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Abstract: Mycophenolic acid (MPA) is, due to its immunosuppressive and biological activities, a
potential compound. It is the secondary metabolite produced in submerged cultivation by the
microfungus Penicillium brevicompactum. Batch, fed-batch, and continuous mode of cultivation for
mycophenolic acid production were performed and compared in the current work. To increase
productivity, mycophenolic acid production was studied in batch, fed-batch, and continuous
bioreactors. These experiments were conducted with a 2.5 L working volume in a 3.7 L continuous
stirred tank bioreactor. In all cases, operating conditions such as temperature, pH, agitation, and
aeration, 28 °C, 5.5, 200 rpm, and 2 vvm, respectively, were the same. In fed-batch fermentation, the
MPA concentration obtained was 1.91 g/L higher than the value obtained in batch culture, 1.55 g/L,
while in continuous fermentation, 1.67 g/L was obtained. The mycophenolic acid productivity obtained
in the continuous fermentation process was 0.025 g/L/h, which was maximum MPA productivity,
compared to 0.007 g/L/h in the fed-batch fermentation process and 0.006 g/L/h in the batch fermentation
process. The impact of substrate inhibition on the product formation can effectively bring down by
continuous fermentation processes. The MPA productivity was increased in continuous fermentation
relative to batch and fed-batch processing. The finding indicates that continuous culture of Penicillium
brevicompactum is a promising strategy for the synthesis of mycophenolic acid.
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1. Introduction

In recent years, microbial metabolites have become a hotspot of scientific research.
Secondary metabolites are mainly isolated from a microbial source [1-2]. Pharmaceutical
industries commonly use several fungal fermentation processes for the large-scale production
of drugs [3-4]. Mycophenolic acid (6-(4-hydroxy-6-methoxy methyl 3oxophthalanyl)-4-
methyl-4-hexenoic acid, Ci7H200s, MPA) is one of the commonly prescribed
immunosuppressive drug produced by the fermentation process [5-6]. The first secondary
metabolite [7], mycophenolic acid isolated from the fermentation broth of several species of
Penicillium [8-9] and other fungi [10-11]. Mycophenolate mofetil (MMF) and sodium
mycophenolate, derivatives of MPA are commonly used as immunosuppressors in organs and
tissues transplantation [12-13]. Both are used to treat numerous allergic, cancer, and fungal
diseases [14-15]. MMF was approved as an immunosuppressive drug for reducing the chances
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of graft rejection after organ transplantation in 1995 by the food and drug administration (FDA)
[16-17]. Mycophenolic acid has an anti-proliferative activity that inhibits the enzyme inosine
monophosphate dehydrogenase (IMPDH) [18]. Inosine monophosphate dehydrogenase plays
an important role in the de novo biosynthetic pathway of purine nucleotides [19-20]. The
proliferation of B and T lymphocytes [21-22], which rely exclusively on IMPDH dependent
pathway for nucleotide synthesis, is inhibited in the presence of mycophenolic acid [23-24].
Most other cell types use IMPDH independent salvage pathway for this synthesis [13,25]. For
this cause, similar to other immunosuppressive medications, MPA is highly selective and has
fewer side effects [26-27].

Many authors have published their work on strain improvement by mutation to increase
the MPA production; hardly any attention has been given to developing the fermentation
method [28-29]. The highest MPA concentration 5.7 g/L was observed by Xu et al. using
immobilized cells in a rotating fibrous bed bioreactor [30]. For pilot-scale and industrial
purpose usage, these bioreactors are still unsuitable. In the industrial fermentation process,
continuously stirred tank bioreactors to have a proven history of practical use. We report MPA
production by batch, fed-batch, and continuous fermentation in stirred tank bioreactors in this
work. To increase the final concentration of the substance, various feeding methods were
discussed.

Production of MPA mainly begins during the stationary period of fungal growth [31].
MPA is the Non-growth associated, extracellular product [32]. Thus, the general development
plan produces a high biomass concentration when the stationary phase was reached and reduced
cell autolysis [33]. To achieve the highest cell biomass density in the stationary phase of
fermentation, a suitable feeding strategy plays a crucial role [34-35]. Some studies reported
that precursors of MPA, methionine, and glycine feeding could increase the MPA
concentration in fermentation broth [8]. Another element that has also played an important role
in microbial growth and metabolites' aggregation is culture pH [36-37]. The impact of pH and
feeding methodologies for various fermentations is significant [38-39].

In this work, an optimized medium was used for the production of MPA using
Penicillium brevicompactum. Here we examine various cultivation strategies on MPA
production in a 3.7 L bench-scale continuous stirred tank bioreactor using the same
microorganism. This study's main objective was to compare MPA production and productivity
in Batch fermentation, fed-batch, and continuous fermentation processes.

2. Materials and Methods
2.1. Microorganism and Inoculum preparation.

In this work, the microfungus Penicillium brevicompactum MTCC 549 was used and
collected from the Institute of Microbial Technology (IMTech) Chandigarh, India. Czapek Dox
agar medium was used aseptically to prepare the stock culture of P. brevicompactum MTCC
549. The slants were stored at 4 °C. As previously mentioned [40], a spore suspension was
prepared and used as an inoculum.

2.2. Cultivation medium composition.

The optimized medium was used for the production of MPA using Penicillium
brevicompactum. The optimized fermentation culture medium composition for the production
of MPA had the following elements: glucose- 60 g/L, glycine- 9 g/L, enzymatically hydrolyzed
https://biointerfaceresearch.com/ 367
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casein- 15 g/L, methionine- 0.5 g/L, potassium dihydrogen phosphate- 5 g/L, magnesium
sulfate heptahydrate- 1 g/L, and the trace element solution- 1 mL/L. Trace element mixture
contained: FeSO4.7H20- 2.2 g/L, CuSO4.5H20- 0.3 g/L, ZnSO4.7H20- 2.4 g/L, MnS0O4.4H20-
0.16 g/L, and KM0Og4- 0.2 g/L. 2 M HCI or 2 M NaOH was used to maintain the pH of the
media at 5.5. All the medium components were separately autoclaved at 121 °C for 15 min
except glycine, methionine, and trace elements mixture. The trace element solution, glycine,
and methionine were sterilized using a sterile 0.2 um membrane filter (Axiva).

2.3. Analytical methods.
2.3.1. Biomass concentration.

The dry cell weight approach was used to quantify dry fungal cell mass in the
fermentation broth. To investigate the dry cell weight of fungal biomass, five-milliliter samples
were collected every after 24 h intervals. The obtained sample was centrifuged at 5000 rpm
first and then dried in a hot air oven at 90 °C for at least overnight or until it reached a steady
weight.

2.3.2. Glucose concentration.

The evaluation of glucose concentration in the collected samples was carried out using
the dinitrosalicylic acid (DNS) method defined by Miller et al. [41]. The absorbance of the
samples was measured by UV spectrophotometer (Shimadzu, Japan) at a wavelength of 540
nm.

2.3.3. Mycophenolic acid concentration.

The concentration of mycophenolic acid, produced by fermentation of Penicillium
brevicompactum was examined by high-performance liquid chromatography (HPLC) at a
wavelength of 220 nm, as described in our earlier study [40].

All the analysis was performed in triplicate. All important parameters' optimum values
were described except constant parameters such as pH, temperature, agitation rate, aeration
rate, and dissolved oxygen concentration.

2.4. Specifications of 3.7 L bench-scale bioreactor.

Bench-scale fermentation for MPA production was carried out in a 3.7 L bench-scale
bioreactor (Bioengineering) having 2.5 L of working volume. The bench scale bioreactor
(Bioengineering) system's main specifications are as follows: Impeller used in 3.7 L fermentor
for proper mixing of nutrients was bottom driven type, have turbine of 2 mm thickness. The
number of impellers used in the fermentor was 2, having 6 numbers of blades in each impeller.
A ring-type sparger with 12 holes of 78 mm diameter was used for proper aeration. 4 numbers
of baffles of 14 mm width were used in the fermentor. The working volume of the fermentor
was 2.5 L.

The controllers for all important parameters such as agitation speed, pH, dissolved
oxygen, and temperature were equipped in a bioreactor. A pre-installed software program for
fermentation (BioSCADA, flexible software that is adaptable to user requirements) in the
system was used for online monitoring and control of the fermentation process. To adjust the
dissolved oxygen concentration level of the fermentation broth before the inoculation at 100%,
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the air was used as the inlet gas at the fermentation temperature. A polarographic type dissolved
oxygen probe (Mettler-Toledo, Switzerland) with the replaceable membrane was used to
analyze the dissolved oxygen concentration. It is connected to a dissolved oxygen analyzer of
the computer-controlled fermentation system. A sterilizable pH electrode (Mettler-Toledo,
Switzerland) was used to measure the culture broth's pH value. For the 3.7 L fermentor system,
the supplied air, exhaust pipes, and other parts were sterilized by autoclave. A steam-heated
jacket sterilized the culture vessel and broth.

2.5. Cultivation method.

Batch, fed-batch, and continuous fermentation were performed to produce
mycophenolic acid in a 3.7 L bioreactor (bioengineering) with 2.5 L of working volume. The
5% (v/v) of the four-day-old culture of microorganism was used as inoculum. The medium pH
was initially set at 5.5, the incubation temperature of the bioreactor was kept at 28 °C, and the
agitation speed and aeration rate of the bioreactor were200 rpm and 2 vvm, respectively.
Intermittently, 5 mL of sample was collected aseptically to examine dry cell weight, product,
and substrate concentration.

3. Results and Discussion

3.1. Production Kinetics studies of MPA using the batch fermentation process.

The batch fermentation process was performed to produce mycophenolic acid in a 3.7
L continuous stirred tank bioreactor for ten days. In batch fermentation, the complete medium
was used, as stated before. Figure 1 indicates the variation in product formation, dry cell
weight, and concentration of the substrate. The maximum consumption of glucose was
observed from 24 h to 144 h of the fermentation process, and the growth of the microbial cells
increased and reached its maximum at the same time. As the biomass increased, glucose was
consumed rapidly. The dissolved oxygen concentration dropped to almost below the critical
point about 96 h due to rapid growth and glucose intake, despite the increased agitation speed
in attempts to boost the supply of oxygen. After the biomass growth had ceased, MPA
concentration started to rise. This confirms that the MPA is a secondary metabolite. The
biosynthesis of MPA was mainly initiated from 120 h onwards. Nearly all glucose was
consumed at about 240 hours and, thus, oxygen demand decreased, and the dissolved oxygen
concentration in the bioreactor started to increase. At the end of fermentation, the maximum
MPA concentration of 1.55 g/L was reached.

Figure 2 illustrates the broth's physical presence at different stages of the bioreactor's
culture during the growth of Penicillium brevicompactum. During the sterilization process of
the fermentation media, some of the glucose was caramelized that naturally happens, and due
to caramelization of glucose, the color of the medium was initially dark brown. When microbial
growth occurs during the fermentation process, the color of the fermentation broth became
golden yellowish and gradually converted into a creamy color due to microbial growth. At this
stage, almost all the glucose was consumed. As the fungal biomass concentration in suspension
increased, the fermentation broth became more viscous over time. This is a very typical
characteristic of fermentations that involve the mycelia formation of microfungi.
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Figure 1. Glucose concentration, dissolved oxygen concentration, dry cell weight, and MPA production profiles
in batch fermentation process during MPA production by P. brevicompactum MTCC 549.

Figure 2. The physical presence of the broth during the growth of Penicillium brevicompactum in the
bioreactor: day 1 of culture (a); day 3 of culture (b); day 5 of culture (c); day 7 of culture (d); day 9 culture (e);
and day 10 of culture (f).

3.2. Production kinetics studies of MPA using a fed-batch fermentation process.

Mycophenolic acid production shows non-growth-associated product formation
kinetics. In order to assess the productivity of MPA, the fed-batch cultivation was performed.
The Fed-batch procedure was carried out using media with an initial glucose concentration of
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36 g/L in 3.7 L of continuous stirred tank bioreactor, followed by additions of glucose while
maintaining the other variables at a constant level. The medium pH was initially set to 5.5, the
bioreactor's incubation temperature was 28 °C, the agitation rate of the bioreactor was 200 rpm,
and the aeration rate was 2 vvm and the fermentation process continued for 12 days. Samples
were taken intermittently and examined for cell mass, glucose concentration, and MPA. It was
observed that the biomass concentration during the fed-batch fermentation process remained
virtually constant and near its maximum value during the entire period due to the addition of
the medium. In reference to the earlier batch fermentation experiments, depletion of glucose
and the corresponding initiation of idiophase in the fed-batch run were expected. The addition
of the supplementary medium began after the initial fermentation time of 96 h. The feeding
component and concentration were determined based on specific uptake rates of different
nutrients and maintenance energy requirements. The maintenance energy was observed as
0.009 g substrate/ g cell mass/ h in batch fermentation. Glucose additions were made to 15 g/L
at 96 h and 144 h of fermentation based on this maintenance coefficient and substrate
consumption profile. The time-course profiles of cell growth, glucose consumption, dissolved
oxygen concentration, and mycophenolic acid production by Penicillium brevicompactum in
fed-batch mode are shown in Figure 3. In the stationary period, i.e., 120- 288 h, the highest
MPA production rate was observed. The measured maximum MPA concentration was 1.91
g/L.
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Figure 3. Time-course profiles of biomass growth, glucose consumption, dissolved oxygen concentration, and
mycophenolic acid concentration by Penicillium brevicompactum in fed-batch process.

3.3. Continuous cultivation process of MPA production.

To study the productivity of MPA in the 3.7 L stirred tank bioreactor at a temperature
of 28 °C, a continuous fermentation process was carried out. The working volume was 2.5 L
in the continuous reactor for cultivation. A two-channeled peristaltic pump was equipped with
the bioreactor for feeding the substrate and for effluent withdrawal. The substrate feeding was
continuously provided with a constant flow rate, and the effluent was removed with the same
flow rate. Samples were examined for dry cell weight, substrate concentration, and
mycophenolic acid concentration. Initially, the process was run in batch mode for 72 hours and
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then switched to continuous mode, retaining aseptic conditions. The broth samples were taken
every 24 h of interval and evaluated.

In stirred tank bioreactor, mycophenolic acid production profile using a continuous
mode of fermentation was shown in Figure 4. Dilution rate variations from 0.01 to 0.03 h*
were analyzed for 24 h each. The effect of the dilution rate on MPA production during steady-
state growth in continuous culture was studied. Initially, the fermentation process was
conducted as batch fermentation, after which when the microbial growth reached a steady-
state, the batch fermentation was transferred to continuous fermentation mode, and after 72 h,
the substrate feeding was started for each and every dilution rate. The optimum dilution rate
was found to be 0.015 h* for the continuous MPA production process.

The efficient production of metabolites is possible by maximizing the rate of output
under given conditions. Figure 4 indicates that a reduction in the mycophenolic acid
concentration was found with rising dilution rates. The improved productivity of mycophenolic
acid from dilution rate 0.01 to 0.015 h™* was observed. A further rise in the rate of dilution has
contributed to a decline in productivity. The mycophenolic acid concentration of culture broth
decreased at a higher dilution rate than 0.015 h™. It might be due to the production of
mycophenolic acid was a slow process. Also, it may be indicated that mycophenolic acid
production follows non-growth-associated production Kkinetics. The results suggested that
mycophenolic acid's optimal production can be achieved at a dilution rate of 0.015 h't in stirred
tank bioreactor, and mycophenolic acid concentration was observed to be 1.67 g/L. The optimal
productivity of mycophenolic acid was observed to be 0.025 g/L/h. The outcome indicates that
the dilution rate should be low to achieve a high mycophenolic acid production rate and yields.
At a dilution rate of 0.03 ht, the cell washout limiting condition prevailed. It has also been
found that a keen deviation in substrate concentration in the fermentation broth occurs at the
dilution rate near the washout condition. In continuous culture, the overall bioreactor
productivity was greater than in batch and fed-batch culture.
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Figure 4. Dry cell weight, glucose concentration, and mycophenolic acid concentration during the continuous
mode of fermentation of Penicillium brevicompactum at different dilution rates.
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3.4. Comparison of the batch, fed-batch, and continuous fermentation process for
mycophenolic acid production.

The method leading to MPA production is sequential in the batch mode of mold
cultivation, i.e., they exhibit separate physiological phases, i.e., the development period
(Tropophase) followed by a production phase (ldiophase). Microbial growth was observed up
to 120 h, followed by the production process of the MPA, which lasted until the end of
fermentation.

The fed-batch analysis was carried out to calculate the residual glucose levels for the
feeding profile. The result obtained from fed-batch fermentation defined optimal production
feeding conditions and shows how MPA production was successfully enhanced by first
successive fermentation conditions for mycelia and secondary management of feeding
conditions without catabolic repression, as may be seen in the feeding of glucose as a substrate.

The continuous mode can be proposed as superior regarding productivity over the other
two approaches analyzed with the comparative study of MPA production using various modes.

MPA concentration and productivity during MPA production in batch, fed-batch, and
continuous cultivation modes are summarized in Table 1. Compared to other cultivation types,
productivity was found to be the highest in the continuous cultivation process. In fed-batch
fermentation, on the other hand, MPA production was observed to be highest.

Table 1. MPA concentration and productivity during a batch, fed-batch, and continuous fermentation in 3.7 L
stirred tank bioreactor

S. no. Cultivation Mode MPA Concentration (g/L) MPA Productivity (g/L/h)
1. Batch 1.55 0.006
2. Fed Batch 1.91 0.007
3. Continuous 1.67 0.025

4. Conclusions

A comparative analysis of the production and productivity of MPA in various
cultivation modes was carried out. In the continuous fermentation mode, the maximum MPA
productivity of 0.025 g/L/h was obtained, while the fed-batch cultivation produced the highest
concentration of 1.91 g/L MPA. For the stationary phase, i.e., 120-240 h, the MPA production
rate was observed to be the best. Also, MPA production can be increased in fed-batch
cultivation, holding the cultivation process longer in this phase. The growth rate of the
organism was maintained over a long time in the continuous culture.

The rate of MPA accumulation was highest in continuous fermentation, in comparison
to the batch mode. In a steady state with continuous culture, the organism was in a stronger
adaptive stage. The optimum dilution rate was found to be 0.015 h™ for the continuous MPA
production process. Since MPA productivity was the lowest in batch mode of operation,
this cultivation method was the least productive operation method.
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