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Abstract Bacillus subtilis strain TrigoCor 1448 was grown on wheat middlings in
0.5-1 solid-state fermentation (SSF) bioreactors for the production of an antifungal
biological control agent. Total antifungal activity was quantified using a 96-well microplate
bioassay against the plant pathogen Fusarium oxysporum f. sp. melonis. The experimental
design for process optimization consisted of a 27" fractional factorial design followed by a
central composite face-centered design. Initial SSF parameters included in the optimization
were aeration, fermentation length, pH buffering, peptone addition, nitrate addition, and
incubator temperature. Central composite face-centered design parameters included
incubator temperature, aeration rate, and initial moisture content (MC). Optimized
fermentation conditions were determined with response surface models fitted for both
spore concentration and activity of biological control product extracts. Models showed that
activity measurements and spore production were most sensitive to substrate MC with
highest levels of each response variable occurring at maximum moisture levels. Whereas
maximum antifungal activity was seen in a limited area of the design space, spore
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production was fairly robust with near maximum levels occurring over a wider range of
fermentation conditions. Optimization resulted in a 55% increase in inhibition and a 40%
increase in spore production over nonoptimized conditions.

Keywords Solid-state fermentation - Optimization - B. subtilis - Lipopeptides - Spores -
Biocontrol

Introduction

The biological control agent (BCA), Bacillus subtilis, produces environmentally resistant
spores and is known to produce a spectrum of antifungal lipopeptides [1-3], yet it is unclear
how each of these properties contributes to the overall efficacy of the final biological control
product (BCP). In vitro production of lipopeptides during fermentation could have an
immediate effect on the pathogen population postapplication; in vitro production of bacterial
spores could allow for potential in situ lipopeptide production; or the combination of both in
vitro and in situ lipopeptide production could be necessary for maximum efficacy.

Further complicating the development of an effective B. subtilis BCP is the fact that the
organism produces a variety of antifungal lipopeptides such as iturin, surfactin, and
fengycin [4-6] that are expressed at different levels under different environmental
conditions. Published data detailing the effect of fermentation conditions on lipopeptide
production come from a combination of both liquid- and solid-state fermentation (SSF)
processes [5, 7-9]. These studies have shown maximum iturin A and surfactin production at
25 and 37 °C, respectively, but little data are available for temperature dependency in the
production of other compounds [5, 9, 10]. Aeration has been shown to be an important
factor in SSF production of iturin A [10], whereas surfactin production is increased under
anaerobic, nitrate-limited conditions in liquid fermentation [8]. Other factors such as pH,
peptone addition, and shaking rate have been shown to significantly affect B. subtilis
lipopeptide production in liquid fermentation [9].

Despite the available research on B. subtilis lipopeptide production [7, 9, 11-16], little has
been done to examine different combinations of factors in SSF and their impact on overall
antifungal activity and spore production. Some works have examined production of specific
lipopeptides without measuring direct antifungal activity [7, 9]. Given the potential for
synergistic or antagonistic relationships between lipopeptide classes in the BCP, antifungal
activity may not be a direct function of individual or total lipopeptide concentrations.

A factorial experimental design was chosen to explore the effects of fermentation
conditions on BCP antifungal activity and spore concentration. Factors and factor levels for
the experimental design were defined based on preliminary experiments and a review of the
literature. Production of both iturin A and fengycin has been shown to be highest after
exponential growth phase, whereas surfactin production is highest during exponential growth
in liquid fermentation [9, 17]. Thus, fermentation time levels of 48 and 72 h were chosen
based on preliminary studies evaluating growth profiles. Levels of aeration and nitrate
supplementation were based on the work of Davis et al. [8] who reported that surfactin
production from a B. subtilis culture greatly increased in anaerobic cultures after nitrate
depletion. Jacques et al. [9] found that peptone, temperature, and pH all had significant
effects on lipopeptide production from B. subtilis during liquid fermentation; peptone had
the greatest effect of all factors tested with the maximum level of 4 g/l producing the
highest levels. Temperature has also been shown to have a significant effect on SSF
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production of lipopeptides by B. subtilis with maximum production of iturin A and
surfactin occurring at 25 and 37 °C, respectively [5]. Preliminary studies indicated that
4.3 g N,N-bis[2-hydroxyethyl]-2-aminoethanesulfonic acid (BES)/l1 (100 mM) provided the
greatest pH buffering without adversely affecting cell growth.

This paper describes the use of a two-stage optimization consisting of a fractional
factorial design coupled with a central composite face-centered (CCF) design to model B.
subtilis SSF. Optimized fermentation conditions were determined with response surface
models fitted for both antifungal activity of the BCP and final spore concentration. This
approach allowed us to quantitatively assess the effects of multiple fermentation conditions
on producing a BCP with a high concentration of antifungal lipopeptides and B. subtilis
spores to maximize in situ biological control.

Materials and Methods
Experimental Design
First-stage Optimization

A 2% fractional factorial experimental design was used to quantify the effects of (A)
fermentation time, (B) aeration rate, (C) nitrate level, (D) peptone level, (E) incubator
temperature, and (F) pH buffering (see Table 1). Biological control product spore
concentrations and extract inhibition measurements were both used as separate response
variables. The fractional factorial design was constructed with each factor set at either a high or
a low level, coded as +1 and —1, respectively, as shown in Table 1. The design (see Table 2)
was created by confounding the sixth design factor (F) with the five-factor interaction effect of
the remaining five factors (A—E). Factor effects, defined as the mean difference between
treatments at the high and low levels of each factor or interaction, were calculated for each
main factor and all two-factor interactions in the experimental design [18]. All three-factor
interactions were assumed to be negligible and used to estimate experimental error [18-20].

Second-state Optimization

The second stage of process optimization was composed of a CCF design for three factors.
Central composite design is a common follow-up design to a fractional factorial design in
optimization studies [18, 19, 21]. It is used to estimate quadratic and interaction effects but
requires fewer runs than a full 3" factorial. The choice of factors included in the second
stage design is discussed in the “Results” section.

Table 1 Factor levels in fractional factorial design for BCP optimization.

Level Time (h) Airflow (Ipm) Nitrate Peptone Incubator pH buffer
(g/l) (g/) temperature (°C) (g BES/)
-1 48 0 0 0 22 0

+1 72 0.4 0.8 4 30 43
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Table 2 First-level fractional factorial design structure for optimization of BCP production.

Treatment Time Airflow Nitrate Factor peptone Incubator temperature pH buffer
A B C D E F=ABCDE

1 -1 -1 -1 -1 -1 -1
2 1 -1 -1 -1 -1 1
3 -1 1 -1 -1 -1 1
4 1 1 -1 -1 -1 -1
5 -1 -1 1 -1 -1 1
6 1 -1 1 -1 -1 -1
7 -1 1 1 -1 -1 -1
8 1 1 1 -1 -1 1
9 -1 -1 -1 1 -1 1
10 1 -1 -1 1 -1 -1
11 -1 1 -1 1 -1 -1
12 1 1 -1 1 -1 1
13 -1 -1 1 1 -1 -1
14 1 -1 1 1 -1 1
15 -1 1 1 1 -1 1
16 1 1 1 1 -1 -1
17 -1 -1 -1 -1 1 1
18 1 -1 -1 -1 1 -1
19 -1 1 -1 -1 1 -1
20 1 1 -1 -1 1 1
21 -1 -1 1 -1 1 -1
22 1 -1 1 -1 1 1
23 -1 1 1 -1 1 1
24 1 1 1 -1 1 -1
25 -1 -1 -1 1 1 -1
26 1 -1 -1 1 1 1
27 -1 1 -1 1 1 1
28 1 1 -1 1 1 -1
29 -1 -1 1 1 1 1
30 1 -1 1 1 1 -1
31 -1 1 1 1 1 -1
32 1 1 1 1 1 1
SSF System

Forced aeration batch microreactors used in this study were the same as described
previously ([22]. Reactors were constructed of 0.5-1 polypropylene bottles (Nalgene,
Rochester, NY, USA). Each reactor was fitted with a 3.2-cm-high PVC pipe covered with
nylon screen to support the substrate bed. The reactor working volume was approximately
0.4 1. Reactor lids had two pinhole openings with attached rubber septa (Chemglass,
Vineland, NJ, USA), allowing thermocouples to be placed in the bed while maintaining a
tight air seal. Both thermocouples were inserted into the center of the bed. Inlet and exhaust
fittings were glued in the reactor bottom and lid, respectively, for reactor aeration. Each
reactor had a 0.2-pum air filter (Pall Corp., East Hills, NY, USA) fitted just before the reactor
inlet to eliminate microbial contamination from the incoming air stream.

Substrate for all experiments was prepared separately for each reactor according to
experimental design specifications. One hundred twenty-five grams of wheat middlings at a
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moisture content (MC) of 8.7% dry basis (d.b.) were added to individual autoclave bags,
mixed with 77.5 ml of distilled water, and autoclaved twice at 121 °C for 25 min with 24 h
between sterilizations. The remaining water needed to bring the material up to the required
initial MC (1-1.7 g/g d.b.) was added directly before reactor loading. A portion of the
additional water was mixed with required supplements, as noted in the experimental design,
and was sterilized separately before mixing with substrate. The remaining 40 ml of sterile
water was mixed with 2.5 ml of inoculum culture for more uniform inoculum distribution
throughout the substrate. Inoculum of B. subtilis strain TrigoCor 1448, ATCC 202152 [23]
was prepared as described previously [22]. Substrate was mixed thoroughly with the diluted
inoculum before being loaded into sterilized bioreactors. All mixing of material was done in
individual autoclave bags in a sterile laminar flow hood.

Reactors were placed in a refrigerated incubator (Biocold Scientific, Fenton, MO, USA) to
control ambient temperatures throughout fermentation. After 48 or 72 h of fermentation,
fermentation material was dried to approximately 11-18% (d.b.) by aerating with approx-
imately 4 Ipm of dry air for 2-3 days. Reactor temperatures immediately dropped to
approximately 15 °C, effectively slowing microbial growth to near minimum. Final dried BCP
was homogenized in a Cuisinart Mini-Prep Plus (Stamford, CT, USA) and stored at —20 °C.

Microbial and Biochemical Assays

Final spore concentration for each reactor was calculated by dilution plate count using sterile
0.1% sodium pyrophosphate (SPP) for all dilutions. Approximately 0.5 g of dried,
homogenized BCP was placed in a 50-ml vial with 20 ml of sterile SPP, vortexed twice for
1 min to dislodge cells from the solid matrix, and serially diluted in sterile 1.5-ml microfuge
tubes. The first dilution was placed in a water bath at 75 °C for 10 min to eliminate viable
vegetative cells before plating. Quadruplicate 10-ul spots were placed on nutrient yeast extract
agar plates and incubated at 25 °C for 15-20 h. Colonies were counted for all replicate spots and
the mean was used to calculate the concentration of B. subtilis spores per dry gram of BCP.

Biological control product preparations were extracted with methanol to obtain materials
containing antifungal lipopeptides for use in inhibition bioassays. Biological control
product samples (5 dry gram) were placed in 40-ml glass vials with 25 ml of methanol and
allowed to steep for approximately 16 h. Material was mixed several times by hand, then
vacuum-filtered through two 70-mm Whatman no. 1 filter papers; the final volume was
brought to 30 ml with methanol. A 15-ml sample of the final volume (equivalent to 2.5 dry
gram of BCP) was passed through a 0.2-um polyethersulfone membrane filter (Whatman,
Inc, Clifton, NJ, USA) and then mixed with 15 ml of distilled water in preparation for a
solid-phase extraction cleanup step [24].

A 96-well microplate bioassay was used to measure the inhibition of BCP extracts
against Fusarium oxysporum f. sp. melonis [22]. Extract inhibition was tested by adding
100 pl of potato dextrose broth, 10 ul of BCP extract or solvent control, and 100 pl of a F,
oxysporum spore suspension (10* spores/ml) to each well. Fungal cultures were cultivated
for 1-2 weeks on quarter strength potato dextrose agar plates. Plates were then flooded with
10—15 ml of sterile distilled water, gently scraped to form a spore suspension, and diluted to
1x10* spores/ml for use in bioassays. Biological control product extracts were diluted with
methanol to the specified concentration (mg BCP/ml) and all treatments were measured in
triplicate. Plates were read using a Synergy HT plate reader (Bio-Tek Instruments,
Winooski, VT, USA) at an absorbance of 620 nm before and after incubation for 48 h at
25 °C. Percent inhibition was determined by comparing the absorbance increase of the
wells containing BCP extract with wells containing control solvent used for extract dilution.
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Data Collection

Temperatures were monitored with two type-T thermocouples in the center of each reactor.
Ambient and outlet oxygen (O,) concentrations were measured with two separate O,
sensors (NeuwGhent Technology, LaGrangeville, NY, USA). One sensor was dedicated to
reading ambient O, concentrations whereas the second was connected to a multiposition
actuator valve (Valco Instruments Co., Inc., Houston, TX, USA) linked to multiple
microreactors. The data acquisition system was developed using a Dell OptiPlex GXl1p
desktop computer. A CIO-DASOS8 analog and digital I/O board and two CIO-EXP32 data
acquisition board (Measurement Computing- Middleboro, MA, USA) were used to record
reactor temperature and outlet O, concentration data and to control the multiposition valve.

A LabVIEW (National Instruments, Austin, TX, USA) program was written to monitor and
record temperatures from up to 18 microreactors with two separate thermocouples. Mean
reactor data were continually uploaded to a real-time chart for process monitoring and a 2-min
running average of each thermocouple was written to a file in 5-min intervals. The program
also monitored and recorded data from two separate O, sensors. The data acquisition program
controlled the multiposition valve so that the sensor sampled exhaust gas from a different
reactor every 4 min until all reactors were sampled. After a 3-min purge time after each
sample, a 1-min running average of O, concentration was written to a file for later analysis.

Data Modeling

The CCF design was structured to explore the role of aeration rate, MC, and incubator
temperature at three different levels. Main factor effects, quadratic effects, and two-factor
interactions were all discernable with this design. Five replicate runs at the design center
were completed to measure experimental error in the system. Tables 3 and 4 show the
coded factor levels and central composite design table, respectively. The CCF design results
were used to develop a multiple linear regression model for the system. For the three-factor
design, the regression had ten component parameters (3y_9): one overall mean, three
individual main factor effects, three quadratic factor effects, and three two-factor
interactions [21]. The model has the form

¥ =By + Bix1 + Boxa + BsXs + Baxt + Bsx3 + Bex3 + Brxixa + Bexixs + Boxaxs (1)

where

y response variable of percent inhibition or spore concentration
X1 aeration level (Ipm)

X5 substrate initial d.b. MC (g/g)

X3 incubator temperature (°C)

(oo model parameters

The method of least squares was used to estimate values for (3 o.

Table 3 Code for factor levels in central composite design for optimization of BCP production.

Level Aeration (Ipm) Initial moisture content (g/g d.b.) Incubator temperature (°C)
-1 0.1 Ipm 1.00 19
0 0.8 Ipm 1.35 23

1 1.5 Ipm 1.70 27
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Table 4 Central composite face-
centered design scheme for opti- ~ Treatment Aeration Moisture Incubator temperature

mization of BCP production.

1 -1 -1 -1
2 -1 -1 1
3 -1 1 -1
4 -1 1 1
5 1 -1 -1
6 1 -1 1
7 1 1 -1
8 1 1 1
9 -1 0 0
10 1 0 0
11 0 -1 0
12 0 1 0
13 0 0 -1
14 0 0 1
15 0 0 0
16 0 0 0
17 0 0 0
18 0 0 0
19 0 0 0

Spore concentrations and bioassay inhibition data were used for response surface
modeling. A MATLAB program was written to calculate model parameters for Eq. 1 for
each response variable. The MATLAB program was also used to determine theoretical
stationary points and local maxima within the design space, create analysis of variance
(ANOVA) tables for models, and plot response surface model results.

Model coefficients were tested for significance using SPSS software (SPSS, Inc.,
Chicago, IL, USA) and parameters whose coefficients had a p value greater than 0.05 were
sequentially removed to determine the effect of the parameter on the model R* and adjusted
R? (Rgdj) values. Parameters were permanently removed from the model when it was seen
that their inclusion had a negative impact on Rgdj values.

Model coefficients (3 o) using scaled unit variables were found using the method of
least squares and converted for use with standard units for each factor according to Table 3.
Coefficients for use with standard unit variables were found by converting each factor level,
X123, in Eq. 1 to standard units using the following equations:

X1 (lpm) = 0.7x1 +0.8 (2)
x2(g/g d.b.) = 0.35x, + 1.35 (3)
x3(°C) = 4x3 +23 (4)

Results
First Stage of Optimization

Typical reactor temperature profiles are shown in Fig. 1. Temperature profiles were very
similar for reactors with the same incubator temperature level and aeration level regardless
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of all other factor levels. Mean maximum temperatures for all aerated reactors in 30 and
22 °C incubators were 49.8+2.2 and 47.9+£2.8 °C, respectively. As expected, the
nonaerated reactors did not exhibit significant autoheating whereas aerated reactors showed
reactor temperature increases of approximately 20 °C above incubator temperature.
Increased convective heat losses were unable to significantly reduce maximum temper-
atures in aerated reactors in the low-temperature incubator. Incubator temperature did,
however, influence lag times as illustrated in Fig. 1. Lag times increased from less than 6 h
for the 30-°C incubator reactors to greater than 15 h for the 22-°C incubator reactors.
Despite the high temperatures reached in the reactors in the low-temperature incubator,
temperatures dropped more rapidly after exponential growth phase.
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Fig. 2 Inhibition data at 20 mg BCP/ml for fractional factorial design for BCP optimization for treatments
listed in Table 2 (error bars represent sample standard deviation)
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The resultant BCP extracts were tested for growth inhibition of . oxysporum f. sp. melonis
at concentrations between 2.5 and 160 mg BCP/ml. Aerated reactors had the highest
inhibition levels between 20 and 40 mg BCP/ml and declined at higher concentrations (data
not shown). Extracts from nonaerated reactors showed little or no inhibition at lower
concentrations and less than 25% inhibition even at the highest concentrations tested.
Inhibition values at 20 mg BCP/ml were chosen for further statistical analysis; data resolution
was greatest at this concentration and lower and higher concentrations had a poor response
and were saturated at maximum inhibition, respectively. Inhibition (at 20 mg BCP/ml) and
spore concentration results for the fractional factorial design are shown in Figs. 2 and 3,
respectively. Inhibition variance is based upon replicate wells from a single sample extraction
whereas spore count variance is assumed to be 5% of the measured value based upon
preliminary studies of replicate counts from homogenized contents of a single reactor.

Data from Figs. 2 and 3 have been formatted to highlight specific differences between
reactors at different aeration levels and incubator temperatures. Although most factor trends
are difficult to distinguish from a cursory check of the data, extracts from all aerated
reactors showed noticeably higher inhibition levels than those from nonaerated reactors. In
addition, extracts from reactors in a lower temperature incubator showed slightly greater
inhibition than those in a higher temperature incubator.

Tabulated in Table 5 are factor effects for the first-stage fractional factorial design.
Fermentation time and aeration both had significant positive effects on the inhibitory
quality of the BCP extract, whereas the addition of nitrate and peptone had significant
negative effects. The interaction effects of aeration with both nitrate and peptone
(interactions BC and BD, respectively) were both significant and negative. These
interactions indicate that the negative effect of each of these factors is greater in magnitude
in aerated reactors. As the aeration effect was strong and positive, this provided further
evidence that neither nitrate nor peptone should be included in further studies as they
negatively impact the production of inhibitory compounds. The strong negative interaction
between aeration and temperature also showed that the effect of temperature was
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Fig. 3 Spore concentration data for fractional factorial design of BCP optimization for treatments listed in
Table 2 (error bars represent sample standard deviation)
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Table 5 Main factor effects and two-factor interactions from fractional factorial design using microplate
inhibition and spore concentration data.

Factor Effect inhibition at 20 mg BCP/ml Effect log (spore count)
(Time) A 0.039* 0.03
(Airflow) B 0.313* 2.69*
(Nitrate) C —0.012 0.12
(Peptone) D —-0.055% -0.417
(Temp) E —0.060" -0.19
(pH) F 0.028 —0.02
AB 0.031 0.03
AC 0.009 —0.15
AD —0.022 —0.18
AE —0.023 —-0.15
AF —0.009 -0.26
BC -0.032° -0.14
BD —0.032° 0.30°
BE —0.058" —0.11
BF —0.000 0.11
CD —0.028 —0.01
CE —0.028 0.03
CF 0.005 0.16
DE —-0.010 0.29
DF 0.022 —0.00
EF 0.002 —0.11
Standard deviation 0.019 0.18

?Indicates significance at the 95% confidence level

® Indicates significance at the 90% confidence level

exacerbated at high aeration rates. Incubator temperature had a small negative effect in
nonaerated reactors and a sizeable negative effect in aerated reactors, providing further
evidence that incubator temperature is an especially important factor in the production of
bioactive compounds by B. subtilis in small-scale aerobic cultures.

Factor effects for spore production were similar to those for the inhibition data in that
aeration and peptone addition showed significant positive and negative effects, respectively.
However, unlike the inhibition data, spore counts did not show significant effects from
fermentation time or incubator temperature.

Although fermentation time did show a positive effect on inhibition levels, the
significant impact of cooler ambient temperature on lag time makes it difficult to compare
the reactors on this basis. The 48-h stop time for reactors in the cool and warm incubators
occurred at 15 and 22 h after peak temperature, respectively. A follow-up experiment was
conducted to explore fermentation time relative to the time of peak temperature. Four
reactors were run at 22 and 30 °C and a reactor was killed at 0, 8, 16, and 40 h after peak
temperature. Reactor contents were dried and extracted as described earlier.

Results of inhibition assays for those extracts are shown in Fig. 4 and reveal that production
of bioactive compounds in reactors with different incubator temperatures followed similar
trends. Quadratic equations were fitted through the data for the 22- and 30-°C reactors, as
shown in Fig. 4. Maximum inhibition was predicted at 24 h past peak temperature for both
data sets. Further studies did not include fermentation time as a design factor; regular aeration
was stopped at 24 h past peak temperature for all treatments.
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Second Stage of Optimization

Of the factors examined in the first-stage fractional factorial design, only aeration and
incubator temperature were chosen for further study in the next stage of optimization.
Fermentation time was not included in the design despite its positive effect on inhibition for
the reasons described previously. Factors having either a negligible or negative effect on the
production of spores and inhibitory compounds were also not included.

Because aerated reactors were shown to have much higher spore and inhibitory
compound production, aeration level was included as a factor in the second-stage design.
Aeration levels were set at 0.1, 0.8, and 1.5 Ipm to provide a range that could include O,-
limiting conditions and significant convective and evaporative heat losses.

Because 30 °C incubator temperatures had a significantly negative impact on BCP
extract inhibition, it was hypothesized that further process improvements could be possible
through decreasing incubator temperature. The temperature levels chosen for the CCF
design were 19, 23, and 27 °C. Temperatures lower than 19 °C were not included because
growth was slowed excessively at such extremes and long lag times precluded efficient
sample processing.

Although not examined in the first study, substrate MC was included in the second-stage
design because MC is linked closely to aeration rates and temperature in many solid-state
bioprocessing applications. High aeration rates may help to control reactor temperatures but
often lead to drying of the substrate bed. Evaporative and convective heat losses account for
approximately 75% of the total heat loss in microreactors at aeration rates of 1.5 Ipm with
evaporation accounting for more than half of that amount (analysis not shown).

The central composite design results showed much better bioreactor temperature control.
Maximum temperatures ranged from 23 to 51 °C whereas the time required to reach
maximum temperature ranged from 23 to 72 h (see Table 6). The shape of the temperature
profiles were the same for all reactors (as shown in Fig. 1) with the exception of treatment 3
(see Table 4 for treatment conditions). This profile showed a second temperature peak
approximately 12 h after the primary peak; this profile was also seen in a preliminary study
under the same conditions. Aeration rate affected both reactor peak temperature and
minimum outlet O, concentrations. Low aeration rates generally led to higher reactor
temperatures and outlet O, concentrations as low as 2.5%. Reactors with the middle and
highest aeration rates showed no evidence of O, limitation as minimum outlet
concentrations were above 19 and 20%, respectively.
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Table 6 Summary of data from CCF design for BCP optimization.

Treatment Peak Peak Cumulative oxygen Spore concentration Inhibition at 20 mg
temperature time (h) consumption (mol) (cfu/dry g) BCP/ml (%)
(°C)
1 37 72 0.47 1.34x 10" 28.9
2 47 23 0.70 2.30x10'" 32.2
3 40 58 0.62 1.90x10' 53.2
4 49 24 1.00 1.84x10' 13.0
5 23 80 0.35 2.53x10'" 5.6
6 36 26 0.72 2.46x10" 20.0
7 26 71 0.88 2.02x10" 55.1
8 48 27 1.19 2.62x10" 54.8
9 51 34 0.50 1.66x10' 38.9
10 32 44 0.64 1.77x10" 59.9
11 31 40 0.44 1.41x10" 45.6
12 37 36 0.76 2.71x10" 58.9
13 31 67 0.57 1.95x10' 60.0
14 49 24 0.88 1.68x10'° 50.0
15 41 37 0.63 1.70x10' 448
16 40 36 0.70 2.25x10'" 55.0
17 39 36 0.72 2.88x10'" 51.0
18 37 36 0.66 2.85x10'" 59.8
19 40 39 0.64 2.72x10" 59.7

See Table 4 for treatment conditions.

A summary of temperature, oxygen, spore count, and inhibition data for the CCF design
is given in Table 6. Extract inhibition was tested at concentrations between 5 and 80 mg
BCP/ml, and 20 mg BCP/ml was chosen for further analysis and modeling. Spore and
inhibition data were poorly correlated with a correlation coefficient () of 0.15. Other
variables also had poor correlation with spore and inhibition data; the highest correlation
was between cumulative oxygen uptake and spore concentration (#=0.26). The apparent
lack of correlation between spore production and sample extract inhibition illustrates the
importance of environmental factors in lipopeptide production.

Data Modeling

Both the inhibition data at 20 mg BCP/ml and the log transformation of spore concentration
data were used to create response surface models for the SSF process. A significance test on
each of the coefficients, [3;, derived for the original form of the model (see Eq. 1) of
inhibition data showed that the term associated with the quadratic effect of incubator
temperature, Js, was not significant (p=0.329). This term was dropped from the model and
the parameters were recalculated.

The final model for bioassay inhibition at 20 mg BCP/ml is:

y=—200 — 62.7x; + 324x; +4.37x3 — 25.0x% — 76.9)(% + 40.4x1x; + 2.28x1x3 — 5.20x5x3
(5)

The ANOVA table for the model is shown in Table 7. Results of analysis showed that the
regression was significant at the 95% confidence level (p=0.001) without significant
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Table 7 ANOVA table for inhibition model derived from CCF design.

Source of variation Sum of squares Degrees of freedom Mean square Fy p value
Regression 4,545.1 8 568.1 9.24 0.001
Residual 614.7 10 61.5 1.88 0.28
Lack of fit 453.9 6 75.7
Pure error 160.8 4 40.2
Total 5,159.8 18 286.7

The R? value for the model is 0.881.
The R2y; value is 0.786.

evidence for lack of fit (»p=0.29). The models R* and Ry were 0.88 and 0.79, respectively.
Figure 5 shows the model contour plots at d.b. MCs of 1.0, 1.35, and 1.7 g/g. The model
predicted that maximum inhibition (68%) within the design space occurs at a MC of 1.7 g/g

(d.b.), incubator temperature of 19 °C, and an aeration rate of 1.0 Ipm. The model indicates

Fig. 5 Contour plots of micro-
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Table 8 ANOVA table for model of log (spore concentration) for CCF design.

Source of variation Sum of squares Degrees of freedom Mean square Fy p value
Regression 0.78 0.111 6.40 0.0035
Residual 0.19 11 0.017 2.31 0.22
Lack of fit 0.15 0.022
Pure error 0.04 4 0.009
Total 0.97 18 0.054

The R? value for the model is 0.803.

The R2y; value is 0.677.

that inhibition is more sensitive to temperature than to aeration rates in the space immediately

surrounding the predicted maximum but falls off more steeply at the lowest aeration rates.
A similar analysis for a model of final BCP spore concentration showed that the

quadratic terms for both MC and temperature (35 and (35 from Eq. 1, respectively) were not

Fig. 6 Contour plots of spore
concentrations at constant MC
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significant and were thus removed from the final model before recalculating the
coefficients. The final model is

y=7.10 — 1.14x; + 2.31x, + 0.135x3 — 0.274x> + 0.448x1x, + 0.039x,x3 — 0.100x,x3  (6)

The ANOVA table for this model is shown in Table 8. Regression was again found to be
significant at the 95% confidence level (p=0.004) whereas there was no significant
evidence for lack of fit (p=0.22). The R* and Ridj values were 0.80 and 0.68, respectively.
Contour plots generated from Eq. 6 are shown in Fig. 6. The model shows that the
maximum predicted spore concentration (3.2x 10" spores/dry g) within the design space is
produced at a MC of 1.7 g/g, incubator temperature of 27 °C, and an aeration rate of
1.2 Ipm. The contour plot, however, shows that spore production is fairly robust at high
MCs with spore concentration as high as 2.9 x 10'° spores/dry g at an incubator temperature

of 19 °C and an aeration rate of 0.4 lpm.

Discussion and Conclusions

This study was undertaken to delineate how environmental and nutritive factors affect
overall antifungal activity and spore production of the BCA B. subtilis. In the full factorial
design analysis, BCP extracts from aerated reactors had significantly more antifungal
activity than nonaerated reactors. The significant interaction effect between aeration and
nitrate addition showed a small positive effect of nitrate addition in nonaerated reactors and
a stronger negative effect in aerated reactors. The presence of nitrate, although beneficial in
the absence of aeration, was not able to increase antifungal lipopeptide production beyond
levels seen in aerated reactors. Surfactin production has been shown to increase under
anaerobic nitrate-limited conditions after nitrate depletion [8]. Although nitrate was not
monitored throughout the process or measured after SSF completion, initial nitrate
concentrations may have been either not high enough to support sufficient microbial
growth or too high so that nitrate did not become limiting during fermentation.

Peptone and pH were previously found to have significant effects on lipopeptide
production from B. subtilis in liquid culture [9]. In that study, peptone addition had a strong
positive effect on lipopeptide production with the highest production levels occurring with
the highest peptone concentrations tested. Media pH was also determined to be an
important factor and an optimum pH of 7 was reported. In this SSF study, peptone addition
had a significantly negative effect on extract antifungal activity whereas the effect of pH
buffer addition was not significant. These findings underscore the differences between
fermentations using liquid and solid media because each environment has its own growth
limitations based on factors such as baseline media nutrient content and buffering capacity.
In this study, the addition of such amendments did not significantly increase spore
concentration or extract antimicrobial activity of the final product for B. subtilis SSF using
a wheat middling substrate.

Incubator temperature, initial reactor MC, and aeration rate were all found to have
significant effects on both SSF spore production and BCP extract activity. Some similarities
were seen between the models quantifying the effects of fermentation conditions on these
two response variables. Increasing initial MC had the greatest positive impact on both spore
concentration and extract activity with highest values occurring at the highest MC. These
results would suggest that increasing MC beyond the maximum level tested (1.7 g/g d.b.)
could yield greater process improvements. Preliminary studies (data not shown), however,
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showed that 1.7 g/g was near the water-holding capacity of the wheat middlings and
increasing initial MC beyond that level led to formation of free water during fermentation.

Whereas spore concentration and extract inhibition models predicted some similarities in
optimal conditions, there are certain conditions that favor production of one but not the other.
Ata MC of 1.0 g/g, an aeration rate of 0.4 Ipm, and an incubator temperature of 27 °C, spore
concentrations are 92% of the maximum predicted values within the design space (at 1.7 g/g
d.b., 1.2 Ipm, and 27 °C). Inhibition values at this point, however, are only predicted to be
36% compared to the maximum value of 68%. Generally, spore production was more robust
than extract activity across processing conditions. This suggests that although high cell
density is necessary for maximum extract activity, specific environmental conditions during
fermentation can either enhance or limit production of antifungal compounds despite high
spore concentrations.

Based on the data presented here on SSF of B. subtilis on wheat middlings, the region of
fermentation conditions producing maximum antifungal activity is a subset of those
producing near maximum spore concentrations. Therefore, conditions that yield maximum
antifungal activity can also produce near maximum spore concentration, whereas the
opposite is not always true. Further improvements to BCP product efficacy are likely to be
realized by focusing on in vitro extract inhibitory activity as the primary metric for
maximizing biological control potential.

Acknowledgements We thank Dr. Gary Bergstrom and Dr. Thomas Zitter in the Department of Plant
Pathology, Cornell University, for providing the B. subtilis and F. oxysporum cultures, respectively. This
research was supported in part by a USDA MGET (Multi-Disciplinary Graduate Education Traineeship)
program grant.

References

—_

. Yamada, S., Takayama, Y., Yamanaka, M., Ko, K., & Yamaguchi, 1. (1990). Journal of Pesticide

Science, 15, 95-96.

2. Vanittanakom, N., Loeffler, W., Koch, U., & Jung, G. (1986). Journal of Antibiotics, 39, 888-901.

. Marten, P., Smalla, K., & Berg, G. (2000). Journal of Applied Microbiology, 89, 463—471.

4. Leenders, F., Stein, T. H., Kablitz, B., Franke, P., & Vater, J. (1999). Rapid Communications in Mass
Spectrometry, 13, 943—949.

5. Ohno, A., Ano, T., & Shoda, M. (1995). Journal of Fermentation and Bioengineering, 80, 517-519.

6. Toure, Y., Ongena, M., Jacques, P., Guiro, A., & Thonart, P. (2004). Journal of Applied Microbiology,
96, 1151-1160.

7. Akpa, E., Jacques, P., Wathelet, B., Paquot, M., Fuchs, R., Budzikiewicz, H. et al. (2001). Applied
Biochemistry and Biotechnology, 91-93, 551-561.

8. Davis, D. A., Lynch, H. C., & Varley, J. (1999). Enzyme and Microbial Technology, 25, 322-329.

9. Jacques, P., Hbid, C., Destain, J., Razafindralambo, H., Paquot, M., De Pauw, E. et al. (1999). Applied
Biochemistry and Biotechnology, 77-79, 223-233.

10. Ohno, A., Ano, T., & Shoda, M. (1993). Journal of Fermentation and Bioengineering, 75, 23-27.

11. Hbid, C., Jacques, P., Razafindralambo, H., Mpoyo, M. K., Meurice, E., Paquot, M. et al. (1996).
Applied Biochemistry and Biotechnology, 57-58, 571-579.

12. Ohno, A., Ano, T., & Shoda, M. (1995). Biotechnology and Bioengineering, 47, 209-214.

13. Thimon, L., Peypoux, F., Magetdana, R., Roux, B., & Michel, G. (1992). Biotechnology and Applied
Biochemistry, 16, 144-151.

14. Tsuge, K., Ano, T., & Shoda, M. (1996). Archives of Microbiology, 165, 243-251.

15. Kluge, B., Vater, J., Salnikow, J., & Eckart, K. (1988). FEBS Letters, 231, 107-110.

16. Huang, C. C., Liao, Z. M., Hirai, M., Ano, T., & Shoda, M. (1998). Journal of Fermentation and
Bioengineering, 86, 605-607.

17. Ohno, A., Ano, T., & Shoda, M. (1992). Biotechnology Letters, 14, 817-822.

W



Appl Biochem Biotechnol (2007) 143:63-79 79

18.

19.
20.

21.

22.

23.

24.

Kuehl, R. O. (2000). Design of experiments: Statistical principles of research design and analysis.
Pacific Grove, CA: Duxbury.

Montgomery, D. C. (1991). Design and analysis of experiments. New York: Wiley.

Box, G. E. P, Hunter, W. G., & Hunter, J. S. (1978). Statistics for experimenters: An introduction to
design, data analysis, and model building. New York: Wiley.

Myers, R. H., & Montgomery, D. C. (1995). Response surface methodology: Process and product
optimization using designed experiments. New York: Wiley.

Pryor, S. W., Gibson, D. M., Krasnoff, S. B., & Walker, L. P. (2006). Transactions of the ASABE, 49,
1643-1649.

Bergstrom, G. C., & da Luz, W. C. (2005). Biocontrol for plants with Bacillus subtilis, Pseudomonas
putida, and Sporobolomyces roseus. US Patent, 6, 896-883 B2.

Pryor, S. W., Gibson, D. M., Bergstrom, G. C., & Walker, L. P. (2007). BioTechniques, 42, 168—172.



	Optimization of Spore and Antifungal Lipopeptide Production During the Solid-state Fermentation of Bacillus subtilis
	Abstract
	Introduction
	Materials and Methods
	Experimental Design
	First-stage Optimization
	Second-state Optimization

	SSF System
	Microbial and Biochemical Assays
	Data Collection
	Data Modeling

	Results
	First Stage of Optimization
	Second Stage of Optimization
	Data Modeling

	Discussion and Conclusions
	References




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for journal articles and eBooks for online presentation. Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


