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Abstract

Mycophenolic acid (MPA) is an occurring antibiotic produced through Penicillium brevi-
compactum. Its production was achieved by systematic process optimization under sub-
merged fermentation. In shake flask, single-factor test experiments, Box—Behnken design
(BBD) experiments, and fermentation strategy were determined, and the MPA yield was
reached at 3002 +47, 3610451, and 4748 + 59 pg/mL, respectively. For fermentation strat-
egy, MPA production was 58.1% higher than that initial fermentation condition without
optimization. Then, the optimized medium was further carried out in 5-L stirred fermenter
for 180 h; MPA titer was increased from 3712+65 ug/mL to 5786 +76 pg/mL, 55.9%
higher than that of single-factor optimized medium. The results of this investigation will
provide a vital step toward industrial-scale production of MPA.

Keywords Mycophenolic acid - Penicillium brevicompactum - Single-factor test - Box—
Behnken design (BBD)

Introduction

Mycophenolic acid (MPA) is a secondary metabolite of many Penicillium species,
including Penicillium brevicompactum, P. paxillin, P. rugulosum, P. canescens, P.
roqueforti, P. viridicatum, P. glabrum, and other fungi from genus [1-4]. Subsequent
studies have proved that MPA is not only anti-fungal, anti-tumor, anti-bacterial and
anti-psoriasis, but also has an immunosuppression effect and anti-severe acute respira-
tory syndrome coronavirus 2 activity [5-9]. MPA has a reversible inhibitory impact
on hypoxanthine mononucleotide deaminase and selective inhibition of lymphocyte
activity [10—12]. In addition, mycophenolate mofetil, a 2-malinyl ethyl ester derivative
of MPA, is used to prevent rejection after organ and tissue transplantation [13, 14].
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At present, a variety of MPA-based immunosuppressants have been commercialized,
such as Cellcept and Myfortic [15, 16]. Given such known functions, the production of
MPA with high efficiency tends to be important to improve the production level.

The biosynthesis method using Penicillium sp. microbial fermentation to produce
MPA was usually divided into two routes: submerged fermentations and solid-state fer-
mentations. With solid fermentation, optimization of fermentation medium for Peni-
cillium brevicompactum increased MPA yield from 3.4 to 4.5 g/kg [1]. Nevertheless,
solid-state fermentations are generally not applicable to the commercial production of
medicinal products. For submerged fermentation, the yield of MPA was increased from
1.2 to 1.7 g/L using the wild strain of P. brevicompactum (MTCC 8010) with central
composite design (CCD) and one-at-a-time variation factors method at the shake flask
level [17]. In the submerged fermentation process, the maximum MPA production was
reached 3.1 g/L using P. brevicompactum with ultrasonicated batch fermentation at
the shake flask level, which is 1.64-fold higher than without ultrasonicated batch fer-
mentation [18]. It was reported that a titer of 6.7 g/ MPA was reached using strain
of NRRL864 by increasing the intracellular Ca>* concentration of MPA high-produc-
ing strain NRRL864 and medium optimization at the shake flask level [19]. Various
bioreactor and different feeding strategies may play a significant role in the growth
of mycelia and biofermentation of MPA. A combined feeding strategy for increas-
ing MPA production in a 7 L fermenter using P. brevicompactum ATCC 16,024, the
maximum MPA increased from initial of 1.72 g/L to 2.68 g/L [20]. While using P.
brevicompactum MTCC 8010 to raise the production of MPA, it was increased from
1.26 g/L to 3.26 g/L with fed-batch strategy and controlled pH in a 14 L bioreactor
[21]. Up to now, research on production MPA mainly deals with screening of high-
yield strains producing MPA. High-yield strains can be improved by mutation strategy,
such as ultraviolet mutation, atmospheric and room temperature plasma (ARTP), auxo-
troph screening using random mutagenic method, and insertion mutation [22-24]. It
was reported that used various antibiotic-resistant mutants for screening strain, mutant
strain reached 4.7 g/L of MPA [22]. Agrobacterium tumefaciens-mediated transforma-
tion was used to insert a mutated B-Hydroxy-p-methylglutaryl-CoA lyase gene into P.
brevicompactum. The maximum MPA concentration by transformants was 2.94 g/L
[23]. Knowledge-based approaches in genetic modification and metabolic regulation
requires somewhat experience because multiple genes and pathways are involved in
overproduction of metabolites. Nevertheless, gene-modified strain or chemical-defined
medium is commonly difficult to achieve desirable MPA production. There are limited
reports on enhancing production of MPA by systematic process optimization under
submerged fermentation. Medium optimization is a vital part of process optimization
for MPA production because most of highly MPA production was attributed to the
optimal medium.

In this study, attempts were carried out to improve MPA production using strain
Penicillium brevicompactum, with combined use of traditional single-factor test
method, Box—Behnken design method, and fed-batch fermentation strategy. The fed-
batch fermentation was compared with a batch fermentation that used the single-factor
method optimized medium. The fed-batch fermentation was further carried out in 5-L
stirred fermenter to produce MPA. Hence, the aim of this study was to improve MPA
yield through fermentation process optimization in hope to provide a solid basis for the
industrialization of fermentation.
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Materials and Methods
Organism and Culture

Penicillium brevicompactum was used in this study was obtained from the partner com-
pany and kept in our lab. The strains were cultured on the sterile slope of potato glucose
agar slants (potatoes 200 g/L, glucose 20 g/L, agar power 18 g/L) at 22 °C for 9 days.
The spores were collected from the potato glucose agar slants petri dish and adjusted to
(107-10% CFU/mL with distilled water [1]. This spore suspension was used as an inocu-
lum in the shake flask and fermenter experiments.

Preparation of Seed Culture and Fermentation Media

Seed medium was as follows (g/L): sucrose 20, raw soybean flour 5.0, corn steep powder
5.0, KH,PO, 1.0, and MgSO, 1.0. The medium pH was adjusted to 6.5 with 1.5 M NaOH
solution prior to sterilization at 121 °C for 20 min. 2.0 mL spore suspension was inoculated
into a 500-mL shaking flask with 100-mL seed culture medium and cultivated at 24 °C for
26-27 h in shake incubator at 250 rpm.

Original medium was consisted of (g/L): glucose 150, yeast extract 20, glycine 12.0,
methionine 0.4, potassium dihydrogen phosphate (KH,PO,) 3.0, and trace elements solu-
tion 1 mL. The trace element solution consisted of (g/L): FeSO,-7H,0 0.22, CuSO,-5H,0
0.3, MnSO, 4H,0 0.12, ZnSO,-7H,0 2.0. The media components expect carbon source and
trace element solution, were autoclaved separately at 121 °C for 20 min after the pH had
been adjusted to 6.0 with 1.5 M HCl or 1.5 M NaOH. Carbon source and trace element were
sterilized at 115 °C, 15 min. The medium was inoculated with an inoculum of 10.0% (v/v).

Optimization of Fermentation Conditions for MPA

The effects of carbon sources (glucose, sucrose, fructose, soluble starch, and glycerol), nitro-
gen sources (peptone, raw soybean meal, yeast extract, tryptone, and urea), phosphate sources
(KH,PO,, K,HPO,, NaH,PO,, and Na,HPO,), and precursor sources (methionine, glycine),
temperatures (20 to 30 °C), and initial pH (4.0-7.0) on the production of MPA in 250-mL shake
flask each containing 50 mL of the culture medium were studied by single-factor test experi-
ments. 1 mL/L trace elements solution were added to all the medium, and fermentation was
conducted at 250 rpm for 180 h. All fermentation experiments were carried out for triplicate.

According to the results of the single-factor test experiments, each factor was evaluated
to scrutinize their impacts on the response pattern of MPA yield. Other medium compo-
nents and fermentation conditions remained same as the single-factor test above. A quad-
ratic polynomial equation was used to predict the response. The experiments were designed
and analyzed by the software Design Expert, version 11.0 (State-Ease Inc., USA) [25]. A
Box—Behnken experimental design was used to optimize the key factors impacting the pro-
duction of MPA.

k k k
2
y=F+ Zi:lﬂixi + Zi:lﬂiixi + leiﬁiﬂiixixj +9
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where y is the predicted response, x; and x; are independent variables, k is the number of
variables, g, is a constant term, f;, §;, and ﬁij are coefficients for the linear, the coefficients
of the quadratic regression, and the coefficients of the interactive regression, respectively,
and 6 is the random error.

Bioreactor Fermentation

According to the shaking flask experiment results, the optimized fermentation strategy
medium was further verified in 5-L stirred fermenter (Winpact FS-05 fermenter), and
compared with performance of conventionally optimized medium. In a 3.3 L capacity fer-
menter, the fermentation medium was incubated at 24 °C with a stirring speed of 250 rpm
for 180 h, and aeration rate of 1.5 vvm. The fermentation process was tested every 24 h to
detect the concentration of amino acid, glucose, and biomass, pH, oxygen capacity, and
MPA yield in the fermentation broth.

Analytical Methods

MPA was determined by high-performance liquid chromatography with a C18
(4.6 mm X250 mm, 5 um) column at 40 °C. The mobile phase consisted of 0.14% (v/v)
triethylamine solution (the pH was adjusted to 5.0 by acetic acid) and acetonitrile at a
ratio of 3: 2, and the flow rate was used at 1.0 mL/min. The UV detection was at 249 nm
wavelength, and the injection volume was 20 ul. The glucose concentration of fermenta-
tion broth was determined by a colorimetric method using the dinitrosalicylic acid (DNS)
method [26] on a full-wavelength microplate reader (SpectraMax Plus384, USA) at
540 nm. The experimental results were compared with the standard curve of glucose solu-
tion, and the glucose concentration in the fermentation broth was calculated. The deter-
mination of the fungal biomass in the fermentation broth was used by the dry cell weight
(DCM) method [27]. The amino nitrogen concentration of fermentation broth was deter-
mined by formaldehyde titration [28].

Results and Discussion
Screening Experiments by the Single-Factor Test Method

To stepwise increase MPA production, the optimized medium obtained by traditional one-
factor-at-a-time method was used to form the control medium for the next screening. As
shown in Fig. 1b, 200 g/L of glucose provided with maximum MPA production, reaching
at 1966 +40 pg/mL. When peptone, tryptone, raw soy flour, and yeast extract been used
as nitrogen sources (20.0 g/L for each) for fermentation (Fig. 1c), yeast extract producing
MPA was slightly higher than any other one, and the biomass production and MPA con-
centration were 41.54 +0.67 g/L and 2138 +52 ug/mL, respectively. As shown in Fig. 1d,
10.0 g/L yeast extract could produce MPA as high as 2682 +40 pg/mL. Previous studies
reported that the phosphorous source for mycophenolic acid production was KH,PO, supe-
rior to other phosphorous sources [6, 17, 27]. KH,PO, with a concentration of 3.0 g/L was
the preferred phosphorus source (Fig. 1f).

In the experiment of a single-factor method, the effects of different initial concentra-
tions of methionine and glycine on biomass and MPA yield were studied (Fig. 2). The
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Fig.1 Effects of the following on the production of MPA and biomass. (a) Different carbon sources
(150 g/L). (b) Different concentrations of glucose (100-300 g/L). (¢) Different nitrogen sources (20 g/L).
(d) Different concentrations of yeast exact (1-20 g/L). (e) Different phosphorous sources (3.0 g/L). (f) Dif-
ferent concentrations of KH,PO, (1-5 g/L)

optimum concentration of glycine was 12.0 g/L (Fig. 2a). When the methionine concen-
tration was 0.4 g/L, the MPA reached at 2987 +49 ug/mL (Fig. 2b). The effect of initial
pH and temperature on the production of MPA and biomass is shown in Fig. 3. An initial
pH of 4.5 a little significantly influences the MPA concentration (Fig. 3a). The maximum
MPA production has been reported to vary with respect to the incubation pH. Ultrasound-
treated cells of P. brevicompactum were stimulated for MPA production at pH 4.5 [29]. The
maximum yield of MPA was produced by P. brevicompactum cultured in a fermentation
medium adjusted to pH 5.0 [17]. The maximum MPA production from P. brevicompactum
by sorbitol-fed fermentation with the pH controlled at 6.0 [21]. The maximum MPA pro-
duction by P. brevicompactum with combined feeding strategy and the controlled pH of 6.5
was from 120 h to the end [20]. The yield of MPA had an obvious peak at 24 °C (Fig. 3b).
According to the single-factor experiment, the highest concentration was 3002 +47 g/
mL after continuous fermentation for 180 h. The optimal composition of fermentation
medium (g/L): glucose 200, yeast extract 10, methionine 0.4, KH,PO, 3.0, glycine 12.0;
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Fig.2 Effects of different
concentrations of glycine

and methionine on MPA and
biomass production. (a) Glycine
(8.0-18.0 g/L) and (b) methio-
nine (0.2-1.0 g/L) on the MPA
and biomass
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trace element solution of 1 mL; the initial pH of 4.5 and an incubation temperature of

24 °C.

Fermentation Medium Optimization Using Box-Behnken Design Method

Based on the above single-factor test experiments, glucose, yeast extract, methionine and
glycine were chosen as variables. And the optimal levels of four factors affecting MPA
yield were determined by the Box—Behnken design (BBD) method. The glucose (150, 200,
250 g/L), yeast extract (5, 10, 15 g/L), glycine (10, 12.5, 15 g/L), and methionine (0.2, 0.5,
0.8 g/L) were determined for 29 experiments, all of which were performed in triplicate
(Table 1). The measured values of MPA produced by BBD fermentation are presented in
Table 2. The difference between the experimental results and the simulation results was
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insignificant. The influence of experimental factors on the response value can be shown by
regression fitting and regression equation.

MPA (pg/mL) = 3471.62 — 461.388A — 309.921B — 276.497C — 2.75417D+
181.725AB + 23.85AC + 0.1AD + 203.905BC — 272.038BD + 346.395CD—
1360.58A2 — 563.664B2 — 699.903C2 — 537.036D2.

In the formula, A represents glucose, B represents glycine, C represents yeast extract, D
represents methionine.

The variance analysis of the regression model is shown in Table 2. The F value of the
model was greater than 14 (Table 2), indicating importance of this model. The coefficient
(R?) of the model was 0.9442 and adjusted R? (0.8883), as well as the not significantly lack
of fit (P=0.0702), so a good correlation between actual and predicted MPA yield (Fig. 4).
As shown in Table 2, A (glucose) was small than 0.0001, indicating this of the most sig-
nificant variable to influence MPA yield. It is well known that glucose is vital to MPA
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Table 1 Experimental design and analysis results for mycophenolic acid (MPA) production

Run Glucose (g/L) Glycine (g/L) Yeast extract ~ Methionine MPA concentration
(g/L) (@) (ng/mL)
1 150 10 10 0.5 2498.87
2 250 10 10 0.5 1092.66
3 150 15 10 0.5 1659.73
4 250 15 10 0.5 980.42
5 200 12.5 5 0.2 3148.33
6 200 12.5 15 0.2 1883.34
7 200 12.5 5 0.8 1914.31
8 200 12.5 15 0.8 2034.90
9 150 12.5 10 0.2 1983.46
10 250 12.5 10 0.2 1081.43
11 150 12.5 10 0.8 2143.07
12 250 12.5 10 0.8 1241.44
13 200 10 5 0.5 3135.63
14 200 15 5 0.5 2327.02
15 200 10 15 0.5 1757.96
16 200 15 15 0.5 1764.97
17 150 12.5 5 0.5 1856.43
18 250 12.5 5 0.5 984.99
19 150 12.5 15 0.5 1691.81
20 250 12.5 15 0.5 915.77
21 200 10 10 0.2 2359.06
22 200 15 10 0.2 1920.1
23 200 10 10 0.8 3268.03
24 200 15 10 0.8 1740.92
25 200 12.5 10 0.5 3568.78
26 200 12.5 10 0.5 3221.77
27 200 12.5 10 0.5 3449.02
28 200 12.5 10 0.5 3570.15
29 200 12.5 10 0.5 3548.36

fermentation [21]. The production of MPA was significantly affected by the alone, glycine,
and yeast extract (P <0.005). Nonetheless, the linear effect of methionine on MPA yield
was not significant (P=0.975). However, the interaction between yeast extract and methio-
nine meaningfully affected the reaction (Table 2, P <0.05).

The smallest ellipse in the contour plot indicates the optimum values of variables at
the maximum predicted response [6, 20, 30]. The response surface diagram illustrated
the effect of the composition between these four factors on the MPA response. The three-
dimensional (3D) response surfaces plots showed the optimal value of MPA yield, and
interactions between any two nutrition variables among the four variables are shown in
Fig. 4. It was displayed a significant interaction between methionine and yeast extract on
MPA production (Fig. 4F). On the contrary, poor ellipticity of the contour lines represented
in the plots of glucose vs glycine (Fig. 4A), glucose vs yeast extract (Fig. 4B), glucose
vs methionine (Fig. 4C), glycine vs yeast extract (Fig. 4D), and glycine vs methionine
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Table 2 Analysis of variance for the response surface model of MPA yield

Source Sum of Squares df Mean Square F-value p value
Model 1.963x 107 14 1.402x 108 16.91 <0.0001
A-Glucose 2.555% 106 1 2.555% 106 30.81 <0.0001
B-Glycine 1.153%10° 1 1.153x 10° 13.9 0.0022
C-Yeast extract 9.174x10° 1 9.174x10° 11.06 0.0050
D-Methionine 91.03 1 91.03 0.0011 0.9740
AB 1.321x10° 1 1.321x10° 1.59 0.2275
AC 2275.29 1 2275.29 0.0274 0.8708
AD 0.04 1 0.04 4.824x 107 0.9995
BC 1.663x10° 1 1.663x10° 2.01 0.1786
BD 2.960% 10° 1 2.960% 10° 3.57 0.0797
CD 4.800%10° 1 4.800%10° 5.79 0.0305
A? 1.201 %107 1 1.201 %107 144.81 <0.0001
B? 2.061x10° 1 2.061x10° 24.85 0.0002
(o 3.177x10° 1 3.177x10° 38.32 <0.0001
D? 1.871x10° 1 1.871x10° 22.56 0.0003
Residual 1.161x 106 14 82,920.74 - -

Lack of Fit 1.073x 106 10 1.073x 10° 4.88 0.0702
Pure Error 87,973.04 4 21,993.26 - -

Cor Total 2.79% 107 28 - - -

R? - - 0.9442 - -

(Fig. 4E) suggested a lack of interaction between these factors. The MPA yield of 3606 ug/
mL by the model predicted existed as the concentration of glucose, yeast extract, glycine,
and methionine were 190.217 g/L, 8.747 g/L, 11.616 g/L, 0.502 g/L, respectively. The
MPA yield achieved an experimentally of 3610+ 51 pg/mL using the optimized conditions,
close to the predicted value. The difference between the predicted value of the model and
the experimental value was+2%. The concentration of MPA in the ordinary optimized
medium was 3002 +41 ug/mL, which was 20% higher than that of the medium (glucose
200 g/L, glycine 12.0 g/L, methionine 0.4 g/L, yeast extract 10.0 g/L). The final composi-
tion of medium optimized was (g/L): glucose 190.217, yeast extract 8.747, glycine 11.616,
methionine 0.502, KH,PO, 3.0 and trace element solution 1 mL.

Fermentation Strategy in the Shake Flask

Feeding methionine, an important precursor of MPA, has been reported to enhance MPA
production [31]. It was reported that addition of precursors to improve the fermentation
yield of antibiotics significantly [32, 33]. Studies have shown that glycine was a potential
precursor and can be used as nitrogen source [6, 20]. There have been few reports about the
effect of glycine on the production of MPA in the batch fermentation in the shake flask or
stirred tank bioreactor. A single-factor test experiment should be carried out in a shaking
flask to investigate the effect of different concentrations of glycine on the yield of MPA
to obtain better results in the fermenter. The components of the fermentation medium
were maintained at the following initial concentrations (g/L): glucose 190.217, KH,PO,
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Fig.4 Response surface plot representing interactive effects. (A) Glucose and glycine, (B) glucose and
yeast extract, (C) glucose and methionine, (D) glycine and yeast extract, (E) glycine and yeast extract, and
(F) yeast extract and methionine on the production of MPA

3.0, yeast extraction 8.747, methionine 0.502. The use of trace elements solution was still
1 mL/L. The fermentation conditions were as follows: 180 h at 24 °C and 250 rpm. At 32 h,
to study the effect of adding glycine on MPA synthesis, different concentrations of glycine
(8.0 g/L, 10.0 g/L, 12.0 g/L, 14.0 g/L, 16.0 g/L) were added at one time. The results in
Fig. 5 that the yield of MPA was 4748 +59 pg/mL when the feed concentration of glycine
was 12.0 g/L and fermented for 180 h, increased by 58% compared with the original fer-
mentation, and effectively improved the fermentation level of MPA.
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MPA Fermentation in 5-L Stirred Fermenters

Using the single-factor method, the medium was composed of (g/L) glucose 200, yeast
extract 10.0, methionine 0.4, KH,PO, 3.0, glycine 12.0. The composition of a fed-batch
fermentation medium was (g/L): glucose 190.217, yeast extract 8.747, methionine 0.502,
KH,PO, 3.0. Fed-batch fermentation, at 32 h, 12.0 g/L glycine were added at one time. The
above two media were cultured at 24 °C and pH 4.5 for 180 h.

MPA is a typical secondary metabolite during the stationary phase in microorganism
sand biosynthesis of MPA occurs during the stationary phase of microorganisms [20]. As
shown in Fig. 6, from 0 to 24 h, the glucose and amino nitrogen consumption concentration
decreased by 28 g/L. and 513 pg/mL in the batch fermentation. In contrast, the consump-
tion of glucose and amino nitrogen was faster than in batch fermentation, and decreased by
33 g/L and 578 pg/mL, respectively. Besides, pH was decreased to 3.81 due to the rapid
consumption of glucose. At 32 h fermentation, glycine was added of 12.0 g/L, the pH value
was increased from 3.81 to 4.12, and the amino acid nitrogen concentration was increased
to 2442 +98 ug/mL. After 180 h, the maximum MPA production reached 5786 +76 pg/
mL, and increased by 55.9% compared to the batch fermentation. It was reported that the
yield of MPA was 2.68 g/L (fermentation 312 h in 7 L fermenter), 3.26 g/L (fermentation
312 hin a 14 L stirred bioreactor), and 3.63 g/L (fermentation 280 h in 7 L fermenter),
respectively [20, 21, 27]. Through the analysis of reported, MPA production in this study
showed the apparently maximum yield, indicating a great potential in industrial process.

Conclusion

In this study, fed-batch fermentation was concluded to be superior to batch culture for
MPA production using Penicillium brevicompactum. The optimized medium was further
verified carried out in a 5-L stirred fermenter for 180 h, MPA titer was increased from
3712+ 65 pg/mL to 5786 +76 pg/mL, a 55.9% increase was achieved through glycine
was added at the concentration of 12.0 g/L at 32 h. The fed-batch fermentation method
may solve the chemical synthesis of mycophenolic acid with many steps and low yield.
We proposed that this combination of response surface methodology and fed-batch
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Fig.6 Batch fermentation and fed-batch fermentation profile in the stirred fermenter. (a) Batch fermen-
tation profile in stirred fermenter. (b) Fed-batch fermentation profile with feeding of 12.0 g/L glycine at
32 h. [ pH, A Glucose concentration, WV Amino nitrogen concentration, O Wet biomass concentration, @
MPA concentration, 4 Dissolved oxygen]

fermentation could be efficient for enhancing the production of the submerged fermenta-
tion. Therefore, MPA production was greatly improved by optimizing the fermentation
strategy, which showed a great potential in application of MPA production.
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