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To reduce the cost of Bacillus thuringiensis production, we used an industrial
by-product made of molasses added to soybean flour. In addition, we scaled-up the
production from a shake flask to a bioreactor. The results obtained with these cultures
carried out in a 7-L bioreactor with 4-L of working volume were 5.68 = 0.68 gDW/L, 8.9 x
10° spo/mL and 1.1 mg/mL of total protein. With these results, we produced 1.7-fold more
biomass than a shake flask and a 15-fold higher spore count than a shake flask; statistically,
we produced the same concentration as that obtained using a shake flask. Therefore, we

have achieved a successful scale-up process.
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The use of an effective biotechnol ogical
process to develop bioinsecticides to combat the
pest population in agricultural sectors has
increased in recent years due to the devel opment
of resistance in insects against chemical
insecticides. In México and Latin American, it is
expensiveto produce bioinsecticides3; therefore,
theuseof inexpensive, locally availableingredients
for the production of bioinsecticides could helpto
reduce the cost of the product®.

Studies on the production of
bioinsecticides using various Bacillus
thuringiensis subspecies have been reported® ©.
This aerobic spore-forming bacterium produces a
variety of plasmid-encoded crystal proteins, known
as d-endotoxins, and virulence factors, which
exhibit high toxicity against agricultural pests’. The
spore-crystal complex of B. thuringiensis strain
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GP139 has been successfully used as a microbial
control agent for Bemisia tabaci®.
Several authors have proposed to use soya flour
and a molasses sugar cane-like raw material to
develop acheap culture media (9, 10). In previous
work developed in our laboratory (11), various
industrial by-products were investigated in shake
flasks for their ability to support spore-crystal
complex production by strain GP139 of B.
thuringiensis, toxic to B. tabaci. Our results
showed that the best media culture was soyaflour
and molasses medium, which achieved 3.28 gDW/
L, 5.9x 10° spo/mL and 1.36 mg/mL of total protein,
while maintaining toxicity against B. tabaci.
Shake flasks have been widely used,
allowing experimentsto be carried out with minimal
costs and material. However, thereislittle known
regarding theinfluence of the operating conditions
on mass transfer and hydrodynamics in shake
flasks'213, Nevertheless, scaling-up from a shake
flask to a bioreactor is used to produce large
guantities of thefinal product* and some attempts
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have been reported to try to scale up from a flask
to a stirred tank® 617,

In aerobic cultures, agitation and aeration
are involved in mass transfer during the process
flow. An inadequate supply of oxygen is one of
the major problemsin the industrial and lab-scale
production of microbial metabolites'®. To evaluate
if abioreactor is able to supply oxygen at a non-
limiting rate, it isessential to haveagood estimate
of the oxygen transfer capacity of the vessel; this
can be measured in terms of the oxygen mass
transfer coefficient (K a). TheK aoften servesto
compare the efficiency of bioreactors and their
mixing devices and is an important scaling-up
criterion in bioprocesses!’ 1o 2,

The aim of this study was to establish
the culture conditions in a laboratory bioreactor
for obtaining similar concentrations of spore-
crystal complex to that produced in ashake flask;
apractical strategy of scaling upispresented based
on experimental K a data. The success of the
scaling-up strategy was demonstrated by the final
biomass and spore-crystal complex concentration
of strain GP139 of B. thuringiensis.

MATERIALS AND METHODS.

Microor ganisms

The B. thuringiensis strain GP139 was
kindly supplied by the Guadalupe Pefia group. It
was isolated from a B. tabaci corpse® and
maintained in the spore phase on filter paper in
sterilized Eppendorf tubes.
I noculaand medium prepar ation

The inocula were prepared as follows:
three strips of filter paper with sporeswere placed
in5mL of Nutrient Broth medium and incubated
overnight at 30° C. The5mL weretransferredtoa
500-mL Erlenmeyer flask containing 200 mL of
medium containing 50 g/L. molasses supplemented
with 50 g/L. soybean flour likemediumand incubated
for 8 hat 30° Cin arotary shaker (Labtech LSI-
100SR, Korea) at 150 rpm. We inoculated the
bioreactor with a concentration of 5% v/v.
Fermentation procedure. The experimentswere
performed in a 7-L bioreactor (Applikon
Biotechnology®, USA) with aworking volume of
4-L. Thefermentation runswere carried out in batch
mode. Details of bioreactor dimension are
summarized in Table 1. Thefermentation runswere
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carried out in batch mode.

The aeration rate was 1 vvm and the
dissolved oxygen (DO) concentration was
measured using a polarographic electrode
(Applikon Biotechnology®, USA). The
temperature was controlled by a thermocouple
(Applikon Biotechnology®, USA) that maintained
thetemperatureat 30° C throughout all of theruns.
The medium pH was controlledto 7 + 0.2 using a
sterile pH electrode (Applikon Biotechnology®,
USA) and by adding NaOH 1 M and HC, (30%)
solutions by an on-off control (BC electronic 7615,
Italy). We used three different agitation speeds
250, 650 and 1000 rpm using anADI 1032 controller
speed (Applikon Biotechnology®, USA) to
generate three different conditionsfor the oxygen
transfer rate (OTR) and oxygen uptakerate (OUR).
Three replicates were performed for each kinetic
variation.

Biomass, spor e count, specific growth rateand
doublingtimedeter mination

Samples 6 mL weretaken during thefirst
24 hat regular 2-hintervals. To determinate biomass
dry weight, 6 mL from each time interval was
centrifuged at 10000 rpm for 5 min; the supernatant
was discarded and the pellet containing only cells
wasrecovered, washed threetimesand dried in an
incubator at 80° C overnight. Spore counts were
determined in aNeubauer chamber at 24 h and 48
h. Specific growth rates were calculated from a
linear regression of natural logarithm of biomass
concentration versustime; the slope corresponded
to the specific growth ratevalue (1). Doubling times
were cal culated with thefollowing formula:

_In(2)
=== (1)
Experimental determination of K a, oxygen
transfer and uptakeratesfor theshakeflask and
bioreactor.

In the shake flask, we used the dynamic
method proposed by (12) and in the bioreactor, we
used the dynamic method proposed by (21). The
rate of oxygen accumulationinawell-mixed liquid
phase on batch culture can be described by:

£ = (0TR) - (OUR) = kia (G — C1) = Q0;X -(2)

K adetermination

The K a was evaluated by considering
the final steady state of dissolved oxygen
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concentration after re-oxygenation Figure 1a,
assuming K aisconstant with thetimethe equation
2 could beintegratein thetimeusing theintegration
rules. The equation for K aisgiven as:
(Cp—CrL1) _ .

1 it~ Kact -3

TheK avauewascalculated from slope
by plotting In (C *-C )/(C *-C ) against time
according to equation 3.
OUR determination

Theair supply wasinterrupted at acertain
time during fermentation for the determination of
OUR (Figure 1b). The dissolved oxygen values
decreased linearly with the cultivation time dueto
cellular respiration and dope by plotting DO versus
timerepresented OUR or QO,_X.
OTR determination

When the aeration is turned on again
(Figure 1b), the dissolved oxygen concentration
increases until it reaches the steady oxygen
concentration, and by using the estimated OUR
value, K acan be determined from the measured
profile of dissolved oxygen concentration, using
Equation (2) again. Under these conditions, for a
given biomass concentration, X, and once QO,
value is known, equation (2) can be integrated,
taking into account the time at which the aeration
of the culture is restored, and the following
equation can be applied:

QO0.X - At+ AC, =Kya - [(C; — C) dt g

The equation (4) can be used to determinetheK a
several times during the production process,
solving this equation by anumeric method for each
data set of experimental valuesof DO vs. time, the
equation (4) can be now expressed as.
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TheK avauewascalculated from slope
by plotting AOD/At against OD and A constant is
given by:

A= Ka-C —Q0,X (6)

The values of OTR, OUR and K awere
investigated at three different agitation speed 250,
650 and 1000 rpmin the bioreactor.

Satistical analysis

All biomass, spore count and K a
measurementsin the shake flask and the bioreactor
weremadeat least in triplicate and were compared
by analysis of variance (ANOVA); the means of
significant effect were determined using Tukey’s
testat P>0.05level.

RESULTS AND DISCUSSION

TheK awasthecriterion used for scaling
up the culture process from the shake flask to the
7-L bioreactor. We estimated the K aoccurringin
the shake flask using the dynamic method
proposed by and the K a occurring in the 7-L
bioreactor using the dynamic method proposed
by?l. We observed that with an agitation rate of
250 rpm, we obtained aK avaueof 37.1h'ina
conventional 250-mL Erlenmeyer flask containing
100 mL of culturemedium. To obtain asimilar value
of K a(37.1 h'), the 7-L bioreactor needs to be
agitated at 650 rpm (maintaining an aeration of 1
vvm and 4-L of working volume) by using an
interpolation of k a values measured by the
dynamic method (Figure 2).

There are no known reports about scaling
up from a shake flask to a bioreactor using K a
values in B. thuringiensis cultures. However,
various authors observed that the determination
of the oxygen mass transfer coefficient in a

ADO . . .. .
= A— K,a-DO ..(5) bioreactor establishes the efficiency of aeration
Table 1. Dimensions of shake flask and bioreactor.

Bioreactor Dimensions Shake Flask Dimensions

Total volumen (L) 7 Total volume (L) 0.25

Working volume (L) 4 Working volume (L) 0.1

Impeller (six-blade Rushton turbine) 1 Ratio of mediavolumen 04

Impeller diameter (m) 0.06

Tank diameter (m) 0.15

Liquid height (m) 0.27
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Table 2. Main fermentation results obtained in Bacillus thuringiensis strain GP129 carried out under different initial K aand OTR values
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differences by Tukey’s test (P A 0.05).

and helps quantify the effects of operating
variables (agitation speed) on the provision of
oxygen? 224 Therefore, in thiswork, we use the
oxygen transfer scaling-up criterion by
interpolating experimental data as a new way to
producelarge amounts of spore-crystal complexes
by strain GP139 of B. thuringiensis. Under this
scaling-up process, high cell and spore-crystal
complex concentrations were achieved.

Theeffect of scaling up based ontheK a
value in strain GP139 is shown (Figure 3). As
observed, significant differences were obtained
between the cultures carried out in a shake flask
(250 rpm and 37.8 h') and a bioreactor (650 rpm
and 38.52h) (3.28 £ 0.24 gDW/L and 5.68 + 0.02
gDWI/L, respectively). There are no reports about
scaling up from a shake flask to a bioreactor with
B. thuringiensis. However, (25) reported the growth
of B. thuringiensisin abioreactor with an agitation
speed of 650 rpm and an OTR of 214.6 mgO,/m?s.
They produced 3.20 gDW/L, and we reported 5.68
+0.02 gDWIL, 77.5% morewith asimilar agitation
speed (650 rpm) but adifferent OTR (65.88 mgO,/
m?s). The solubility of oxygen could be affected
by solutes; therefore, the commercial medium and
the soybean flour and sugar-cane molasses
medium would have different dissolved oxygen
concentrations. In addition, other authors have
proposed that the nutrients can affect growth and
metabolite production® 125,

The successful scaling-up strategy was
also confirmed by measuring the spore-crystal
complex concentration, time to achieve the
maximum cell concentration, and fermentationtime;
specific growth rate and doubling time are shown
inTable2.

Upon scaling up this culture up to a 7-L
bioreactor, amaximum biomassof 5.68+ 0.02 gDW/
L was observed; significant differenceswerefound
between the shake flask and the bioreactor in spore-
crystal complex concentration and kinetic values.
We produced 8.88 x 10° spo/mL in the bioreactor,
15 fold more than the shake flask (5.9 x 10® spo/
mL). In addition, we produced 1.16 mg/mL of
protein, which is statistically the same amount as
in shake flask. Moreover, the time corresponding
to the maximal biomass production was reduced
two-fold; kinetic time dropped by 2 days. We
obtained a specific growth rate of 0.167 h* and a
doublingtime of 4.1. For thiswork, we reported 10-
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Fig. 2. Oxygen mass transfer coefficient (K a) asafunction of agitation speed. (1%) K, avaluesin a shake flask
were determined using a dynamic method proposed by (12). (f&) K avaluesina7-L bioreactor were determined
using a dynamic method proposed by (21)
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Fig. 3. Effect of scaling up from a shake flask to a bioreactor based on K avaluesin Bacillusthuringiensis strain
GP129. 2%%shake flask (250 rpm and 37.8 h'), % bioreactor (650 rpm and 38.5 h)
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fold more spore count and 3-fold more protein
than®. However, we used different culture media
and different K avalues but similar work volume
and agitation speed.

In addition, to analyze whether oxygen
limitation affects spore-crystal production during
fermentation®  1314.15.16.17 tyyo experiments were
performed with in both O,-limited (250 rpm, 11.16
h*and 63.5 mgO,/m?s) and non-limited (1000 rpm,
75.6 h* and 129.3 mgO,/m?s) conditions. In Figure
4, we show the effect of agitation speed on
dissolved oxygen. We observed that at an agitation
speed of 250 rpm, the dissolved oxygen value

120 4
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20
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decreased by approximately 15%. We noted that
at an agjitation speed of 650 rpm, thereisadecrease
inthe oxygen concentration during thefirst 4 hours
and then maintained at 25%; later, there is an
increasein thevalue of saturation. Finally, at 1000
rpm, dissolved oxygen concentration descends and
ascendsrapidly. These profilesare similar to those
reported by several authors® 22829,

Regarding biomassin O,-limted cultures,
we obtained 4.93 gDW/L, which is significantly
different than that obtained in the shakeflask (3.28
gDWI/L). Furthermore, we produced the same
biomass amount under O,-limited and non-limited

; ;
4 6

T T T T T 1
8 10 12 14 16 18

Time (h)

Fig. 4. Effect of agitation speed on dissolved oxygen concentration. ™ 250 rpm, - 650 rpm and 2%61000 rpm

(4.95 gDW/L) conditions but obtained the
maximum cell concentration at different times.
There is an effect of oxygen transfer rate on the
production of the spore-crystal complex. Oncethe
K avaluewasreached in both the shake flask and
the bioreactor, we did not find a significant
difference in spore count among the shake flask
(5.9x10° spo/mL) and O,-limited conditions (7.13 x
108 spo/mL ). However, we produced 100-fold more
sporesinanon-limited (7.36 x 10° spo/mL) culture
than in an O,-limited culture. Furthermore, in the
O,-limited culture, we produced 0.61 + 0.05 mg/mL
of tota protein, whichissignificantly different from
that obtained using the shake flask; in the non-
limited culture, we produced 0.90 £ 0.002 mg/mL of
total protein, which is also significantly different
from that obtained using the shake flask. This
behavior can be described as dependent on the
oxygen transfer and culture media? & 10.19.28.30. 26,
Therefore, inthiswork, we usethe oxygen
transfer scaling-up criterion by interpolating
experimental data as a new way to produce large
amountsof spore-crystal complexeshy strain GP139

J PURE APPL MICROBIO, 10(2), JUNE 2016.

of B. thuringiensis. Under this scaling-up process,
high cell and spore-crystal complex concentrations
were achieved.
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