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Background

Slow degradation of synthetic plastics represents a high environmental hazard;
therefore, there is an essential requirement to substitute them with eco-friendly
products. Polyhydroxybutyrate (PHB) is a biodegradable biopolymer and also has
several industrial, agricultural, and medical applications. Scaling up the production
of PHB is still a problem due to the numerous parameters tangled in the
fermentation processes.

Objective

The present work seeks to scale up polyhydroxybutyrate production by Bacillus
aryabhattai MH997667.1 from shaken flasks to a 5L-bench top bioreactor with
previously optimized media by applying a batch fermentation strategy.

Materials and methods

Different agitation speeds (200, 250 and 300 rpm) were tested in a 5L-bench-top
bioreactor with a working volume of 3L. A kinetic model (logistic and
Luedeking—Piret) that describes the microbial biomass and polyhydroxybutyrate
(PHB) production is used to expect the performance of batch fermentation of
Bacillus aryabhattai MH997667.1.

Results and conclusion

The optimum PHB yield (2.32 g/l) was expressed at 250 rpm agitation after 28 hours
of fermentation. The experimental data were also fitted with the logistic and
Luedeking—Piret equations for growth and PHB formation, respectively. The
mathematical model proposed for batch fermentation revealed that the
simulated data showed a good fit with the experimental results obtained during
the first 24h of PHB production at 250rpm, where the productivity was
0.095gL~'h~". Our data suggest that agitation speed had a significant effect on
PHB production and the 250 rpm agitation speed is the optimum speed for PHB
production using Bacillus aryabhattai MH997667.1 in batch fermentation.
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. high cost of production compared with petroleum-
Introduction & P 3 P
. . derived plastics [11]. Several previous researches
Polyhyroxybutyrate (PHB) is biodegradable, e .
. . . have reported the utilization of economic substrates
thermoplastic, ~ and  biocompatible  polyester

such as methanol, ethanol, starch, whey, and beet

accumulated intracellularly by many microorganisms
in the presence of excess carbon and limited nutrients
such as nitrogen or phosphorous [1-3]. PHB is
produced by many bacterial strains such as Ralstonia
eutropha, Azotobacter sp., Bacillus sp., and Pseudomonas
sp.; it can also be isolated from different environments
such as activated sludge, rhizosphere, oil-contaminated
soils, and hypersaline one [4-10].

PHB has many industrial applications such as in
packaging, cosmetic containers, agriculture, paint
industry, pharmacy, and food industry [3]. The

commercialization of PHB is still limited due to its
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molasses to decrease the cost of PHB production
[12-16], wheat hydrolysate, fungal extract [17], soy
cake [18], and cane-molasses [19]. It was also reported
that the fermentation process and the product recovery
contribute to the major cost [20]. To reduce the cost by
optimizing the fermentation process, the operon
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responsible for PHB production was expressed in other
microorganisms such as Escherichia coli [21,22].

The production of PHB is a complex process that
depends mainly on fermentation parameters, phase
of PHB production, strain, metabolic pathway,
carbon source, and other nutrient depletion [23]. A
mathematical model useful for the production of PHB
helps in the design and maximization of the process.
The kinetic model suitable for PHB production should
include balances on cell mass, substrate utilization,
product concentration, and a single limiting
substrate [24].

The present research aimed to investigate the effect of
various agitation speeds (200, 250, 300 rpm) on PHB
production in batch culture; furthermore, the kinetic
parameters for the cell growth were determined.

Materials and methods

Microorganism

The bacterial strain used in the present study was
previously isolated from Egyptian soil in El-Giza
Governorate and was previously identified as Bacillus

aryabhattai MH997667.1 using 16 S rDNA [25].

Batch culture study

Bacterial inoculum 10% (v/v) of 24 h freshly prepared
culture, incubated at 30°C for 48h at 200 rpm on a
rotary shaker was used to inoculate 3 L of culture
medium contained in the bioreactor. The production
of PHB by B. aryabhattai was carried out by
fermentation in a bioreactor using a batch strategy.
Fermentations were performed in a 5 L stirred-tank
bioreactor (B. Braun Biotech International, MCU-
200).

The fermentation medium (MSM) [15] composed of
(g/1) beet molasses 30, KH,PO, 1.5, Na,HPO,
3.525, MgS0O,.7H,O 0.2, CaCl, 0.02, NH,4CI
0.75, ferric citrate 0.0015, and the pH was
adjusted at 8.0. The bioreactor and the
fermentation medium were previously sterilized by
autoclaving at 121°C for 20 min. Cultivation was
conducted at 30°C+ aeration rate (1v/v/m) and
dissolved oxygen DO were measured using an
autoclavable sensor (Mettler-Toledo, Switzerland).
The eftect of agitation speed on PHB production was
studied at 200, 250, and 300rpm. Samples were
removed from the bioreactor for analysis. Both pH
and OD were recorded throughout the batch process.
Tween 80 antifoam was added to avoid the formation
of foam.

Analytical methods

Dry cell weight estimation

Cell samples from the fermenter were harvested by
centrifugation for 15 min at 10,000 rpm and at 4°C.
The supernatant was discarded and the pellets were
washed twice with water and dried at 80°C until
constant weight [26].

Biopolymer extraction and quantification

Extraction of the biopolymer was according to the
method developed by Law and Slepecky [27]. For
biopolymer quantification, the pellets were washed
with acetone and ethanol and were suspended in 4%
sodium hypochlorite and then incubated at 37°C for
1h to remove the cell wall. The mixture was then
centrifuged again at 10,000 rpm for 10 min, and the
collected pellets were washed by adding acetone,
ethanol, and water to remove cell lipids and other
molecules with the exception of PHB granules.
PHB granules were dissolved in hot chloroform and
filtered through Whatmann no.1. To the filtrate, 10 ml
of 98% H,SO, was added and heated at 100°C for
10min in a water bath. PHB was determined
quantitatively as crotonic acid by measuring the
absorbance at 235nm in a UV spectrophotometer
using H,SO, solution as a blank. The amount of
PHB (g/1) was determined by comparing absorbance
readings with a standard crotonic acid curve [28].

Biopolymer analysis
Nuclear magnetic resonance (NMR) analysis was

performed previously [25].

Manipulation of experimental data and mathematical
modeling

Experimental results were fitted into curves with the
highest R? to obtain a logical pattern of the process and
eliminate experimental error. The curves fitted to the
experimental results have polynomial equations of
second order or higher, according to the results.
These equations were differentiated with respect to
the time to calculate the rate, either growth rate or
production rate. The biomass was calculated from the
equation of the curve, then the specific growth rate or
specific production rate was calculated by dividing the
rate over the biomass.

Logistic equation for microbial growth and
Luedeking—Piret kinetic equation for product
formation were proposed to describe the growth of

B. aryabhattai MH997667.1 and production of PHB.

Logistic equation [29]
This equation correlates the growth rate (dX/dt) with
maximum cell concentration (X,,) as follows:
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oned)
where

X=cell concentration, g/l

f=time, h

Hp = maximum specific growth rate, h™*
Xm=maximum cell concentration, g/l.

The integrated form of Eq. (1) using X=X, (t=0) gives
the following expression (Eq. (2):

Xoexp(pmt)

e 1- [Xiﬂ”(l —ezp(pnt))

where

Xo=initial cell concentration, g/1.

The rearrangement of Eq. (2) yields Eq. (3):

X i Ee
ZnXm_X—umt ln(XO 1)

The value of X, is evident from the experimental data.
A plot of In (X/(X,,-X)) versus time (t) will give a line
of slope equal to J,, and intercept equal to In ((X,,./Xo)-
1), from which the initial inoculum size X, can be
calculated.

Luedeking—Piret equation [30]
This equation correlates the product formation rate
with growth rate and cell concentration as follows:

P
dt dt
where

dP/dt = the product formation rate.

a=the  growth-associated  product  formation
coefficient,
p=the nongrowth-associated product formation

coefficient, h™'.

This equation is usually expressed by dividing its two
components by the biomass (X), which gives the
specific production rate versus the specific growth as
follows:

(dP/dt)/ X=a (dX/dt)/ X+p

where
((dP/dt)/ X)=specific production rate, ht
((dX/dt)/X)=specific growth rate, ht

A plot of ((dP/dt)/X) versus ((dX/dt)/X) gives a line of
slope equal to @ and an intercept equal to f.

Results

The data obtained from all the fermentation processes
were analyzed and calculated on Microsoft Excel 2019.
The data were represented in charts and the trend lines
along with correlation coefficients (R?) were shown on
each chart. All the calculated R? showed good

correlations between data.

Comparison of three levels of agitation for PHB
production

A set of fermentation batches were established ina 5 L
laboratory fermenter with a working volume of 3 L to
scale up PHB production wusing B. aryabhattai
MH997667.1. The experiments were performed at a
constant aeration rate of 1.0 vvm (volume air per
volume liquid per minute) and at a temperature of
30°C with different agitation speeds of 200, 250, and
300 rpm.

A comparison of PHB concentration, dry cell weight,
and pH using different agitation speeds (200, 250 and
300 rpm) is shown in Fig. 1a-c. The highest PHB yield
% (73.01%) was expressed by 250 rpm at 24h. The
PHB concentration at 250 rpm was 27% and 64%
higher than that at 200 and 300rpm, respectively,
whereas the biomass concentration was nearly the
same at 200 and 250 rpm during the first 24h and
decreased by 16% at 300 rpm. There was no change in
pH values on increasing the agitation speed. Results in
Fig. 2a, b show that both specific growth rate and
specific production rate were not affected by changing
the agitation speed. However, the PHB yield
concerning biomass (Fig. 2c) was nearly the same at
the first 12 h for both 250 and 300 rpm and decreased
by 30% at 200 rpm.

Kinetic parameters for PHB production

The kinetic equations for growth and product
formation  proposed to describe the batch
fermentations for PHB production in a benchtop
fermenter were logistic and Luedeking—Piret
equations, respectively. The kinetic parameters were
estimated on the data from batch fermentation at

250 rpm (Figs. 3 and 4) and the values of parameters
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Figure 1
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Time course of (a) PHB concentration, (b) dry cell weight, (c) pH in 200, 250, and 300 rpm fermentation batches for PHB production.

estimated from the slope and intercept of these straight
lines (Table 1).

Using MATLAB software 2019 for simulating the
experimental and PHB
concentration were compared with those obtained
from the simulation (Fig. 5a, b). The simulated data
showed a good fit with the experimental data obtained
during the first 24h for PHB production at 250 rpm

agitation speed.

process, the biomass

Discussion

Polyhydroybutyrate (PHB) polymers are produced by
different bacterial fermentation processes as the
discontinuous (batch and fed-batch) and the
continuous methods [31-33]. The effect of agitation
speed (200, 250, and 300rpm) on PHB production
using B. aryabbattai MH997667.1 was studied in a
batch process. The PHB yield% (73.01%) and polymer
productivity (0.095 g/I/h) were significantly higher at
250 rpm agitation compared with the values obtained
at 200 and 300 rpm after 24 h. The effect of varying the

agitation on PHB production was evident in the

maximum PHB vyield obtained at 200, 250, and
300 rpm and the time required to reach those values.
However, due to the continuous consumption and the
decrease of the carbon source in the fermentation
medium, the PHB accumulation ceased in the early
stages of the stationary phase. Similar results were

reported by Valappil e# al. [3] using B. cereus SPV.

In this batch fermentation, the PHB yield and the
productivity were nearly the same compared with the
results obtained in our previous work using shaken flask
cultures [25], but in a shorter time of fermentation
(24h in batch culture and 36h in shaken flasks).
However, the agitation speed had almost no effect
on biomass concentration at lower values (200 and
250rpm), while the higher agitation (300rpm)
affected the biomass inversely. This was in
agreement with Lasemi e al [34] where they
obtained maximum values of biomass (10.1g/1) and
PHB concentration (3.6 g/l) at 250 rpm after 15 h. On
the contrary, other researchers [35] have studied the
influence of agitation speed on PHB production using
different strains and found that there was no effect at
lower levels of agitation (5.8g/l PHB at 150 rpm),
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Figure 2
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whereas at higher levels of agitation, the PHB  formation and biomass growth once the sufficient
produced decreased. This was attributed to the fact  oxygen content was achieved. However, the higher
that the mixing process affected the mass transfer of  speeds of agitation (more than 250 rpm) increase the
oxygen, which in turn facilitated both the polymer  shear rate due to the formation of intracellular granules

Figure 3 Figure 4
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Table 1 Estimated kinetic parameters

tm (Maximum specific growth rate, h™) 0.2658
Xo (initial cell concentration, g/l) 0.8
Xm (maximum cell concentration, g/l) 3.2
o (growth-associated product formation coefficient) 0.2689

p (nongrowth-associated product formation coefficient, h™'.) 0.0291

[34,35]. Similarly, Zahari ez a/. [36] also reported that
the PHB concentration increased proportionally by
increasing the agitation speed up to 220rpm after
which the PHB decreased. It was also observed that
there was no effect on PH at various agitation speeds.
The mathematical model proposed for the batch
fermentation described accurately the biomass and
PHB formation versus the time.

Conclusion

This study presents the production of PHB by the
termentation of B. aryabhattai MH997667.1 in a 5L-
laboratory fermenter. Different agitation speeds were
tested and the experimental results were compared with
our results previously attained using shaken flask
cultures. In the batch mode, nearly the same
biomass, PHB productivity, and PHB concentration
were achieved but in a shorter time of fermentation.
The mean experimental data for the batch cultivation
were used to predict kinetic parameters. The logistic
equation was the best model that predicted well the
biomass  growth (R?=0.9975),  while  the
Luedeking—Piret equation was the best model to
describe the PHB concentration (R?>=0.9859).
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