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Abstract
Pichia pastoris, a methylotrophic yeast, is known to be an efficient host for heterologous proteins production. In this study, 
a recombinant P. pastoris Y11430 was found better for β-glucosidase activity in comparison with a wild type P. pastoris 
Y11430 strain, and thereby, subjected to methanol intermittent feed profiling for β-glucosidase production. The results showed 
that at 72 h of cultivation time, the cultures with 16.67% and 33.33% methanol feeding with constant rate could produce the 
total dry cell weight of 52.23 and 118.55 g/L, respectively, while the total mutant β-glucosidase activities were 1001.59 and 
3259.82 units, respectively. The methanol feeding profile was kept at 33% with three methanol feeding strategies such as 
constant feed rate, linear feed rate, and exponential feed rate which were used in fed-batch fermentation. At 60 h of cultiva-
tion, the highest total mutant β-glucosidase activity was 2971.85 units for exponential feed rate culture. On the other hand, 
total mutant β-glucosidase activity of the constant feed rate culture and linear feed rate culture were 1682.25 and 1975.43 
units, respectively. The kinetic parameters of exponential feed rate culture were specific growth rate on glycerol 0.228/h, 
specific growth of methanol 0.061/h, maximum total dry cell weight 196.73 g, yield coefficient biomass per methanol ( Yx∕m ) 
0.57 gcell/gMeOH, methanol consumption rate ( Qm ) 5.76 gMeOH/h, and enzyme productivity ( Qp ) 75.96 units/h. In conclusion, 
higher cell mass and β- glucosidase activity were produced under exponential feed rate than constant and linear feed rates.

Keywords  β-glucosidase · Exponential feed rate · Fed-batch fermentation · Methanol feeding profile · Pichia pastoris

Introduction

β-glucosidases (EC 3.2.1.21) belong to a group of widely 
distributed hydrolytic enzymes that hydrolyze the β-O-
glucosidic bonding between β-D-glucose and aglycone/
another sugar (Kytidou et  al. 2020). Dalcochinase, a 
β-glucosidase from Dalbergia cochinchinensis Pierre (Thai 

rosewood) (Ratananikom et al. 2013; Toonkool et al. 2006), 
carries an isoflavonoid glucosidase, dalcochinin-8′-O-β-
D-glucosidase, as its natural substrate (Karnišová Potocká 
et al. 2021). Moreover, dalcochinase can also function in 
reverse hydrolysis (Paul et al. 2020), and transglucosylation 
(Kongsaeree et al. 2010) to synthesize oligosaccharides and 
glycosides. From this aspect, dalcochinase has a potential 
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application for novel oligosaccharide biosynthesis. To obtain 
dalcochinase, the enzyme has to be extracted from the plant, 
which is not appropriate because of the time consuming pro-
cess (to grow plant first) and not reliable (very little amount 
of enzyme from the plant). More reliable method has to be 
developed to produce the enzyme for industrial purpose.

Protein secretion is a multi-step mechanism, regulated 
by a number of proteins physically influenced by the pres-
ence of the disulfide bonds, hydrophobicity of protein 
molecules, and the molecular weight of it, whereas the 
post-translational modifications are particularly owing to 
glycosylation (Sultan et al. 2020). Pichia pastoris, methy-
lotrophic yeast, is known to be a potent host for heterol-
ogous proteins production (Mastropietro et al. 2021). P. 
pastoris secretes extracellular protein, under the influence 
of alcohol oxidase (AOX1) promoter which is strongly 
induced by methanol (Türkanoğlu et al. 2019), glycosyla-
tion, and high cell density growth on inexpensive medium 
in bioreactor cultures (Wang et al. 2017). In bioreactor, cell 
growth plays a vital part in the secretion of protein, as con-
centration of the protein in the growth medium is almost 
proportional to its concentration in extracellular medium. 
The fed-batch fermentation provides a strong growth inhi-
bition by methanol as a substrate (Liu et al. 2016).

P. pastoris involves three specific periods in fed-batch 
fermentation: (I) glycerol batch period: primary cell growth, 
(II) glycerol fed-batch period: AOX1 de-repression and 
increase cell density, and (III) induction period: recombi-
nant proteins expression (Chang et al. 2018). Methanol, an 
inducer of heterologous gene expression, also works as a 
substrate for protein production at the expense of high oxy-
gen utilization; nonetheless, unlimited methanol resource 
can cause abrupt depletion of oxygen. Although limitation 
of oxygen negatively affects the expression of foreign genes 
(Wang et al. 2017) and concentration of dissolved oxygen 
(DO) is an important variable for obtaining high cell den-
sity, oxygen-limited cultivation can reduce product modifi-
cation or increase the specific product purity relative to the 
amount of total protein released to the medium (Gmeiner 
et al. 2015). One of the most common methods in protein 
fed-batch fermentation involves controlling the level of 
DO within the bioreactors through the controlled addition 
of substrate feeding (Krause et al. 2016; Poontawee et al. 
2020).

The feeding strategy of methanol, dictating the specific 
growth rate during the induction period, is a significant 
approach to maximize the recombinant protein production 
(Azadi et al. 2017; Nieto-Taype et al. 2020). The methanol 
feeding strategy can be controlled by two methods. First, the 
methanol feed is controlled by a feedback regulation using 
DO signal to prevent oxygen limitation. When the DO signal 
increases than the given set point, the methanol is supplied to 
the bioreactor but halted as soon as the DO signal is lower/

equal to the given set point (Jahic et al. 2002). Methanol-
stat is another method for online concentration monitoring 
of methanol (Beiroti et al. 2019). The methanol feed is con-
trolled by feedback regulation directed by a methanol signal 
to uphold its concentration at a specific set point. The metha-
nol feeding rate is enhanced if its concentration is less than a 
given set point, whereas it decreases when the concentration 
of methanol is higher or equal to a specified set point. These 
two controlling methods provide high efficiency in protein 
production. However, they are required sophisticated instru-
ments and software to operate feedback control. Feed forward 
control requires less sophisticated instruments and software 
though less efficiency. Nevertheless, this control is commonly 
used in recombinant Pichia pastoris fed-batch fermentation 
(Looser et al. 2015). The main aim of this research was to 
determine a specific methanol utilization rate through various 
feed forward strategies in order to generate a methanol feed 
profile based on.

Materials and methods

Strain collection

The methylotrophic yeast Pichia pastoris Y-11430 (Mut+ 
and His+) strain, which expresses the mutant Thai Rose-
wood β-glucosidase (A454N), was obtained from the lab of 
Asst. Prof. Prachumporn Kongsaeree, Faculty of Science, 
Department of Biochemistry, Kasetsart University, Bangkok, 
Thailand.

Inoculum preparation

For a primary inoculum, a single marginal colony of P. pas-
toris was inoculated into a yeast-peptone-dextrose medium 
(10 g/L yeast extract, 20 g/L peptone, and 20 g/L dextrose) 
broth (total volume: 20  mL), comprised of 100  μg/mL 
zeocin, and cultivated for 24 h at 30 ๐C with 250 rpm shak-
ing in a shaker incubator. This primary inoculum was poured 
into an 80 mL BMGY medium (10 g/L yeast extract, 20 g/L 
peptone, 13.4 g/L yeast nitrogen base without amino acid, 
2 mL/L biotin, 10 g/L glycerol, and 0.1 M potassium phos-
phate buffer to maintain pH 6) to get a secondary inoculum 
and further incubated for 24 h.

Fed‑batch fermentation

A 100 mL propagated shake-flask secondary inoculum was 
used for inoculating a 2-L fermenter (BIOSTAT B; B. Braun 
Biotech International B), carrying 0.9 L basal salt medium 
(40 g/L glycerol, 18 g/L K2SO4, 27 mL/L H3PO4, 0.9 g/L 
CaSO4.2H2O, 14.9 g/L MgSO4.7H2O, 4.13 g/L KOH) and 
4.35 mL PTM1 trace salts solution (6.0 g/L CuSO4.5H2O, 
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0.08  g/L KI, 3.0  g/L MnSO4.H2O, 0.2  g/L Na2MoO4. 
2H2O, 0.02 g/L H3BO3, 0.9 g/L CoCl2.6H2O, 20 g/L ZnCl2, 
13.7 g/L FeCl3.6 H2O, 0.2 g/L biotin, 5 mL H2SO4). The 
fermentation process was carried out using the given con-
ditions: 30 °C, pH 5.5, and 50% dissolved oxygen (DO). 
For pH adjustment of media, NH4OH (25% w/v) was used 
in the medium; antifoam 1614 Dow Corning was used for 
regulation of foam, while DO concentration was controlled 
by manipulating the agitation rate cascading with the aera-
tion rate (2–5 vvm).

The three phases of fed-batch fermentation were oper-
ated in the experiment. The initial stage was glycerol batch 
phase in which the entire glycerol (40 g/L) was used up, as 
exhibited by a sharp drop in agitation rate (around 18 h). In 
the starvation phase, the glycerol and their metabolite was 
completely consumed for preparation of AOX1 expression 
(approximately 3 h). In the last stage (methanol fed-batch 
phase or induction phase), the feed medium (absolute metha-
nol with 12 mL/L PTM1 trace salts solution) was supplied 
at concentration of 4 g/L with intermittent feed pattern, and 
this stage was set for 42 h induction. The β-glucosidase 
activity (U/L), β-glucosidase productivity (QP; U/L/h), and 
yield coefficient of β-glucosidase from methanol (YP/m) were 
determined.

Different methanol feed profile for mutant 
β‑glucosidase production from Pichia pastoris strain 
Y‑11430

Constant feed rates with 16.67% and 33.33% methanol 
concentration

The similar experiment conditions were carried out men-
tioned above, except the induction phase. The two methanol 
concentrations (16.67% and 33.33% (w/v)) were fed with two 
constant rates. Based on the previous studies, the constant 
feed were calculated from the average of biomass concentra-
tion ( X ) and the specific rate of methanol consumption (qm).

Feeding with methanol concentration 
of 16.67%

Assumption: 

The specific rate of methanol consumption (qm) = 0.07 g/L/h.
The average of biomass concentration ( X) = 35.92 g/L.
The methanol consumption rate (QM) = 2.5  g/h or 
3.18 mL/h.

The methanol feeding rate (F) was 19.48 mL/h for 51 h 
induction phase. The samples were collected after every 
3 h throughout the three phases and were analyzed for 
β-glucosidase activity (U/L), methanol concentration 
(g/L), glycerol concentration (g/L), and dry cell mass 
concentration (g/L).

Feeding with methanol concentration 
of 33.33%

Assumption: 

The specific rate of methanol consumption (qm) =  
0.14 g/L/h.
The average of biomass concentration ( X) = 35.92 g/L.
The methanol consumption rate (QM) = 5.03  g/h or 
6.37 mL/h.

The methanol feeding rate (F) was 18.75 mL/h for 51 h 
induction phase. The samples were collected after every 
3 h throughout the three phases and were analyzed for 
β-glucosidase activity (U/L), methanol concentration 
(g/L), glycerol concentration (g/L), and dry cell mass 
concentration (g/L).

Linear feed rate

As described in the constant feed rate, the 33.33% metha-
nol constant feed rate were used to calculate the linear 
methanol feed rate as:

whereas:

F = methanol feeding rate (mL/h).
qm = 0.14 g/L.
V = broth volume at sampling time (mL).
X= the average of cell mass concentration (g/L) from the 
33.33% methanol constant feed rate fed-batch fermenta-
tion.
S = the adding methanol concentration (g/L).

The samples were collected every 3 h throughout the 
three phases and were analyzed for β-glucosidase activity 
(U/L), methanol concentration (g/L), glycerol concentra-
tion (g/L), and dry cell mass concentration (g/L).

F =
qmVX

S
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Exponential feed rate

Based on the 33.33% methanol constant feed rate, the methanol 
exponential feed rates were determined as:

whereas:

F= the methanol feed rate (mL/h).
V = broth volume at sampling time (mL).
X = the average of cell mass concentration (g/L) from the 
methanol linear feed rate.
fed-batch fermentation.
YX/S = the yield coefficient cell mass per methanol (g/g 
methanol) from the methanol linear feed rate fed-batch 
fermentation.
S = the adding methanol concentration (g/L).
μ = the specific growth rate (h).

The samples were collected every 3 h throughout the three 
phases and were analyzed for β-glucosidase activity (U/L), 
methanol concentration (g/L), glycerol concentration (g/L), 
and dry cell mass concentration (g/L).

Cell mass concentration

Spectrophotometer was used for measuring cell growth 
at 600 nm (OD600 nm). For dry cell weight, a 5 mL culture 
medium was centrifuged at 5000 rpm for 10 min to obtain 
pallet which was washed twice with deionized water and dried 
at 105 °C until constant weight.

β‑glucosidases activity

Modified hydrolytic activity of recombinant mutant 
β-glucosidases toward 3.3  mM p-nitrophenyl-β-D-
Glucopyranoside (pNP-Glc) was carried out in 0.1 M sodium 
acetate (pH 5.0) for 45 min, at 30 °C in a 1.0 mL total volume 
(Torres et al. 2019). The reaction was stopped by using 2 mL 
of 2 M sodium carbonate, and the release of p-nitrophenol was 
analyzed at 400 nm. One unit of enzyme was defined as the 
amount of enzyme releasing 1 μmol pNP/min (Li et al. 2018; 
Tissopi et al. 2022).

Glycerol concentration

Culture samples from the fermenter were centrifuged for 
5 min at 10,000 rpm and filtered through 0.2 μm filter nylon. 
Glycerol was analyzed by an HPLC method. Separation of 
10 μL of sample was accomplished on a Lichrocart-C18 

F =
�XV

YX∕S⋅S

column (250 mm × 4.0 mm, Merck) equilibrated at 25 °C 
and eluted with 0.1% phosphoric acid as the mobile phase 
at a flow rate of 0.9 mL/min. Glycerol was detected using a 
refractive index Model Refracto Monitor IV (LDC, USA). 
The concentration of glycerol was estimated through com-
paring the peak area of sample to the glycerol reference 
standard.

Methanol concentration

Culture samples from the fermenter were centrifuged for 
10 min at 5000 rpm and filtered through 0.2 μm nylon fil-
ter. Methanol concentration was assessed with a Hewlett 
Packard 6890 gas chromatography with the help of Factor 
Four Capillary column (Model VF-1 ms, Varian). Nitrogen, 
oxygen, helium, and hydrogen were used as carrier gas. The 
injector and the flame ionization detector and were set at 
160 °C and 250 °C, respectively. The temperature of column 
oven was kept constant at 45 °C.

Results and discussion

Methanol intermittent feed profile for mutant 
β‑glucosidase production from Pichia pastoris strain 
Y11430

The mutant β-glucosidase production from recombinant 
Pichia pastoris strain Y11430 is shown in Fig.  1. The 
results found were 252.45 U/L for β-glucosidase activity, 
5.94 U/L/h for β-glucosidase productivity (QP), and 2.34 
U/L/g for yield coefficient of β-glucosidase (YP/m). In glyc-
erol batch phase, 38 g/L of glycerol was used as a carbon 
and energy source for the initial cell growth. The phase was 

Fig. 1   Production of mutant β-glucosidase (A454N) from recombi-
nant Pichia pastoris strain Y11430 with methanol intermittent feed-
ing pattern (black circle, dry cell concentration (g/L); white square, 
glycerol concentration (g/L); black square, methanol accumulation 
(g/L); black triangle, β-glucosidase activity (U/L)
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continued untill a sharp decrease in agitation was observed, 
which indicated the complete utilization of glycerol (18 h). 
The dry weight of cells was significantly increased from 0.82 
to 18.22 g/L after the end of the first phase. In the starvation 
phase, the glycerol and its metabolites were completely con-
sumed for preparation of AOX1 expression (approximately 
3 h.). At the end of the starvation phase, the cell concentra-
tion was 19.12 g/L. Moreover, in the induction phase, metha-
nol was fed at the concentration of 4 g/L with intermittent 
feed pattern since the methanol concentration higher than 
5 g/L may inhibite the cell growth.

Methanol constant feed rates by the methanol 
concentration at 16.67% and 33.33% for cell mass 
concentration and β‑glucosidase production 
by recombinant Pichia pastoris strain Y11430

For feeding, the methanol concentration at 16.67 and 
33.33% with constant rate, the maximum cell weights dur-
ing glycerol batch phase at 0–8 h were 15.98 and 25.20 g, 
as glycerol fed-batch phase increases cell density (Fig. 2) 
and the specific growth rates (µgly) were 0.134 and 0.205/h, 
respectively (Table 1). Although both feed rates were run 
under the same condition, the differences between the dry 
cell weights and the specific growth rates of recombinant 
Pichia pastoris strain Y11430 might obtain from the ini-
tial cell concentration and another factors error during the 
experiments. In the induction phase, methanol could be used 
to stimulate β-glucosidase production and for cell growth. 
The dry cell concentration profiles of methanol constant feed 
rate for methanol concentrations of 16.67 and 33.33% at 
72 h were 52.23 and 118.55 g/L, respectively (Fig. 2). The 
specific growth rates from methanol (µMeOH) were 0.023 and 
0.036/h at 16.67 and 33.33% methanol concentrations and 
the yield coefficient biomass per methanol (Yx/m) were 0.273 
and 0.383 g/g, respectively (Table 1). As the methanol con-
centration was increased, the yeast could use the methanol 
for cell mass production.

The rate of methanol consumption (Qm) at 16.67 (Fig. 3A) 
and 33.33% (Fig. 3B) displayed that the recombinant yeast 
was adjusted to the medium because of the low rate of meth-
anol consumption during 21–23 h. After that, the rates of 
methanol consumption were almost the same. The specific 
rates of methanol consumption (qm) (Fig. 3C, D) were gradu-
ally decreased because of high cell concentration. The high 
cell concentration consumed methanol rapidly for the cell 
growth; meanwhile methanol was insufficient for cell con-
sumption during the end of fermentation.

With the constant feed rate of methanol concentra-
tion at 16.67 and 33.33%, β-glucosidase activity profiles 
increased continuously (Fig. 2C, D). At 72 h, the maxi-
mum enzyme activity was observed as 3289.52 units for 
methanol 16.67%, while the maximum enzyme activity 

was 1001.59 units for 33.33% methanol. It was noticed 
that the enzyme activity and production, cell density, and 
methanol metabolism would highly rely on the strategy of 
methanol induction (Gunes et al. 2016; Nieto-Taypeet al. 
2020). The results from the enzyme activity were related 
to the enzyme productivity rate (Qp) and the specific 
enzyme productivity rate (qp). The trends of the enzyme 
productivity rate (Fig. 4A) and the specific enzyme pro-
ductivity rate (Fig. 4C) of constant feeding methanol at 
33.33% were higher than those of constant feeding metha-
nol 16.67% (Fig. 4B, D). The yield coefficient product per 
methanol (Yp/m) of constant feeding methanol at 33.33% 
was 13.035 (U/g), which was greater than the yield coef-
ficient product per methanol of constant feeding methanol 
16.67% (7.601 U/g) presented in Table 1. These results 
have indicated that the recombinant yeast could use the 
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Fig. 2   Analysis of A dry cell concentration and B β-glucosidase 
activity by constant feeding rate of methanol concentration of 16.67 
and 33.33% using recombinant Pichia pastoris Y11430 strain
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higher methanol concentration (33.33%) for cell growth 
and enzyme production.

Different feed patterns for cell growth 
and β‑glucosidase production by recombinant 
Pichia pastoris strain Y11430

At 33.33% methanol concentration, methanol was differ-
ently fed into the fermenter with constant feed rate, linear 

feed rate, and exponential feed rate. During glycerol batch 
phase at 18 h, the dry cell weights for three different feed-
ings were 25.2, 24.14, and 21.69 g (Fig. 5), and the spe-
cific growth rates of glycerol (µgly) were 0.205, 0.112, and 
0.228/h, respectively (Table 2). Although the three feeding 
patterns were run under the same condition, the differences 
between the dry cell weights and the specific growth rates 
of recombinant Pichia pastoris strain Y11430 might be 
obtained from the initial cell concentration or may be due to 

Table 1   Kinetic parameters of 
β-glucosidase production by 
recombinant Pichia pastoris 
strain Y11430 by constant 
feeding of the methanol 
concentration at 16.67 and 
33.33% at 72 h

Parameter Methanol concentration 
at 16.67%

Methanol concentration 
at 33.33%

Specific growth rate of glycerol; �gly (h) 0.134 0.205
Yield coefficient cell per methanol; Yx∕g (g/g) 0.406 0.623
Rate of methanol consumption; Qg (g/h) 1.884 2.181
Specific rate of methanol consumption; qg (g/g) 0.173 0.448
Specific growth rate of methanol; �MeOH (h) 0.023 0.036
Yield coefficient cell per methanol; Yx∕m (g/g) 0.273 0.383
Rate of methanol consumption; Qm (g/h) 2.430 4.541
Specific rate of methanol consumption; qm (g/g/h) 0.070 0.090
Maximum enzyme activity (U) 1001.590 3289.520
Enzyme productivity rate; QP (U/L/h) 19.50 64.360
Specific enzyme productivity rate; qP (U/g/h) 0.470 0.830
Yield coefficient enzyme per methanol; Yp∕m (U/g) 7.601 13.035
Methanol consumption quantity (g) 130.811 251.811
Net fermentation content (mL) 1939.481 1907.251

Fig. 3   Rate of methanol con-
sumption (Qm) and specific rate 
of methanol consumption (qm) 
of recombinant Pichia pastoris 
Y11430 strain during methanol 
fed-batch phase by adding the 
methanol concentration of A 
16.67% and B 33.33%
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some other factors during the experiments. Increase in glyc-
erol concentration inhibits the expression of genes driven by 
the AOX1 (Kastilan et al. 2017). Additionally, derepression 
can be achieved by limiting the glycerol fed in manner to 
increase the cell density (Cos et al. 2006).

During 21–60 h with constant feed rate, linear feed rate, 
and exponential feed rate in the induction phase, the dry cell 
weights were 86.80, 135.91, and 196.73 g (Fig. 5), while the 
specific growth rates of methanol (µMeOH) were 0.04, 0.04, 
and 0.061 h−1, respectively (Table 2). The same results were 
obtained from the yield coefficient biomass per methanol: 
0.34, 0.39, and 0.57 g.g−1, respectively (Table 2).

The rate of methanol consumption (Qm) and the specific 
rate of methanol consumption (qm) with three methanol 
feeding patterns are depicted in Fig. 6. The slopes of the 
methanol consumption rates of linear feed rate (Fig. 6B) 
and of exponential feed rate (Fig. 6C) were higher than the 
methanol consumption rate of constant feed rate (Fig. 6A). 
The specific rate of methanol consumption (qm) of constant 
feed rate (Fig. 6A) was declined; whereas those of linear 
feed rate and exponential feed rate were inclined (Fig. 6B, 
C). The recombinant yeast consumed methanol more and 
efficiency in linear feed rate and exponential feed rate than 
constant feed rate and the insufficient of methanol over time 
did not occur in linear feed rate and exponential feed rate like 
in constant feed rate. It was indicated that the calculation of 
feed rate from linear and exponential profiles was more cor-
related to growth of yeast than constant profiles. Parameters 
such as the average cell quantity (Xt) and the specific rate of 

methanol consumption (qm) in constant feed rate were used 
to calculate the linear methanol feed rate, similar to the addi-
tion of methanol with exponential feed rate, which was cal-
culated from the specific rate of methanol consumption (qm) 
and yield coefficient biomass per methanol (Yx/m) from the 

Fig. 4   Enzyme productivity 
rate (Qp) and specific enzyme 
productivity rate (qp) of 
recombinant Pichia pastoris 
Y11430 strain during methanol 
fed-batch phase by adding the 
methanol concentration at A 
16.67% and B 33.33%
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Fig. 5   Determination of dry cell weight of recombinant Pichia pas-
toris Y11430 strain in fed-batch fermentation with constant feed rate, 
linear feed rate, and exponential feed rate
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Table 2   Kinetic parameters of 
β-glucosidase production by 
adding methanol with constant 
feeding rate, linear feeding rate, 
and exponential feeding rate 
fermented at 60 h

Parameter Constant 
feeding rate

Liner feeding rate Exponential 
feeding rate

Specific growth rate of glycerol; �gly (h) 0.205 0.112 0.228
Yield coefficient cell per methanol; Yx∕g (g/g) 0.623 0.807 0.543
Rate of methanol consumption; Qg (g/h) 2.181 1.731 1.865
Specific rate of methanol consumption; qg (g/g/h) 0.448 0.069 0.329
Specific growth rate of (methanol); �MeOH (h) 0.04 0.04 0.061
Yield coefficient cell per methanol; Yx∕m (g/g) 0.34 0.39 0.57
Rate of methanol consumption; Qm (g/h) 4.42 6.25 5.76
Specific rate of methanol consumption; qm (g/g/h) 0.1 0.09 0.07
Maximum enzyme activity (U) 1629.86 2088.50 2971.85
Enzyme productivity rate; QP (U/h) 41.61 53.55 75.96
Specific enzyme productivity rate; qP (U/g/h) 0.67 0.64 0.73
Yield coefficient enzyme per methanol; Yp∕m (U/g) 8.43 7.74 9.68
Methanol consumption quantity (g) 192.56 269.76 305.94
Net fermentation content (mL) 1628.25 1975.43 2372.58

Fig. 6   The rate of methanol 
feed consumption (Qm) and the 
specific rate of methanol con-
sumption (qm) of recombinant 
Pichia pastoris Y11430 strain 
during methanol fed-batch 
phase with constant feed rate 
(A), linear feed rate (B), and 
exponential feed rate (C)
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linear feed rate. Thus, the rate of methanol consumption (Qm) 
and the specific rate of methanol consumption (qm) of linear 
and exponential feed rate were increased according to growth 
cell yeast equilibrated with the feeding methanol quantity.

Since the maximum volume of the fermenter is 2 L, 
the volumes of fermentation broth of linear feed rate and 
exponential feed rate were reached the maximum volume at 
60 h. Therefore, β-glucosidase activities from constant feed 
rate, linear feed rate, and exponential feed rate at 60 h were 
1629.86, 2088.50, and 2971.85 units, respectively (Fig. 7) 
and the yield coefficients product per methanol (Yp/m) from 
three feeding patterns were 8.43, 7.74, and 9.68 U/g, respec-
tively (Table 2). The profiles of enzyme productivity rate 
(Qp) and specific enzyme productivity rate (qp) with different 
feeding methods are exhibited in Fig. 8. The slopes of the 
both rates from exponential feed rate were found slightly 
higher than the slope of those from constant feed rate and 
linear feed rate due to the highest added-volume of methanol 
(Table 2) during an adequate induction phase.

Discussion

In this study, glycerol was used as a carbon and energy 
source. As glycerol enhances biomass, thereby, the dry 
weight of cells was significantly increased from 0.82 to 
18.22 g/L. Glycerol also helps in transition to methanol 
metabolism phase (Liu et al. 2016) which is assumed to 
inhibit the cell growth at its higher concentration of more 
than 5 g/L. Glycerol accumulation leads to cell growth 
inhibition and generation of by-products such as ethanol, 

to repress AOX1 promoter and expression of recombinant 
protein during methanol induction phase (Jia et al. 2021).

Moreover, in the induction phase, methanol was fed at 
the concentration of 4 g/L with intermittent feed pattern 
since the methanol concentration higher than 5 g/L may 
inhibit the cell growth. Likewise, Nguyen et al. (2020) also 
found that methanol at 5% or more causes inhibition in cell 
proliferation.

During glycerol batch phase with methanol constant feed-
ing rate, the methanol concentration of 33.33% in contrast 
with 16.67% gave maximum cell weights and the specific 
growth rates (µgly) of 15.98 and 25.20 g, and 0.134 and 
0.205/h, respectively. However, at constant methanol feed-
ing, a high ratio of glycerol may lead to a higher percentage 
of methanol directly dissimilating to carbon dioxide, which 
may create energy imbalance and hence, decompose the 
recombinant protein (Liu et al. 2019).

In addition, the β-glucosidase activity profiles observed 
were 3289.52 units for methanol 16.67%, whereas, 1001.59 
units for 33.33% methanol which may be attributable to the 
fact that P. pastoris is sensitive to methanol concentration 
which must be controlled between 2 and 3.5 g/L. However, 
induction of AOX1 promoter by methanol may lead to 
Pichia cell growth inhibition when methanol concentration 
is greater than 4 g/L (Liu et al. 2020).

At 33.33% methanol concentration (optimized level), 
methanol was fed with constant feed rate, linear feed rate, 
and exponential feed rate. While comparing all three con-
ditions for the dry cell weights, the specific growth rates 
of glycerol (µgly), the yield coefficient biomass per metha-
nol, rate of methanol consumption (Qm), β-glucosidase 

Fig. 7   β-glucosidase activity 
of recombinant Pichia pastoris 
Y11430 strain in fed-batch 
fermentation with constant 
feed rate, linear feed rate, and 
exponential feed rate
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activities, enzyme productivity rate (Qp), and specific 
enzyme productivity rate (qp) were all at its maximum 
level during exponential feed rate.

Glycerol goes for transition successfully from glycerol 
to methanol metabolism phase, while during this transition 
phase, glycerol is utilized completely. This step involves 
either the sole supply of glycerol or mixed feed of metha-
nol and glycerol. The last stage (production phase) is 
marked with the addition of methanol to induce protein 
expression. AOXI promoter is used commonly since it is 
repressed by glucose; hence, glycerol is used as a carbon 
source to generate biomass while repressing gene expres-
sion (Liu et al. 2019).

It is recommended that a long pause between initial growth 
on glucose and methanol induction is needed to prevent 
inhibition of the AOX promoter by glucose, glycerol, or the 
formed overflow metabolite, ethanol (Wollborn et al. 2022).

Conclusion

Production of protein with recombinant methylotrophic 
yeast Pichia pastoris is trending in academic research these 
days. The prime purpose of this work was to determine a 
specific methanol utilization rate through various feed for-
ward strategies including constant feed rate, linear feed rate, 
and exponential feed rate, in order to generate a methanol 
based feeding profile through fed-batch fermentation. The 
methanol feeding strategy can be controlled by two meth-
ods, (i) feedback regulation using dissolved oxygen signal 
to prevent oxygen limitation. When the DO signal surpasses 
the given set point, the methanol is supplied to the bioreac-
tor but halted as soon as the DO signal is lower/equal to 
the given set point; (ii) methanol-stat, for monitoring online 
concentration of methanol. The kinetic parameters, i.e., spe-
cific growth rate of glycerol, specific growth of methanol, 

Fig. 8   The enzyme productiv-
ity rate (Qp) and the specific 
enzyme productivity rate (qp) 
of recombinant Pichia pastoris 
Y11430 strain during methanol 
fed-batch phase with constant 
feed rate (A), linear feed rate 
(B), and exponential feed rate 
(C)
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maximum total dry cell weight, yield coefficient biomass 
per methanol, methanol consumption rate, specific metha-
nol consumption rate, enzyme productivity, specific rate of 
enzyme formation, and yield coefficient enzyme per metha-
nol, favored the exponential feed rate owing to the produc-
tion of highest cell mass and mutant β-glucosidase activity 
than that by constant and linear feed rates.
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