 24 h at 90°C in @9int was used in order to study the effects of
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aeration rate -30 up to 90 mL/min- and themL/min - and the initial humidity of the substrate
moisture content- 86 to 90% (Table 1). In theB4 up to 88% - effects (Table 2). As control the
second assay & factorial experimental design - same conditions of fermentation was carried out in
with 2 factors, 2 levels and 2 central points - wa250mL Erlenmeyer flasks without aeration.

used in order to study the aeration rate - 0 UpOto

Table 1 — Mixed Z and 2 experimental design for testifacillus atrophaeusspores production by SSF in
columns with differents initial moisture and aevatrates.

Run Replicate Moisture (%) Aeration rate (mL/min)
1 Central point 1 88 60
2 1 90 90
3 1 90 30
4 1 86 30
5 1 86 90
6 1 88 90
7 1 88 30
8 Central point 2 88 60

Table 2= 2 experimental design for testingacillus atrophaeusspores production by SSF in columns with
differents initial moisture and aeration rates

Run Replicate Moisture (%) Aeration rate (mL/min)
1 1 88 90
2 1 88 45
3 1 88 0
4 Central point 1 86 45
5 Central point 2 86 45
6 1 84 90
7 1 84 45
8 1 84 0

Effects of bioreactor, substrate concentration, was tested as bioreactor. The bags were sealed
inoculum medium and incubation time after inoculation.

This study aimed at determining the bioreactor

influence, the best substrate concentration (2% d€inetics

3%), inoculum medium (standard or complex) andinetics of spore production was followed for 9
incubation time (7 or 9 days) (Table 3). Af@l days with the conditions: 91% initial moisture
factorial experimental design with 2 factors and Zontent: soybean molasses, 2.0% (w/v) and
levels was used. The initial humidity was tryptone, 4.0 % (w/v) as inoculum medium,
91% and a polyethylene bags (39 x 50 cm), wherErlenmeyer flasks and plastic bags as bioreactor.
the culture medium was prepared and autoclaved,
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Table 3- Effects of bioreactor, substrate concentratiomculum medium and incubation time assay’s foririgst
Bacillus atrophaeuspores production.

. . Soybean molasses Incubation time
Run Bioreactor Inoculum medium

(%) (days)
1 Erlenmeyer flask Standard 2 7
2 3 7
3 2 9
4 3 9
5 Complex 2 7
6 3 7
7 2 9
8 3 9
9 Plastic bag Standard 2 7
10 3 7
11 2 9
12 3 9
13 Complex 2 7
14 3 7
15 2 9
16 3 9

Analytical Methods observed during incubation time when the

Reducing sugars were measured by Somogyi andoisture content exceeded 88%, due to saturation
Nelson (Nelson, 1944). The parameters pH andapacity of the solid matrix. This weakened the
moisture were determined as described by Socc8ISF process that is defined by Raimbault (1988)
et al, (1995). The water activity fa as microbial growth on solid particles without the
measurements were determined at 21-22°C, pmresence of free water. Results revealed thateat th
triplicate, using an AqualLab CX-2 water activityend of the incubation time the water activities at

meter (Decagon Devices, Pullman). all substrate moisture contents wet-basis were
essentially identical (0.970). For the fermented
Statistical Analysis mass from the columns the pH of the culture had

Analyses were done using the software Statistican increase from 0.6 up to 2.0 in response to
6.0 (StatSoft Inc.). All experiments were realizednetabolic activities, yet the amount of moisture
in duplicate under aseptic conditions. The resultsontent (wet-basis) differed from 1% up to 5% and
were compared by ANOVA. Significant the maximum spore yield observed was 6.1 % 10
differences were accepted at the level of p<0.005.CFU.g" dry matter in the no aerated column and

88% as initial moisture. For the fermented mass

from the Erlenmeyer flasks the pH of the culture
RESULTS had an increase from 1.2 up to 2.7, the amount of

moisture content (wet-basis) differed from 3% up
For optimum SSF sporulation in column,to 27% , the maximum spore yield observed was
differents relations between aeration rate -30cup t1.7 x 16 CFU.g* dry matter in 90% as initial
90 mL/min- and moisture content were studied. Inmoisture and no free water formation were
the first column fermentation assay free water wagbserved (Table 4).
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Table 4- Bacillus atrophaeuspores production by SSF in columns and Erlenmidggks with differents initial
moisture and aeration rates.

. Aeration . Spores
Assay MO(IOSA:;HGI rate oH, Mo(los/(t);Jref DH; (CFU.g'l)
(mL/min)

C1 88 60 6.4 87 8.0 2.6x10
c2 90 90 6.1 87 7.3 2.1x%0
c3 90 30 6.1 87 6.6 1.8 x%0
C4 86 30 6.0 81 6.9 3.7x%0
C5 86 90 6.0 83 7.8 3.9x%0
C6 88 90 6.4 87 7.3 3.1x10
C7 88 30 6.4 84 6.6 2.0x10
c8 88 0 6.4 85 7.9 6.1x 10
E1l 86 - 6.4 61 7.9 1.1xio0
E2 88 - 5.9 78 8.8 6.9x 10
E3 90 - 6.1 87 7.3 1.7x10

C=column.

E=Erlenmeyer flask.

pH; = pH after substrate sterilization (the pH wasiatijd only before sterilization to avoid contamiorat
pH; = final pH.

The main effects plot of columns biomass (Fig 1yiffusion in Erlenmeyer flask, the SSF sporulation

presents 88% for moisture content optimum valueesults in the box plot analysis (Fig 2) showed tha

and no detectable differences in total sporaeration by diffusion gave better spore yield in

formation between the 30 and 90mL/min aeratiompproximately 2 log (100 times) higher than the

rate. production in column, that may have been caused
Under the studied conditions for forced aeratioby partial loss of bacterial growth due to the

from 30 up to 90 mL/min, and aeration byformation of free water
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Figure 1 - Main effects of moisture and aeration rate on caisirspores’ productiorfforced
aeration).
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Figure 2 - ComparativeBacillus atrophaeuspores production in column bioreactors with fdrce
aeration (30 up to 90 mL/min) and Erlenmeyer flaghsration by diffusion) with
differents initial moisture (86 up to 90%).

In the second column fermentation experimenty”dry matter occurred at 88% initial moisture and
over the range of initial moisture contents of 84-no aeration (Table 5). The moisture content fell
88% (w/w wet basis) and aeration rate of 0-9Grom 2% up to 6% and pH increased from 1.3 up
mL/min, the highest spore content 3.7 X®IOFU.  to 1.9 during the fermentation time.

Table 5 - Bacillus atrophaeuspores production by SSF in columns and Erlenmégsks with differents initial
moisture and aeration rates

Aeration Spores

Assay Moisture; rate Moisture; 2

(%) (mL/min) pHi (%) PH (CFU.g7)
C1 88 90 5.7 86 7.0 1.7 x 0
C2 88 45 5.7 84 7.6 1.7 xfo
c3 88 0 5.7 82 7.0 3.7x 10
c4 86 45 5.7 82 7.2 1.7 xfo
C5 86 45 5.7 80 7.0 6.7 x10
C6 84 90 5.7 82 7.6 6.8 x30
C7 84 0 5.7 77 7.0 3.3x 10
c8 84 45 5.7 80 7.6 6.5 x 10
El 84 - 5.7 75 7.5 3.9x 10
E2 86 - 5.7 75 7.2 1.2x 1o
E3 88 - 5.7 73 7.0 1.9x 1o
E4 90 - 5.9 73 7.0 20x 10

C=column.

E=Erlenmeyer flask.

pH; = pH after substrate sterilization (the pH waisietdd only before sterilization to avoid contantio).
pH; = final pH.

The analysis of variance (ANOVA), of theseln Erlenmeyer flasks (control) the pH of the

results showed statistically significant positiveculture had an increase from 1.1 up to 1.9, the
effect for substrate moisture contept 0.0073), amount of moisture content (wet basis) differed
no siF%nificant effect for aeration ratp € 0.1483) from 9% up to 15%, and the maximum spore yield
and R 94.6.
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observed was 2.0 x {0CFU.g" dry matter at 90% spore formation are presented in Fig. 4.

initial moisture. The results were stratifiedby the variables and
Under the studied conditions for forced aeration imuns a t-test were applied to compare the means.
columns, 0 up to 90 mL/min, aeration by diffusionThere were not a statistically significant diffecen

in columns and in Erlenmeyer flasks, the SSketween the means of the Erlenmeyer and plastic
sporulation resulted in the box plot analysis (Big bags (p-value = 0.0921), standard and complex
showed no differences in spore yield. inoculum medium (p-value = 0.1491), substrate
The effects of bioreactor’s type and its relatiormolasses concentrationpfvalue = 0.0826) and
with nutrient concentration level, inoculum incubation time @-value = 0.781165).

medium and duration of cultivation on total end

Aerated Columns | H / ]

No Aerated

Erlenmeyer / H

0 1 2 3

Spores

4
(X 1,E10)

Figure 3 - ComparativeBacillus atrophaeusspores production in column bioreactors (forced
aeration - 45 up to 90 mL/min), column bioreactarishout forced aeration and
Erlenmeyer flasks (aeration by diffusion).

C:Inoculum

B: %molasses
A:Bioreactor

BC

BD

D:Incubation time
CD

AC

AB
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05 1 1,5 2 25 3
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Figure 4 - Pareto Chart of Effects foBacillus atrophaeusspore production without forced
aeration. Variables: inoculum medium (industriadizend complex), % molasses (2

and 3%), bioreactor (plastic bag and Erlenmeyeskjland incubation time (7 and 9
days).
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The mean of all results showed that the pksugars consummation was 0.83g. Fermentation
decreases after sterilization process fromx&@  Kinetic in plastic bags showed that the pH of the
up to 5.8+0, 1, and reached at 8@3 before 7 culture had an increase 1.4 in seven days
days of fermentation and decrease again to+7.8incubation and decrease 0.2 from the 7th to the 9th
0.4 at the ninth day, the amount of moisturdncubation day, the water activity of the substrate

content (wet-basis) no differed, and the sugafO.7) did not change too, the amount of moisture
consumption were 1.3 0.4 g in 7 days and &3 content (wet basis) has remained at 89%, and the

0.5g in 9 days incubation time. reduc_ing _sugars consummation was 0.89q,
Knowing that the growth rate of the showmg s!mllar|ty in both processes. . '
microorganism depends on the localThe kinetic results demonstrated an increase in
environmental condition§Redmond et al.2004 total biomass after 24 h of incubation of 3 up to_ 4
Vries et al., 2005)the evaluation of spore’s yields 109s (thousand to ten thousand times), which
from Erlenmeyer flasks and plastic bagscorresponds to the exponential growth phase of
fermentation was done by comparative kinetivegetative cells.  The  sporulation  began
studies. During fermentation kinetic in Erlenmeye/@Pproximately 24 h after incubation and was
flasks the pH of the culture had an increasedr.6 Stabilized after 168 h (7 days). The observed
seven days incubation and decrease 0.5 from t#acrease in the production of spores between the
7th to the 9th incubation day, the water activity o S€venth and ninth days of incubation (276 h) was
the substrate (0.97) did not change, the amount §SS than 1 log, confirming the data obtained
moisture content (wet-basis) has remained at g7ogreviously and —allowing the reduction — of
the difference between the calculated moisturicubation time in 2 days, without compromising
(91%) and the obtained (87%) is due to loss oprocess productivity (Fig 5 and Fig 6).

water during sterilization process. The reducing

120 T22
Xe >
10,0 )'\ Lo _
< 80 " =
. R =)
o @ \ 118 g
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o)) + 1,6
O 40+
\ 1
20+ . 1,4
.—————I\_\§ ——’—T
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0 24 72 120 168 276
Time (h)
- -x- -\egetatives cells —e——Spores — - —sugar

Figure 5 - Bacillus atrophaeugkinetics' spores production by SSF in plastic bags
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Figure 6 - Bacillus atrophaeugkinetics' spores production by SSF in Erlenmelgaks.

The spores obtained from both cultures, wheformation of spores through air structures called
germinated in tryptone soy agar (TSA) havdruiting bodies. The 72 h in liquid medium
mucoid colonies, large, and no delimited. Theryptone soy broth (TSB) confirmed the ability of
morphology was different from that obtained fromthese cells to germinate and reproduce it in the
standard strain spores cultivate in sporulatiorr agdorm of biofilm, through the formation of a thick
which are smaller and well defined (Fig. 7).flm on the surface and the formation of spores
Brandaet al (2001) described this formation of within 24 h of cultivation. The microscopic
colonies in wild strains oBacillus subtilis and observation of this growth, stained by Gram
joined its morphology with the production of method, showed the formation of chains and
surfactin -~ and  exopolysaccharides.  Thesésolated cells, while the colonies from spores
characteristics are also related to the use of grown on agar for sporulation have only isolated
metabolic pathway that offers additional growth incells. All this observations suggested the biofilm
structured communities, called biofilms, and the€formation.

Figure 7 - Bacillus atrophaeusgrowth (TSA, 36°C, 5 days) from spores produced
sporulation in agar (B) by SSF.
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DISCUSSION that moisture content is a direct measurement of
the amount of water in the system (Chinn et al.,

The ability of theBacillus atrophaeugor growing 2007) it could be considered that the moisture
on a SSF probably is due to a function of itontent treatments investigated in this study had
reduirements of water activity, their Capacity ofidentical thermodynamic states because the water
adherence and their ability to assimilate theéctivities were identical. It was observed by
complex substrates used. Substrate moistuferajek and Gervais (1987) with sugar-beet pulp
content is a significant process conditionand by Chinn et al. (2007) with paper pulp sludge
especially for bacteria, because these organism SUpport.

are considered the most suitable for growth it was largely cited that the beginning of
higher moisture contents. In SSF the aeration h&porulation can be triggered by multiple
essentially the functions: oxygen supply forenvironmental signals, like nutrient starvation and
aerobic metabolism, removal of GCheat, water high cell densities, which cause a specific
vapor and volatile components produced durin@prOpUlation of cells to switch on an elaborate
the metabolism; regulate the substrate temperatug€netic program resulting in spore formation
and the moisture level. The exchange ofadd (Sonenshein, 2000; Piggot and Losick 2002;
CO, between the solid and the gas phase depenBgrington, 2003; Veening, 2007). In this kinetic
on those factors that increase the contact surfagéudy it was observed that the total sugar
between the phases like: additional aeratiogonsumption was 0.83 up to 0.95 g and it was
generated by forced Step of sterile air, agitatioﬁloticed that the sporulation started when there
and moisture level of the substrate (Gervais andere still large supply of carbohydrates, indicgtin
Molin, 2003). In a column bioreactor, the substratéhat in this case, the reduction or the lack of the
humidity changes during fermentation owing tocarbon source was not the inducing sporulation
the saturated air passing through the mediunﬁ’aCtOF.An increase in pH until the seventh day of
Conseduenﬂy, it was very important to defineinCUbation (between 1.4 and 16), was observed,
optimal conditions for these parameters in order téollowed by a slight decrease between the seventh
attain high growth and sporulation (Vandenbergh&nd ninth day (0.2 to 0.5). Warriner and Waites
et al., 2004; Prado et al., 2005). Bacteria(1999) also observed an increase in pH during
performance often occurs at high moisture levelgsporulation ofBacillus subtilis on agar, attributing
However, studies in SSF involving strains ofit to the absorption of acids formed for the
Bacillus for the production of enzymes, as haveProduction of new proteins.In plastic bag
been observed as in aerobic SSF fungal studi€rmentation it was found almost exclusively the
that increasing water content beyond the optimdiresence of spores at the end of the process, which
level resulted in slowed growth and limitedcan be justified by a higher rate of sporulation or
product formation, suggesting that the diffusion oPy the absence or reduction of the partial
gaseous oxygen into the larger liquid phase (withigermination of produced spores, but this factor
the interpartic|e Spaces) was not adequate @ave no Significant difference in total number of
support effective microbial respiration (Babu andsPores produced, in relation to the process
Satyanarayana, 19951amo and Gessesse, 1999) implemented in a flask bioreactor.

The observed results suggested that the efficiendyie best conditions for spore production (3.3%0
of nutrients and oxygen transfer processes wdsFU.g dry mattet) in column bioreactor was 80%
sufficient to allow a good diffusion of solutes andof initial humidity and no aeration. In Erlenmeyer
gas, and promote the same cellular growth in thasks and plastic bags the best sporulation
differents conditions: aerated columns, no aerateroduction reached 1.7 up to 4.7 $@FU.g dry
columns and flasks. matter " with 93-91% of initial moisture,
The water activity of the substrate did not changéespectively. No similar report aboBtatrophaeus
with moisture content and the fermentation time irkinetic’s spore production in differents bioreastor
all experiments_ Knowing that water activity and conditions of aeration were found in the
measures the thermodynamic potential of water iliferature to compare the obtained results.

the system, and is a function of the type andhe spores obtained from SSF showed growth
amount of solutes present in the water and th@"\aracteriStiCS as biofilm formatiOINageI et al.
water adsorption properties of the substrate an@002) cited by Plomp et al. (2005) stated that:
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