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Abstract Studies were conducted on the production of
Bacillus thuringiensis (Bt)-based biopesticides to ascer-
tain the performance of the process in shake flasks, and
in two geometrically similar fermentors (15 and 150 l)
utilizing wastewater sludge as a raw material. The results
showed that it was possible to achieve better oxygen
transfer in the larger capacity fermentor. Viable cell
counts increased by 38–55% in the bioreactor compared
to shake flasks. As for spore counts, an increase of 25%
was observed when changing from shake flask to fer-
mentor experiments. Spore counts were unchanged in
bench (15 l) and pilot scale (5.3–5.5 e+08 cfu/ml; 150 l).
An improvement of 30% in the entomotoxicity potential
was obtained at pilot scale. Protease activity increased
by two to four times at bench and pilot scale, respec-
tively, compared to the maximum activity obtained in
shake flasks. The maximum protease activity (4.1 IU/
ml) was obtained in pilot scale due to better oxygen
transfer. The Bt fermentation process using sludge as
raw material was successfully scaled up and resulted in
high productivity for toxin protein yield and a high
protease activity.

Keywords Protease Æ Bacillus thuringiensis Æ
Wastewater sludge Æ Sporulation Æ Entomotoxicity

Introduction

The production of Bacillus thuringiensis (Bt)-based bio-
pesticides using wastewater sludge as a raw material has
been successfully achieved in our laboratory [20, 25, 28,
29, 32, 33]. All these latter studies were conducted in
shake flasks and/or bench scale bioreactors (10 l work-
ing volume). However, in order to develop suitable
technology for possible commercialization, it was
essential to carry out tests in pilot fermentors.

The purpose of scale-up is the selection of design
conditions and operational procedures to ensure that the
effect of different variables on the process is the same in
units of different size. The final objective is to bring a
fermentation process to its economic fruition, and there-
fore the technical aspects are important in so far as they
can be translated into economic indicators such as yield,
productivity, capital investment, and unit production
cost, the combined evaluation of which eventually decides
the economic viability of the process. Up-scaling fer-
mentation processes from lab-scale to commercial units is
challenging due to the difficulty in assessing the factors
affecting the scale-up process during cultivation. It is well
known that microorganisms are more susceptible to
environmental variables, such as pH, temperature, dis-
solved oxygen (DO) and composition of rawmaterials, at
large scale. These variables have a substantial effect on cell
growth and metabolite production [13]. Also, particular
attention must be paid to the oxygen transfer rate (OTR)
and heat transfer rate. It is critical to ensure that, at large
scale cultivation, the Bt process has adequate oxygen
transfer and cooling capacity [35]. Other operational
factors can and do change in scale-up, such as quality of
mixing, shear stress, selection of cheaper media, foam
control, physiological state of the inoculum, and sterili-
zation of culture medium [14].

To ensure successful scale-up of fermentation pro-
cesses, it is essential to determine appropriate scale-up
criteria and the factors that reflect critical parameters of
the fermentation process. Bt fermentation is a strong
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aerobic fermentation. The most utilized criteria for
scale-up of aerobic fermentations maintaining geometric
similarity are based on empirical or semi-empirical
equations, which correlate the volumetric oxygen
transfer coefficient (KLa) and the volumetric airflow rate
per unit working volume (Q/V). Geometric similarities
are the ratio between liquid height and vessel diameter,
or the ratio between impeller diameter and vessel
diameter. Geometric similarity is important from the
practical point of view, in that it simplifies prediction of
large-scale fermentor performance [16].

The primary aim of our investigation was to ensure
reproducibility of results obtained at bench (15 l) and
pilot (150 l) scale. Reproducible results are vital to a
systematic analysis of the influence of process develop-
ment parameters on fermentation performance on a
large scale.

Materials and methods

Bacillus thuringiensis strain

B. thuringiensis var. kurstaki HD-1 (ATCC 33679) (Btk)
was obtained from ATCC and maintained in the
Canadian Forestry Service Lab (Ste-Foy, QC, Canada).
An active culture was maintained by streak inoculating
nutrient agar slant plates [tryptic soy agar (TSA) =
3.0% (v/v) tryptic soya broth (TSB; Difco, Detroit,
Mich.) +1.5% Bacto- agar (Difco)], incubating at 30�C
for 48 h and then storing at 4�C for future use.

Inoculum preparation

The inoculum was prepared in two steps as reported by
Lachhab et al. [20]. Aliquots of bacteria from the slant
were used to inoculate 500 ml Erlenmeyer flasks con-
taining 100 ml sterilized TSB (3% v/v). After 8–12 h
incubation at 30�C under shaking conditions (250 rpm),
2% (v/v) of this broth was used as seed culture to
inoculate an Erlenmeyer flask containing the same
medium (sludge in this case) as used for Bt fermentation.
The flasks were then incubated in a rotary shaking
incubator at 30�C with an agitation speed of 250 rpm
for about 10–14 h. All the media used for inoculum
preparation were adjusted to pH 7 before autoclaving.
Finally, a 2% (v/v) inoculum of the actively growing
cells (in exponential phase) of the pre-culture was
transferred to the experimental shake flask and fer-
mentor.

Raw material

Secondary sludge from a wastewater treatment plant
[Communauté Urbaine du Quebec (CUQS)] was used
(Table 1). The sludge was allowed to settle to increase
the solids concentration to 25 g/l.

The physical characteristics of the sewage sludge,
such as total sludge solids (TS), volatile solids (VS),
suspended solids (SS) and volatile suspended solids
(VSS), were determined according to standard methods
[4]. The chemical characteristics of the sludge, such as
total carbon and nitrogen, were analyzed with an NA
1500-NCS analyser (Carlo Erba, Milan, Italy). Other
chemical components in the sludge, e.g., ammonical
nitrogen, total phosphorus and phosphate as PO4, were
analysed with a Technicon Analyser II (Technicon,
Tarrytown, N.Y.). Metal (Al, Cd, Cr, Cu, Fe, Mn, Pb,
Zn, Mg and Ca) concentrations were analysed by atomic
absorption spectrometry using a Spectra AA-20 (Varian
Techtron, Springvale, Victoria, Australia).

Fermentation procedure

Shake flask experiment

A 2% (v/v) inoculum of the pre-culture was used to
inoculate a 500 ml Erlenmeyer flask containing 100 ml
sterilized sludge. The flask was then incubated at
30�C±1 in a shaking incubator at 250 rpm for 48 h.

Bench and pilot-scale fermentor

Fermentations were carried out in two stirred-tank
bioreactors—bench- and pilot-scale—with accessories
and automatic control systems for DO, pH, antifoam,
impeller speed, aeration rate and temperature. Details of
fermentor dimensions are summarized in Table 2. The
computer program used (Fix 5.5; Intellution, Norwood,

Table 1 Physical and chemical characteristics of Communauté
Urbaine du Quebec (CUQS) sludge

Characteristics Value

Physical characteristics
Total solids (g/l) 29
Volatile solids (g/l) 19
Suspended solids (g/l) 25
Volatile suspended solids (g/l) 18
pH 5.7
Chemical characteristics
Total carbon (%, dry TS) 40.43
Total nitrogen (%, dry TS) 5.25
Ammonical nitrogen (mgN/kg) 632
Total phosphorus (mgP/kg) 10,525
Orthophosphates (mgP/kg) 5,830
Metals (in mg/kg)
Al3+ 16,445
Ca2+ 18,778
Cd 3.3
Cr 94
Cu+ 271
Fe 12,727
Mg 2,556
Mn 182
K+ 2,563
Pb 67
Zn 551
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Mass.) allowed automatic set-point control and regis-
tration of all stated parameters.

Before each sterilization cycle, the pH-electrode was
calibrated using buffers of pH 7 and 4 (VWR, Missis-
sauga, ON, Canada). The DO probe was calibrated to
zero (with 1 N sodium sulfite solution) and 100% (sat-
urated with air). Sludge was added to the fermentor, and
polypropylene glycol (PPG; Sigma, Oakville, ON, Can-
ada) (0.1% v/v) solution was added to control foam
during sterilization. The fermentor was then sterilized in
situ at 121�C for 30 min. After sterilization, the fer-
mentor was cooled to 30�C. The DO probe was recali-
brated to zero by sparging N2 gas, and to 100%
saturation by sparging air at maximum agitation rate
(150 rpm for pilot-scale fermentor and 500 rpm for
bench-scale fermentor). The fermentor was then inocu-
lated (2% v/v inoculum) with actively growing cells of
the pre-culture. Fermentations were carried out under
constant volumetric airflow rate per unit volume (Q/
V=0.3 vvm). The agitation speed was varied to main-
tain DO values above 20% of saturation, which ensured
oxygen concentrations above the critical level [6]. We
found that if the oxygen concentration is allowed to
decrease below 20–24% of saturation, the entomotox-
icity value was markedly reduced (data not shown). The
temperature was controlled at 30�C±1 by circulating
hot or cold water through the jacket using a circulation
pump. The pH was controlled at 7.0±0.1 using either
4 N NaOH or 6 N H2SO4 via computer-controlled
peristaltic pumps. Foaming during fermentation was
controlled using both a mechanical foam breaker and a
chemical antifoam agent (PPG in 1:10 aqueous emul-
sion). DO and pH were continuously monitored by
means of polarographic DO probe (Mettler Toledo,
Newark, Del.) and pH sensor (Mettler Toledo) respec-
tively. Samples were collected periodically to monitor
changes in total viable cells (VC), spore count (SC),
proteolytic activity (PA) and entomotoxicity (Tx).

Estimation of cell and spore count

To determine VC and SC, samples were serially diluted
with sterile saline solution (0.85% NaCl). Appropriately
diluted samples (0.1 ml) were plated on TSA plates and
incubated at 30�C for 24 h to form fully developed

colonies. For SC, appropriately diluted samples were
heated in a silicone bath at 80�C for 10 min and then
chilled on ice for 5 min [31]. This heat/cold shock lysed
the vegetative cells and liberated those spores already
formed in the bacterial cells [34]. VC and SC titers were
estimated by counting colonies grown on nutrient
medium. For all counts, the average of at least three
replicate plates was used for each dilution tested. For
enumeration, 30–300 colonies were counted per plate.
The results were expressed in colony forming units per
milliliter (cfu/ml). In order to establish the reliability and
reproducibility of the plate count technique, ten inde-
pendent samples were drawn (at the same time) from the
shake flask experiment and were serially diluted and
plated. Each dilution was plated on three different
plates, colonies were counted and the standard deviation
calculated. The standard deviation thus calculated was
6%.

Bioassay

The Tx of the fermentation products was measured by
bioassay as the relative mortality to spruce budworm
larvae (Choristoneura fumiferana, Lepidoptera: Tortici-
dae; responsible for the destruction of conifer forests)
induced by the fermentation product compared to that
induced by the standard preparation Foray 76B (Abbott
Labs, Chicago, Ill.). Bioassays were carried out using the
diet incorporation method [7]. In this technique, 1.5 ml
of serially decimal diluted sample was mixed with 30 ml
molten (usually 55�C) agar-based diet and distributed
into 20 bioassay tubes (1 ml/tube). Three sets of controls
(diet with sterilized water and sterilized production
medium) were also included in the procedure to correct
the mortality of larvae due to the sludge. One third-
instar larva of eastern spruce budworm, kindly supplied
by the Laurentian Forestry Centre (Ste-Foy, QC, Can-
ada) was placed in each vial after the diet solidified. The
vials were incubated at ambient temperature for 1 week.
Samples with >10% mortality in controls were dis-
carded and the whole procedure was repeated.

The Tx of the Bt preparation was calculated as
mortality observed relative to the standard preparation
and expressed in terms of billions (109) of international
units of toxicity per liter (BIU/l). The standard deviation
for Tx measurement was less than 5%.

Proteolytic activity assay

Proteolytic activity was determined according to Kunitz
[19] with minor modifications. Samples collected from
the fermentor were centrifuged at 7,650 g for 20 min at
4�C. The supernatant thus obtained was appropriately
diluted with borate buffer, pH 8.2. Alkaline protease
activity was assayed by incubating 1 ml diluted enzyme
solution with 5 ml casein for 10 min at 37�C in a con-
stant-temperature water-bath. The reaction was termi-

Table 2 Dimensions of bench- and pilot-scale bioreactors

Bioreactor Bench scale Pilot scale

Total volume (l) 15 150
Working volume (l) 10 100
Impeller (six-blade Rushton
turbines)

3 3

Stirrer diameter, DI (m) 0.1 0.25
Tank diameter, Dt (m) 0.20 0.5
Dt/DI 2 2
Liquid height, HL (m) 0.3 0.75
HL/Dt 1.5 1.5
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nated by adding 5 ml 10% trichloroacetic acid (TCA).
This mixture was incubated for 30 min to precipitate the
total non-hydrolyzed casein. Parallel blanks were pre-
pared with inactivated casein. At the end of the incu-
bation period, samples and blanks were filtered through
Whatman 934-AH paper. The absorbance of the filtrate
was measured at 275 nm. Results were validated by
treating a standard enzyme solution (Subtilisin Carls-
berg, Sigma-Aldrich-Canada) of known activity in the
same way and under the same conditions. One proteo-
lytic activity unit was defined as the amount of enzyme
preparation required to liberate 1 lmol (181 lg) tyro-
sine from casein per minute in pH 8.2 buffer at 37�C.
Statistical treatment of the results showed maximum
deviations of 5%.

Determination of KLa, oxygen uptake rate and OTR

The volumetric oxygen transfer coefficient (KLa) was
measured in bench- and pilot plant-fermentors. In this
work the measurement of KLa is based on the dynamic
gassing out method [2]. KLa was determined during
fermentation at the sampling times. During batch fer-
mentation, the mass balance of the DO concentrations
in the cultivation medium was defined thus:

dCL

dt
¼ OTR�OUR

The oxygen transfer rate (OTR) ¼ KLaðC� � CLÞ; and
OUR ¼ QO2

X ;where KL is the liquid phase mass
transfer coefficient, a the gas liquid interfacial area, KLa
the volumetric oxygen transfer coefficient, C* the sat-
urated oxygen concentration, and CL the DO concen-
tration in the medium.

OUR was measured by shutting off airflow:

dCL

dt
¼ �QO2

X

Oxygen concentration in the fermentation broth was
converted from % air saturation to mmol O2/l as fol-
lows: the DO electrode was calibrated in medium at
30�C and then transferred to air-saturated distilled water
at known temperature and ambient pressure. This
reading, together with the known saturation concentra-
tion of oxygen in distilled water (0.07559 mmol/l at
30�C) (100%), was used to estimate the saturation
concentration of oxygen in cultivation medium at 30�C.

Results and discussion

Enhancement of viable cell and spore count

VC and SC profiles, Tx potential and proteolytic activity
were very similar in shake flask, bench and pilot scale
fermentor (Figs. 1, 2, 3). A short lag phase was observed
in shake flask as well as in bench and pilot fermentors;

this could be attributed to good adaptation of Bt in the
pre-culture stage. The pre-culture stage allowed the
bacteria to synthesize specific enzymes for the degrada-
tion of the organic matter present in sludge, and use the
generated energy for cellular development [20].

Irrespective of the scale of fermentation, exponential
growth occurred during the first 9–10 h (Figs. 1, 2, 3):
the maximum values of specific growth rates (lmax)
based on total VC count were 0.354, 0.409 and 0.569/h
in shake flask, bench scale fermentor and pilot scale
fermentor, respectively (Table 3). Figures 1, 2 and 3 also
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Fig. 1 Total viable cells (VC), spore counts (SC), entomotoxicity
(Tx) and protease activity (PA) during fermentation in shake flasks
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Fig. 2 a VC, SC, Tx and PA during fermentation in a bench-scale
fermentor. b Profiles of dissolved oxygen (DO), stirrer speed,
volumetric oxygen transfer coefficient (KLa), oxygen transfer rate
(OTR) and oxygen uptake rate (OUR) in bench-scale fermentor
(10 l working volume)
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show that it is difficult to demarcate vegetative growth
and spore production; spore concentration increased
from zero time. The presence of spores in the sample
drawn just after inoculation (zero time) indicated that
there were spores in the inoculum. However, the increase
in total VC count (spore and vegetative cells) showed
that active growth continued for 9–10 h followed by a
slower growth (Figs. 1, 2, 3). Exponential growth per-
sisted for about 6 h. The VC count increased by 38–55%
in the bioreactors compared to in shake flasks (Table 3).
The reason for this increase might be the comparatively
high lmax value and controlled conditions of pH and
DO in bioreactors. The higher lmax in the fermentor
could be attributed to better oxygenation capacity of the
medium at the bench and pilot scale, in agreement with
the conclusions of others [1, 36] working with gruel and
molasses as raw material, respectively.

An increase of about 35% in SC was observed going
from shake flask to fermentor experiments (Table 3). It
is important to point out that sporulation was not af-
fected by the change of scale under controlled condi-
tions. The SC was approximately the same at bench and
pilot scale (5.3–5.5 e+08 cfu/ml); this could be due to
non-limiting oxygen conditions.

Enhancement of Tx potential

Tx potential was measured from 12 h of growth and
showed an almost linear increase with fermentation
time. Early spore production (Figs. 1, 2, 3) resulted in a
concomitant increase in Tx value irrespective of scale.
Tx values were not measured before 12 h; however, there
could be production of Tx in the medium before 12 h
along with spore production. Tx obtained at the end of
active growth (12 h) was substantial, 50% of maximum
(at the end of fermentation) in shake flasks and bench
scale fermentors and 69% in pilot scale fermentors
(Figs. 1, 2, 3). This is contrary to the findings of many
authors who stated that, during exponential growth,
cells do not contain the crystal toxin antigen and are
nontoxic [21]. One of the reasons for this discrepancy
could be slow Bt growth in the sludge medium, which
might have helped the spores to mature properly and
provided sufficient time for the formation of endotoxin
before cell lysis occurred [33]. Aronson [5] also showed
that a crystal toxin antigen appears in the cells strictly
during spore engulfment (stage III) and cortex synthesis
(stage IV). This could explain the substantial Tx value
obtained after 24 h fermentation; Tx values were 70%,
75% and 77% in shake flask, bench scale fermentor and
pilot scale fermentor, respectively (Figs. 1, 2, 3). The
balance of the Tx potential appeared during the
remainder of the fermentation course (24–48 h), where
there was no substantial increase in SC.

The highest entomocidal activity was also found near
the end of cultivation, as shown in Figs. 1, 2 and 3. A
30% improvement in Tx potential was obtained at pilot
scale as compared to shake flasks. In general, the high-
er lmax values obtained in bench and pilot fermentors
(Table 3) resulted in higher VC, SC and Tx, as fast-
growing cells carry higher energy, leading to higher
sporulation and Tx potency [29, 32].

Proteolytic activity

Bacillus are typical carrion dwellers—they are well
adapted to digest varied and complex substrates. From
the onset of sporulation, Bt synthesizes different types of
proteases required to hydrolyze complex proteins in
order to satisfy its nutritional needs [8, 10].

The evolution of PA produced at different production
scales is illustrated in Figs. 1, 2 and 3. The maximum PA
observed was 1.2 (24 h), 2.6 (36 h) and 4.1 (30 h) IU/ml
in shake flask, bench and pilot scale fermentors,

Table 3 Fermentation parameters and performance of the Bacillus
thuringiensis (Bt) process at different production scales. SS Sus-
pended solids, lmax maximum growth rate, VC total viable cells,
SC spore count, Tx entomotoxicity, PA proteolytic activity

Flask Bench scale Pilot scale

Agitation (rpm) 250 300–500 100–200
Aeration (vvm) – 0.3 0.3
SS (g/l) 25 25 25
lmax (per hour) 0.354 0.409 0.567
VC (48 h) (cfcu/ml) 4.3 e+08 5.97 e+08 6.67 e+08

SC (48 h) (cfu/ml) 3.97 e+08 5.37 e+08 5.53 e+08

Tx (48 h) (109 IU/l) 10 12 13
Max PA (IU/ml) 1.2 at 24 h 2.6 at 36 h 4.1 at 30 h
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Fig. 3 a VC, SC, Tx and PA during fermentation in a pilot-scale
fermentor. b DO, stirrer speed, KLa, OTR and OUR profiles in
pilot scale fermentor (100 l working volume)
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respectively. At all production scales, a decline in PA
was recorded after attaining the maximum level. This
might be due to inactivation of proteases due to inter-
actions with other compounds in the culture medium.

PA increased by 2 and 3.4 times at bench and pilot
scale, respectively, compared to the maximum activity
obtained in shake flasks (Table 3). This could be due to
an increase in oxygen transfer, and pH control. Tyagi
et al. [30] obtained proteolytic activities in fermentors
that were four times higher than those obtained in shake
flasks using sewage sludge as raw material for Bt pro-
duction. Meunier [22] showed that changes in pH during
growth of Bt in shake flask experiments could inactivate
proteolytic enzymes. Moreover, the maximum PA
(4.1 IU/ml) was obtained in pilot scale without affecting
the production of d-endotoxin. These results are in line
with those of Tyagi and co-workers [30], who showed
that a substantial amount of alkaline proteases, as well
as Bt toxins, could be produced simultaneously using
sludge as raw material without affecting the Tx of the
final fermentor broth. Moreover, a formulation devoid
of protease offers a more stable product. Therefore, it is
preferable to eliminate the protease in the supernatant
by centrifugation and use the residual solids containing
Bt cells, spores and endotoxin for formulation. This will
reduce the negative effects of proteases in Bt formula-
tions, and the protease in the supernatant could be
recovered for further use [36, 37].

OUR, OTR and KLa pattern

Profiles of KLa, OUR, and OTR in bench and pilot scale
fermentors are presented in Figs. 2 and 3, respectively.
During the first stage of fermentation (first 6 h of
growth), a decrease in DO was noticed due to the higher
OUR resulting from active growth of Bt (exponential
growth). Thereafter (10–15 h of fermentation), the
oxygen consumption rate decreased and the oxygen
concentration increased and remained relatively con-
stant until the end of fermentation. In wastewater sludge
media, KLa increased at the beginning of fermentation
and then fluctuated somewhat irregularly during the rest
of the fermentation due to changes in impeller speed and
metabolite production.

Increasing the agitation and aeration rates is the tra-
ditional approach used to enhance OTR. Increased agi-
tation produces more gas dispersion, and gas dispersion
produces higher oxygen transfer [23]. However, in pilot
scale, even at low stirrer speed, KLa values were higher
than in bench-scale fermentors (Figs. 2, 3). This could be
due to the small size of air bubbles produced due to
hydrostatic pressure in the pilot-scale bioreactor. In fact,
bubble characteristics have been found to strongly affect
the value ofKLa [15]. Juarez andOrejas [17] also found an
increase in KLa with decreased bubble size.

OUR values were useful determinants of the different
phases of the Bt growth cycle during batch fermentation
[9]. The peaks of KLa, OUR and OTR occurred at the

same time, 6 h after inoculation (Figs. 2 and 3), then
dropped sharply. The sharp decrease in KLa, OUR and
OTR could be identified as marking the end of the
exponential growth phase. OUR and OTR in pilot scale
fermentor are higher than those in bench scale (Figs. 2,
3), and this resulted in a higher specific growth rate in
pilot scale (Table 3). This is in accord with the obser-
vation of Rowe et al. [24], who observed that OUR in-
creased with lmax.

Differences in KLa, OUR and OTR between the two
fermentor scales can be attributed to changes in the
interfacial area (a), which is affected by the volume of
liquid, liquid height in the vessel, the dimensions of the
fermentation vessel, bubble size, and the pattern and
vigor of agitation.

Correlation between KLa and proteolytic activity

OTR and pH are the key variables in the production of
alkaline proteases [3, 18]. A correlation has been found
between the KLa and PA in submerged fermentation.
Oxygen transfer is enhanced at larger scales because
higher superficial velocities are achieved when the
dimensional ratios of the vessels are held constant [15, 27].

The increase of OTR in the pilot scale fermentor in-
creased the PA (Figs. 2, 3). At pilot scale fermentor,
aeration was achieved by a gas sparger consisting of a
perforated ring located at the bottom of the reactor.
This sparger supplied a smaller bubble size than the
bench-scale fermentor (air supply by perforated tube).
The smaller bubble size could also have been created
through higher hydrostatic pressure in the pilot-scale
fermentor. The benefit of small bubbles is the slow rising
velocity, which keeps air bubbles in the liquid longer,
allowing more time for the oxygen to dissolve [11].
Furthermore, small air bubbles provided a higher
interfacial area (a) than large air bubbles [26].

Stirrer speed could also affect PA. A higher agitation
rate in bench scale (300–500 rpm) compared to pilot
scale (100–190 rpm), increased oxygen transfer in the
vessel, but did not improve enzyme production. This
could be due to strong shear rates, which could lead to
deterioration of the cells and hence the enzyme yield
[26].

Process performance

The weak performance (lmax,VC, SC, Tx and PA)
recorded in shake flasks compared to fermentors could
be explained by the fact that Bt fermentation in shake
flasks presents certain limitations at the level of control
of major fermentation parameters including pH, oxygen
transfer, considerable evaporation and poor mixing.
Humphrey [14] revealed that the cotton plug could be a
factor limiting oxygen transfer.

It is clear that under controlled conditions of pH and
DO, a significant enhancement of VC, SC, Tx potential
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and PA are observed. The differences observed between
the bench and pilot-scale runs were presumably related
to the mixing and flow characteristics of each fermentor.
In general, the mixing time is not the same in reactors of
different scale [12].

Wastewater sludge contains a large quantity of pro-
teins, which results in intense foaming during exponen-
tial growth of Bt. However, adequate control of
agitation and aeration with a well-optimized sludge
solids concentration can avoid problems related to foam
formation during fermentation. Higher aeration rates
often encounter the problem of excessive foaming,
especially during exponential growth of Bt using sludge
as raw material [31].

For large-scale production of Bt, the supply of raw
material is not problematic as wastewater sludge is
abundantly available. However, this complex medium is
characterized by an inconsistent and unknown composi-
tion, especially regarding the availability of assimilable
nitrogen and carbon sources, which may lead to a great
variability between fermentation batches. However,
keeping the solids concentration at an optimum level of
20–25 g/l [20] in the fermentor will give a fairly constant
process performance. The effect of variability of sludge
composition onBt growth and toxin synthesis was verified
by collecting sludge samples from the CUQ wastewater
treatment plant at different times (to cover seasonal, day
and night and other possible variations) for a period of
1 year. These samples were used to grow Bt under similar
conditions in shake flasks. It was found that, utilizing the
optimal suspended solids concentration of 20–25 g/l, the
variation in Tx value was between +9 and �13%
(unpublished data). Another way to combat the variation
in sludge characteristics and its consequences on fer-
mentation could be the use of dewatered sludge. Dewa-
tered sludge can be stored over time without changes in
composition. However, dewatered sludge furnished 20%
lower Tx in comparison to fresh sludge at the same solids
concentration (25 g/l) [33].

In conclusion, the performance and reproducibility of
the process at two different production scales has been
demonstrated. The scale-up study has confirmed the
optimal conditions derived from the small-scale opti-
mization study, resulting in higher Tx potential and a
high PA. Thus, this process provides solutions for safe
wastewater sludge disposal and production of high po-
tency and low cost biopesticides.
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23. Parakulsuksatid P (2000) Utilization of microbubble dispersion
to increase oxygen transfer in pilot scale baker’s yeast fer-
mentation unit. MSc Thesis, University of Virginia

24. Rowe GE, Margaritis A, Wei N (2003) Specific oxygen uptake
rate variations during batch fermentation of Bacillus thuringi-
ensis subspecies kurstaki HD. Biotechnol Prog 19:1439–1443

25. Sachdeva V, Tyagi RD, Valero JR (2000) Production of bio-
pesticides as a novel method of wastewater sludge utilization/
disposal. Water Sci Technol 42:211–216

26. Sachidanadham R, Kumar IA, Krishnan MR, Jayaraman K
(1999) Mathematical model based estimation of volumetric
oxygen transfer coefficients in the production of proteolytic en-
zymes in Bacillus amyloliquefaciens. Bioprocess Eng 2:319–322

551



27. Schell DJ, Farmer J, Hamilton J, Lyons B, McMillan JD, Saez
JC, Tholudur A (2001) Influence of operating conditions and
vessel size on oxygen transfer during cellulase production. Appl
Biochem Biotechnol 91:627–642

28. Tirado-Montiel ML, Tyagi RD, Valero JR (2001) Wastewater
treatment sludge as a rawmaterial for the production of Bacillus
thuringiensis based biopesticides. Water Res 35:3807–3816

29. Tirado-Montiel ML, Tyagi RD, Valero JR, Surampalli RY
(2003) Production biopesticides using wastewater sludge as a
raw material: effect of process parameters. Water Sci Technol
48:239–246

30. Tyagi RD, Foko VS, Barnabe S, Vidyarthi AS, Valero JR
(2002) Simultaneous production of biopesticide and alkaline
proteases by Bacillus thuringiensis using sewage sludge as raw
material. Water Sci Technol 46:247–254

31. Vidyarthi AS, Desrosiers M, Tyagi RD, Valero JR (2000)
Foam control in biopesticide production from sewage sludge. J
Ind Microbiol Biotechnol 25:86–92

32. Vidyarthi AS, Tyagi RD, Valero JR (2001) Effect of surface-
active agents on the production of biopesticides using waste-
water sludge as a raw material. Water Sci Technol 44:253–260

33. Vidyarthi AS, Tyagi RD, Valero JR, Surampalli RY (2002)
Studies on the production of Bacillus thuringiensis based bio-
pesticides using wastewater sludge as a raw material. Water Res
36:4850–4860

34. Yamamoto T (1982) Identification of entomocidal toxins of
Bacillus thuringiensis by high performance liquid chromatog-
raphy. J Gen Microbiol 129:2595–2603

35. Yang XM, Wang SS (1998) Development of Bacillus thuringi-
ensis fermentation and process control from a practical per-
spective. Biotechnol Appl Biochem 28:95–98

36. Zouari N, Jaoua S (1999) Production and characterization of
metalloproteases synthesized concomitantly with d-endotoxin
by Bacillus thuringiensis subsp. kurstaki strain grown on gruel-
based media. Enzyme Microbial Technol 25:364–371

37. Zouari N, Achour O, Jaoua S, (2002) Production of delta-
endotoxin by Bacillus thuringiensis subsp kurstaki and over-
coming of catabolite repression by using highly concentrated
gruel and fish meal media in 2 and 20 dm3 fermentors. J Chem
Technol Biotechnol 77:877–882

552


