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Abstract: L-asparaginase is used in the treatment of Acute Lymphoblastic Leukemia (ALL), with only bacterial versions produced 

being commercialize. Alternative Saccharomyces cerevisiae ASNase coded by the ASP3 gene was produced in recombinant Pichia 
pastoris, under the control of the AOX1 gene promoter. P. pastoris, a methylotrophic yeast, is an established system for the production 
of heterologous proteins, particularly biopharmaceuticals and industrial enzymes. However, the physiological effects of different 
cultivation strategies result in different specific growth rates, biomass and enzyme yields. The multistage fed batch cultivation was 
separated four distinct phases: glycerol batch phase, glycerol fed-batch phase, starvation phase and the production phase. In this 
study, recombinant P. pastoris was cultivated using optimum conditions with modified defined medium, 31 g.L-1 were produced during 
glycerol batch phase (GBP) giving a yield coefficient of 0.77 g.gglycerol

-1 and specific growth rate of 0.21 h-1. With 12 h limiting glycerol 
feed the cell concentration achieved above 65 g.L-1 with low concentration of ethanol detected. High cell density culture performed 
in bioreactor, where the biomass concentration reached 91 g.L-1 after induction. Through the induction with methanol was observed 
a specific growth rate up to of 0.039 h-1. Enzyme yield per dry cell mass reached 37 U.g-1 with no active enzyme detected in the 
supernatant, resulted in a volumetric yield 3315 U.L-1 and global volumetric productivity of 31 U.L-1.h-1. 
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1. Introduction 

The enzyme L-asparaginase (EC 3.5.1.1, L-asparagine 
amidohydrolase) catalyzes the conversion of L-asparagine to 
aspartic acid and ammonia. L-asparaginase (ASNase) is a corner 
stone of treatment protocols for in acute lymphoblastic leukemia 
(ALL).Until today, only bacterial derived enzymes modified 
(PEGylated) or unmodified from E. Coli and unmodified from 
Erwinia caratovora have been approved for ALL treatment. [1][2] 
In addition, a PEGylated recombinant Erwinia ASNase (mPEG-r-
crisantaspase) is undergoing evaluation (NCT015515124) [3]. 

Administration of foreign proteins may cause immunological 
problems that limit their usage. Even with all the success 
achieved with bacterial ASNase, there are still side effect [4][5][6]. 
Therefore, there is a demand for new drug proteins with different 
immunological proprieties. The yeast Saccharomyces cerevisiae, 
similarly to E. coli, produces two forms of ASNase. ASNase I, an 
internal constitutive enzyme located within the cell, and ASNase 
II, an external glycoprotein enzyme in the cell wall which is 
secreted in response to nitrogen starvation [7][8]. ASNase II has 
differs significantly in several aspects from the enzyme of 
bacterial sources, with lower allergenic potential that would 
reduce the secondary effects [9]. ASNase I is coded by the ASP1 
gene, while ASNase II is coded by ASP3 gene [8]. ASNase II with 
362 amino acid residues and 38686 Da presents higher kM, higher 
stability and optimum pH near the physiologic pH [10]. S. 
cerevisiae is able to do post translational modification to proteins 
such as glycosylation [11]. However, lower secretory capacity 
relative to P. pastoris and other yeasts may hider industrial 
production [12]. 

Since its first introduction, P. pastoris has become widely used for 

heterologous proteins expression, where more than 1000 
proteins have been produced [13][14]. The success of this 
expression system is supported by ability of this yeast to reach 
high cell density cultures (HCDC) [15] on simple, inexpensive and 
chemically defined media [16] and that the techniques for 
molecular genetic manipulation are simple [17]. Among the 
various advantages that made P. pastoris also able to perform 
eukaryotic protein processing and post-translational modification, 
such as folding and glycosylation, which can help in protein 
stability and in reducing allergenic reaction when compared with 
prokaryotic proteins [18][14].]. Also, unlike S. cerevisiae, P. 
pastoris has a well-developed secretory system that is beneficial 
for external production of heterologous proteins and is poor 
fermenter, having preference for respiratory growth, producing 
low ethanol quantity, which rapidly builds to toxic levels when S. 
cerevisiae is used [19][17].  

P. pastoris has a very strong and tightly regulated gene promoters 
of the methanol utilization pathway (MUT), specially the promoter 
of the gene coding for alcohol oxidase 1 (AOX1) that allow for 

high protein production [20][21]. The wild type P. pastoris’ 
genome contains two different genes that encode for alcohol 
oxidase: AOX1 and AOX2. Depending on gene knocked out, 
three distinct P. pastoris phenotypes that differ concerning their 

ability to utilize methanol are available [22]. MUT+ (methanol 
utilization plus) strain, which as both AOX genes intact is 
generated, MUTs (methanol utilization slow) where AOX1 has 
been partially. Since this strain relies only on the weaker promoter 
AOX2 for methanol metabolism, which yields 10-20 times less 
AOX activity than the AOX1 gene, it has a slower grow rate than 
the wild P. pastoris. Alternatively, MUT- (methanol utilization 
negative) strain has both AOX 1 and AOX 2 genes are deleted 
[23][11][24]. 

At the transcriptional level, the carbon source plays an important 
role in regulating enzyme synthesis [23]. There is induction of the 
highly regulated methanol oxidase gene promoter (AOX1) by C1 
compounds and catabolite repression by multi-carbon 
compounds, especially by glucose and ethanol [25][26].  

The cultivation of recombinant P. pastoris expressing a product 

under the control of the AOX promoter in HCDC uses multi-stage 
fermentation process[27][18]. Typically, this process is divided in 
two major stages: growth and the induction [24][28] that are 
divided in three phases [29][23][17][11][30], or in some case is 
added a transition phase (TP) [31][32][33][34]. In the growth 
stage, a large cell mass is generated using glycerol as carbon 
source, as P. pastoris grows significantly faster in this substrate 
than in methanol [35] and it is divided in two phases: glycerol 
batch phase (GBP), glycerol fed-batch phase (GFP). While during 
the induction stage, production of the recombinant protein takes 
place using a methanol fed-batch phase (MFP)[35]. During fed-
batch culture, it is essential to design a feeding strategy to prevent 
over feeding or underfeeding of substrate to culture.  

The excess glycerol, in the batch phase, allows a rapid production 
of biomass [23]. Upon depletion of initial glycerol there is easily 
an identifiable sharp increase in dissolve oxygen (DO) 
[36][16][22][37]. The second phase, GFP, where glycerol is fed at 
growth limiting rates for further cell growth until desired cell 
concentration, minimizing by-product formation (e.g. ethanol) and 
maximizing biomass yield. After the desired high cell density is 
achieved, the carbon source is changed, for AOX promoter 
induction and heterologous protein production, by methanol feed 
in the MFP. In this phase, the methanol feeding and control 
strategy in bioreactor differ for each MUT phenotypes due to their 
different methanol assimilation ability and it greatly influences 
heterologous protein production, specific growth rate and residual 
methanol concentration [38][39]. In some cases, an additional 
optional phase is used for transition between glycerol and 
methanol feed allowing the P. pastoris cell to better adapt to 
methanol metabolism and shortening the time cells need to fully 



adapt to methanol [32]. In this phase a co-feeding of methanol 
and other carbon source or a short starvation  period after glycerol 
feed for total glycerol and ethanol total depletion are used 
[31][32][33][40][34]. 

Limited feed benefits AOX derepression by facilitating the 
consumption of secondary metabolites that accumulate during 
the batch phase, such as acetate and ethanol [41] that are AOX 
inhibitors [31]. To avoid AOX repression and at the same time 
decrease the time duration of this stage the glycerol concentration 
must be carefully controlled [42]. Some authors use a simpler 
constant glycerol feeding rate or an initial step like increase in 
glycerol feed until the pretended constant feed rate is achieved 
[30][34][42] while other selected an exponential feed rate 
[33][43][44][45][46] in the GFP to get a growth-limited glycerol 
concentration [22] 

The induction strategy has a great impact in the overall process 
productivity, requiring tight control of methanol feed rate and 
concentration in the reactor. For instance, the widely “Pichia 
fermentation Process Guideline” from Invitrogen™ (San Diego, 
CA) suggests two different empirical methanol feeding strategies: 
the DO spike method and the use of preprogramed linear feed 
rates designed to maintain low methanol level in the 
broth[30][47][48]. However, unlike the GFP, the methanol feed 
that dictates the specific growth rate depends on differ 
assimilation capacity of each strain and the selection of feed 
strategy with its own specific parameters must be individually 
optimized for each heterologous protein. MUT+ and MUT- can use 
methanol as sole carbon and energy during protein production 
[35][39][20][11]. 

Monitoring and controlling the methanol is particularly important 
in the induction phase because high levels of the methanol are 
toxic to P. pastoris, but too low methanol concentrations may not 
be enough to initiate the AOX transcription [49][39][17]. 
Therefore, methanol concentration, which dictates the specific 
growth rate in the MFP is a crucial parameter for maximizing 
heterologous protein production, as it acts at the same time as 
carbon source and inducer [22][39][31]. Also, methanol 
metabolism utilizes oxygen at a high rate, and expression of 
heterologous genes is negatively affected by oxygen limitation. 
Methanol levels in the bioreactor must be fully controlled in order 
to avoid its accumulation to toxic levels. [17] 

2. Materials and methods 
2.1. Microorganism and plasmid 

The research seed bank used during this work was prepared from 
a single cell isolate of P. pastoris muts strain KM71 (arg4 his4 
aox1Δ::ARG6), (InvitrogenTM) constructed with vector pPIC9K 
(InvitrogenTM) under the control of the AOX1 promoter for ASP3 
gene for expression of L-asparaginase II from Saccharomyces 

cerevisiae. 

2.2. Culture medium formulation 
 

 Yeast Peptone Dextrose (YPD) medium: Dextrose 20 g.L-1, 
Peptone 20 g.L-1, Yeast extract 10 g.L-1, agar 20 g.L-1 

 Buffered glycerol complex medium (BGMY): Yeast extract 10 
g.L-1, 20 g.L-1 peptone, 100 mM potassium phosphate (pH 
6.0), yeast nitrogen base (YNB) medium 3.4 g.L-1, (NH₄)₂SO₄ 
10 g.L-1 and biotin 4 mg.L-1,glycerol 10 g.L-1with and without 
supplementation (casein 5 g.L-1 or corn steep powder 5 g.L-

1); 

 Buffered methanol complex medium (BMMY): identical to 
BGMY except for the 30 mL.L-1 methanol instead of 10 g.L-1. 

 Basal salt medium (BSM): Basal salt medium (BSM) 85% 
H3PO4 26.7 mL.L-1, CaSO4 0.93 g.L-1, K2SO4 18.2 g.L-1, 
MgSO4•7H2O 14.9 g.L-1, KOH 4.13 g.L-1, Pichia trace 

medium (PTM) 4.35 mL.L-1 at pH 5.0 adjusted with 25% 
NH4OH. 

 Basal salt medium modified (BSMm): 85% H3PO4 26.7 mL.L-

1, CaSO4 0.93 g.L-1, K2SO4 18.2 g.L-1, , MgSO4•7H2O 14.9 

g.L-1, KOH 4.13 g.L-1, (NH4)2SO4, 13-20 g.L-1, Pichia trace 
medium (PTM1) modified 4.35 mL.L-1. Initial pH 5.0 adjusted 
10 M NaOH 

 Salt Fermentation Medium (SFM): KH2PO4 12 g.L-1, 
MgSO4•7H2O 4.7 g.L-1, CaCl2•2H2O 0.36 g.L-1, (NH4)2SO4, 
13-20 g.L-1, PTM1 4,35 ml.L-1. Initial pH 5.0 was adjusted with 
10 M NaOH. 

 Pichia trace medium (PTM): CuSO4•5H2O 6.0 g.L-1, KI 0,088 
g.L-1, MnSO4•H2O 3.0 g.L-1, Na2MoO4•2H2O 0.2 g.L-1, H3BO3 

0.02 g.L-1, CoCl2 0.5 g.L-1, ZnCl2 20.0 g.L-1, FeSO4•7H2O 
65.0 g.L-1, Biotin 0.2 g.L-1, concentrated H2SO4  5.0 ml.L-1. 
Filter sterilized. 
 

2.3. Pichia pastoris cell line preservation and revival 

The colonies were replica plated every 3 months in YPD solid 
medium and incubated for 24h at 30 °C. The colonies from the 
Petri dish were used to inoculate a 500 mL Erlenmeyer baffled 
flask (100 mL of BGMY medium per flask) in Brunswick Scientific 
shaker incubator (Excella® E24 incubator shaker series), at 30 
°C and 250 rpm for 24h and optical density above 30. After the 
period of incubation, the cells were stored at -80 °C in BGMY with 
glycerol (20% v/v) in 1.5 mL Eppendorfs (1 mL each Eppendorf) 
to maintain the frozen cell stock. The strain revival was done by 
inoculation with 500-1000 µL of the unfrozen cell suspension in a 
250 mL Erlenmeyer baffled flask (50 mL of BGMY medium), at 30 
°C and 250 rpm in shaker incubator for 24h. 

2.4. Pichia pastoris cultivation in Erlenmeyer flask 

Cultures were homogeneous from a previously prepared pre-
inoculum were the frozen suspension was revived. The 
inoculation was carried out with 1 gdcw.L-1 of initial cell 
concentration. Were tested BMGY with or without casein or corn 
step powder, BSM medium (glycerol 10; 40 g.L-1), BSM medium 
modified (40 g.L-1 glycerol) and SFM (glycerol 40 g.L-1. The 
incubation in Erlenmeyer flask of 250 mL (50 mL per flask) was 
at 30 °C and 250 rpm in shaker incubator (Brunswick Scientific 
Excella® E24 incubator shaker series) until glycerol depletion. 
The cell culture (50 mL) were centrifuged in a 50 mL Falcon tube 
at 3320 xg and 4 °C for 10 minutes and resuspended in 250 mL 
Erlenmeyer baffled flask (50 mL). The induction phase was 
carried on the same medium used in the growth phase 
respectively per flask) and the induction of ASNase production 
was carried by addition of methanol pulses (30 mL/L) every 24 
hours for 48 hours at 20 °C and 250 rpm in shaker incubator.  

2.5. Pichia pastoris cultivation in bioreactor 

The inoculum was prepared by growing a stock culture of the 
recombinant P. pastoris from 1000 µL of unfrozen cell suspension 

in a 250 mL Erlenmeyer baffled flasks containing 50 mL of BGMY 
medium, at 30 °C and 250 rpm in shaker incubator for 22 h. After, 
5 mL of cell suspension were used to determine dry cell weight in 
MOC63u unibloc Moisture Analyzer (Shimadzu®) using 

nitrocellulose membrane. The adequate cell suspension volume 
was collected in 50 mL Falcons tubes and centrifuged 3320 xg for 
cell collection, which were ressuspend the cells in BSMm. The 3 
L bioreactor (Bioreactor New Brunswick Bioflo® 115) was 

inoculated in such way as to ensure initial biomass concentration 
of 1 gdcw.L-1. 
Cultures were performed using BSMm with initial glycerol 
concentration of 40 g.L-1 and initial (NH₄)₂SO₄. Concentration of 

13 g.L-1. Bioreactor was operated at 30 °C during cell growth and 
starvation phases and pH was controlled at 5.0 with 10 M NaOH. 
During induction phase the temperature was reduced to 20 °C 
and medium pH was maintained at 6.0. 

2.5.1. 𝑘𝐿𝑎 experiments 

To evaluate influence of 𝑘𝐿𝑎 in cell growth and ethanol 
production, three different 𝑘𝐿𝑎 were tested: i) 84 h-1; ii) 115 h-1; iii) 
158 h-1 in batch mode until glycerol depletion. 



The 𝑘𝐿𝑎 values determination was done with the gassing out 

method [50], bubbling nitrogen in to the 2 L of water contain in the 

bioreactor (Bioreactor New Brunskwick Bioflo® 115) to remove 
the dissolved oxygen (DO), until the polarographic probe 

reaches zero. Plotting 𝐿𝑛 (1 −
𝐶

𝐶𝑠
) against time (h-1) for the 

different aeration rates and agitation conditions was determined 

𝑘𝐿𝑎 on water at 30 °C. 

2.5.2. Two stage fermentation - HCDC 

Bioreactor was operated in batch mode for 20h with initial 

volume of 1.5 L, after which was initiated glycerol limiting feed for 
further biomass growth. Two feeding profiles were evaluated 
during the glycerol fed-batch phase (average flow rate of 13.1 L.h-

1) using glycerol solution 50 % (w/v), PTM1 solution 15 
mLPTM1.Lglycerolsolution

-1 and ammonium sulfate mass flow of 0.325 

𝑔(𝑁𝐻4)2𝑆𝑂4
. 𝑔𝑔𝑙𝑦𝑐𝑒𝑟𝑜𝑙

−1  for 12h. During both phases were maintain the 

at pH 5.0 with NaOH, temperature at 30 °C and were used the 
oxygenation conditions selected in item 2.5.1 (700 rpm and 1 
vvm). 

2.5.3. Induction experiments of ASNase production 

Bioreactor was operated in batch mode for 20h with initial volume 
of 1.5 L, followed by glycerol fed batch at constant feed rate (13.1 
L.h-1) for 12h. After a 1-2 h starvation period, the methanol fed-
batch phase was initiated with methanol 100% with PTM1 solution 
(15 mLPTM1.Lmethanol

-1) to induce the ASNase production. Were 
used different feeding strategies: i) methanol pulses (pulses 0.5 
to 3 % (v/v) by dissolved oxygen spikes; ii) continuous feeding 

2.4-3.5 mL.L-1.h-1). During induction phase the temperature was 
reduced to 20◦C, and were used the same oxygenation conditions 
selected in item 2.5.1 (700 rpm and 1 vvm). 

2.6. Analytical methods 
2.6.1. Biomass quantification 

Biomass dry weight was quantified measuring the optical density 
at 600 nm using Spectramax® plus 384 spectometer. The cell dry 
weight was calculated with the standard curve in equation 1: 

𝑦(𝐴𝑏𝑠600) = 1.8738𝑥(gdry cell weight) − 0.0211 (1) 

Standard curve was obtained using a series of dilutions of 
homogenous P. pastoris cell suspension cultivated in BMGY from 
unfrozen stock as described in item 2.3. The cells were 
centrifuged (centrifugation 3320 xg for 25 min at room 
temperature) and washed twice. Mother solution cell dry weight 
was determined (10 mL) after being dried at 55 °C in a pre-
weighted dry Falcon tube (15 mL) until constant weight. 

 

2.6.2. Glycerol quantification 

Glycerol was quantified using an enzyme based a triglycerides kit 
(Triglicéridos Liquiform Labtest®). Mixing 10 µL from the 5 mL 
samples in 1 mL of Kit Triglicéridos Liquiform Labtest® and 

incubated at 37°C for 10 minutes. Measuring the absorbance in 
Spectramax® plus 384 spectrometer (ʎ = 505 nm) using water 
(10 µL) as blank. The concentration of glycerol was calculated 
using standard curve obtained with diluted glycerol solutions 

prepared by dilution of a 5.0 g.L-1 of glycerol in the cultivation 
medium used in the fermentation. 

2.6.3. Ethanol and methanol quantification 

The samples were centrifuged at 4°C for supernatant recovery, 
which was then conserved at -80 °C until the measurement. 
Ethanol and methanol concentration was determined by gas 
chromatography using a fused silica capillary column Poraplot Q 
(10 m, 320 µm, 5 µm) in a 6890N Agilent Technologies 
equipment. The gas flow rate was of 0.8 mL.min-1 and n-propanol 

was used as internal standard. Flame ionization detector and 
injector temperatures were 280 °C and 250 °C, respectively. The 
column oven temperature was held at 100 °C for 15 min. 

2.6.4. ASNase activity measurement  

ASNase activity was measured in whole cell suspension based 
on asparagine hydroxylaminolysis (conversion of asparagine into 
β-aspartohydroxylamate and ammonia). The samples (1 mL) 
were centrifuge 3320 g and 4 °C for 10 minutes and the cells were 
resuspended in 0.9 mL of tris-HCl buffer (pH 6.8), 0.2 mL of 
asparagine 100 mM and 0.2 mL of hydroxylamide 1 M (pH 7.0). 
The cell suspensions were incubated at 37 °C and 850 rpm for 30 
minutes in a Termoshaker Fisher®. After the incubation, it’s 
added 0.5 mL ferric chloride and centrifuged at 7000g for 10 
minutes. The supernatant’s absorbance was measured in 
spectrometer at ʎ = 500 nm and using as blank an acid solution 
of ferric chloride previously incubated. Followed by optical density 

measurement at 500 nm. [9]. ASNase hydrolytic activity was 

measured by β-aspartohydroxylamate formation (1 U represents 
1 µmol.min-1) through a calibration curve. 

2.6.5. SDS-PAGE 

The purification and production of ASNase in bioreactor was 
checked by polyacrylamide gel electrophoresis (PAGE) analysis. 
To determine the subunit molecular weight, denatured proteins 
were separated according to their molecular weight on 12 % 
sodium dodecyl sulfate (SDS) PAGE 1.5 mm gel [51].The 
denaturation of the protein samples and purified enzyme was 
done ate 95 °C for 5 min. The protein bands were stained with 
Coomassie Brilliant Blue R-250 dye. The purified protein 
molecular mass bands were compared to the bands obtained 
using Precision Plus ProteinTM Standards (Bio RAD). 

2.6.6. Fast Protein Liquid Chromatography (FPLC) 

Polyhistidine tagged ASNase purification by fast protein liquid 
chromatography (FPLC) [52] using Hitrap IMAC column (5 mL) 
packed with Ni2+ immobilized metal ion affinity chromatography 
(IMAC) Sepharose 6 Fast Flow in an ÄKTA purifier equipment 
with UNICORN 5.31 control system. The columns as kept at 4 ⁰C 
and filed with ethanol 20%. It was used 5 column volumes of 
sonicated deionized water to wash the column and remove the 
ethanol solution. To equilibrate the column was used 10 volumes 
of sonicated equilibrium buffer, before sample injection and 5 

volumes after for non-specific protein elution. The ASNase 

elution was performed using 0.5-1 volumes with elution buffer. All 
fractions were automatically collected (1 mL) with a FRAC 920. 
Column regeneration was performed with 5 volumes of the elution 
buffer follower by 5 volumes of equilibrium buffer and 10 volumes 
of deionized water. The purified protein was then dialyzed with 
Tris-HCL 50 mM of pH 8.6 in Falcon tube with 3 kDa Millipore 
cutoff membrane and used for enzymatic assay and protein 
quantification. Buffers: equilibrium) NaCl 500 mM, imidazole 20 
mM, sodium phosphate buffer 20 mM (pH 8.0); Elution) NaCl 500 
mM, imidazole 500 mM, sodium phosphate buffer 20 mM (pH 8.0) 

3. Results and Discussion 
3.1. ASNase production in shaker flask cultures 

Heterologous protein expression in shaker-flash cultures of P. 
pastoris is usually performed using complex medium (BMY) 
[53][54]. The medium composition commonly used that is 
described in the P. pastoris handbook, from Invitrogen™ [30], is 
not optimized and modifications have been proposed 
[42][55][15][55][56]. The medium supplementation with casein or 
corn step powder (CSP) was reported to improve enzyme yield 
and enzymatic activity obtain by working as a substitute for 
ASNase that is hydrolyzed, protecting them from the proteases 
released by the cells and indirectly increase the recombinant 
protein quantity obtain [42][57]. Also, to achieve HCDC in 
bioreactor cultures of P. pastoris is usually carried out using a 
chemically defined high-salt concentration medium consisting of 



a basal salt medium (BSM) and a trace metal solution PTM1 

[58][34][42][16] which could have different or even an adverse 
effect in enzyme production [59][33][60][56].  

Figure 1 A and B present respectively the biomass (gdcw.L-1) and 
ASNase activity (U.gdcw

-1) produced in different medium 
compositions after 24 h incubation, which was followed by cell 
transfer to fresh were the induction toke place for 48h using 
methanol pulses (30 mL.L-1) every 24 h. P. pastoris can growth in 

large range of pH (from 3 to 7) [39][40], and in accordance with 
data from our lab the ASNase activity did not show significant 
difference when was produced at initial pH 5.0-6.0, so the 
complex medium initial pH was adjusted to pH 6.0 and [15][34] 
and pH 5.0 for BSM to avoid salt precipitation that occurs at pH 
higher [22][61]. 

Biomass produced in the complex media were similar between 
each other, 32±2 g.L-1 for BMY without supplementation and with 
casein, and 33±2 g.L-1 with BMY with CSP. However, with the 
BSM medium was achieved a lower, 27±2 g.L-1. The difference in 
biomass concentration obtained between the complex media and 
the defined media was due to the different amount of carbon 
source available in each one. During the growth phase with 
glycerol, the complex media has less glycerol (10 g.L-1), but it had 
other compounds that worked as carbon source with around 2.4 
Cmol.L-1, while the BSM with glycerol 40 g.L-1 only has 1.3 
Cmol.L-1. Effect that is even more relevant in the induction phase, 
as for two methanol pulses (30 mL.L-1) the defined medium only 
has 1.4 Cmol.L-1, when compared with 2.5 Cmol.L-1 from the 
BMY. Taking in account all carbon available in both phases of 
ASNase production, the BSM media achieved around 0.84 
gdcw.Cmol while for complex media was 0.55 gdcw.Cmol.  

After the 48 h induction period ASNase periplamic acitvity was 
measured revealing no significant improvement with casein and 
CSP supplementation. That may be explain by L-asparaginase II 
produced being in the periplasm and not exposed to the 
proteases in extra cellular environment. The ASNase levels 
expressed in BSM medium experiments were not clear as due to 
data having flotation. Those data flotations may be due to the 
precipitation of salts caused [22][27] caused by the difficulty in 
adjusting the initial pH to 5.0 and pH variations in the induction 
phase as the defined medium had low buffer power [30]. 

3.1.1. Defined medium nitrogen source modification 

The BSM medium, one of the most broadly used media for P. 
pastoris cultures in bioreactor due to its chemically defined 
composition and for allowing high cell density cultures. However, 
also has disadvantages, namely unbalanced composition, salt 
precipitation and uses NH4OH simultaneously as nitrogen source 
and pH corrector, that may be responsible for several growth 
constrains, due to nitrogen limitation[62][63][27][60]. To remove 
the restrains caused by using NH4OH simultaneously as nitrogen 
source and pH corrector, the nitrogen source was replaced by 
(NH4)2SO4 and pH was corrected with NaOH (10M) [22][33][60]. 

Different concentrations of (NH4)2SO4, ranging from 13 up to 20 
g.L-1,were tested to evaluate the influence this different nitrogen 
source and NH4

+ concentration, which may cause negative effects 

and toxic effects on the culture, such as inhibition of growth 
and enlarge the lag phase [22][64]. At the same time, to try 

overcoming high ionic strength was also tested the SFMm that 
has lower salt concentration [65][60]. 

Figure 2 presents the profile for cell growth using BSMm and 
SFMm. The specific cell growth rate on glycerol and cell yield 
were 0.60±0.03 and 0.29±0.02 gdcw.gglycerol

-1 for the BSMm and 
SFMm respectively. During cell growth, pH values decreased 
from 5.0 to pH below 3.3. Dry biomass obtain achieved 24±1 
gdcw.L-1 from cultures in BSMm and 11.7±0.9 gdcw.L-1 in SFMm. 
The stationary phase was achieved between 22-24 h for the 
BSMm was in accordance with the glycerol depletion time 
observed by other authors [66][34] with defined medium in 
bioreactor. 

P. pastoris had similar growth behavior in each medium, 
demonstrating that no toxic effect toke place due to 𝑁𝐻4

+ within 
the range tested. The P. pastoris achieved in BSM modified 
medium a cell concentration of 24 gdcw.L-1 and in the SFM medium 

12 gdcw.L-1 in the growth phase. The BSM modified medium 
achieved similar concentration and biomass yield to what is 
reported in literature for the concentration after the depletion of 
glycerol in the glycerol batch phase in bioreactor with BSM 
[62][66][67][31]. 

S. cerevisiae, ASNase II optimum pH is 7.0 and the periplasmic 
enzyme activity is affect by the pH of the medium, being fully 
inactivated at pH below 3.2 [68][77]. There was no ASNase 
activity detected at the end of the induction phase, as pH detected 
were below 3.3, due the defined media low buffer power. 

3.2. P. pastoris cultivation in bioreactor 

In bioreactor experiments were used the modified version of BSM 
(BSMm) where the nitrogen source was changed to (NH4)2SO4. 
The fermentation experiments were divided in three phases 
study: glycerol batch phase (GBP), glycerol fed-batch phase 
(GFP) and ASNase production with high cell density culture in the 
methanol fed-batch phase (MFP).The use of high glycerol 

Figure 2- Biomass dry weight of P. pastoris (A) and ASNase periplasmic 
activity (B) in BSM with PTM, BMGY with and without casein or corn step 
powder and glycerol, after growth phase with 40 and 10 g.L-1 glycerol 
respectively for 24 h and 48 h induction phase with 3% methanol pulses 
every 24h. 
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concentration could achieve the high cell density culture [24]. 
However, glycerol metabolism consumes great quantities of 
oxygen, which led its low availability. The higher the glycerol 
concentration, the longer the period under oxygen limitation. 
While under lack of oxygen, P. pastoris’ growth is limited and 
produces secondary metabolites like the ethanol produced 
[89][69][23] can inhibit recombinant protein induction of 
production. Thus was tested three aeration conditions. During 
growth phase  

To avoid the accumulation of secondary metabolites the growth 
phase with glycerol was dived in two, the GBP and GFP. The GBP 
used 40 g.L-1 glycerol and achieved cell concentration above 25 
gdcw.L-1 and the GFP was used to achieve high cell density, above 
50 g.L-1, with glycerol fed in limiting quantities to avoid oxygen 
limitation [23][61]. 

3.2.1. Culture 𝑘𝐿𝑎 selection 

The first phase, glycerol batch phase (GBP), used 40 g.L-1 
glycerol. Due to high glycerol concentrations and high cell growth 
present in this phase, the limiting factor the oxygen mass 
transference to the medium and cells. It was studied different 
fixed initial kLa 8x10 h-1 – 1.6x102 h-1) to determine the better 
aeration rate and agitation speed for the fermentation.  

Figure 3 presents the profiles for cell growth and glycerol 
consumption for three fixed initial 𝑘𝐿𝑎 in 2 L fermentations in 

bioreactor. For this, study was selected from the shaker studies 
the BSMm with (NH4)2SO4 concentration of 13 g.L-1 at 30 ◦C and 
controlled pH 5.0 to favor salt solubility [23][34][15], until glycerol 
depletion. The bioreactor was inoculated with around 1 g.L-1 and 
was operated until glycerol depletion. 

The comportment observed in the growth curves for the kLa 
1.1x102 h-1 and 1.6x102 h-1 was very similar, achieving similar 
biomass yields (Yx/s), 0.73 and 0.77 g.gglycerol

-1 respectively and 
specific growth rate (µ) of 0.19 and 0.21 h-1 (Table 1) .When was 
used the lower kLa (8.4x101 h-1) it was achieved a similar yield to 
the other conditions, 0.73 g.gglycerol

-1 but lower specific growth rate 
, 0.11 h-1; resulting in a lower biomass productivity (0.51 gdcw.L-

1.h-1). The specific growth rates obtained falls in the typical range 
for the P. pastoris with glycerol as sole carbon source reported by 
different authors [70][71][35][72], being similar to what Ferrara 
reported with Muts P. pastoris recombinant for ASNase 
production [34]. 

Although similar yields were achieved, with higher 𝑘𝐿𝑎 was 
increased the ability to oxygenate the medium that led to higher 
specific growth rates that reflected in higher productivities. Also, 
due to the better oxygenation of the medium, the yields obtain in 
the bioreactor reveled to be higher when compared the yields 
obtained in shaker for the same medium. However, all bioreactor 
fermentations presented similar ethanol concentration by the end 

of the fermentation so this parameter was not used as selection 
criteria. 

Table 1 - P. pastoris biomass yield (gdcw.gglycerol
-1), specific growth rate (h-

1) and volumetric productivity (gdcw.L-1.h-1) in 3 L bioreactor with 2L using 
BSMm media with PTM1,, at 30°C, kLa 8x10 h-1 - 6x102 h-1 (1 vvm of 
aeration and 500-700 rpm of agitation speed), until glycerol depletion. 
Controlled pH 5.0 with NaOH (10M); initial glycerol concentration 40 g.L 1 
and inoculum 1 gdcw.L 1. 

Condition 

(kLa) 

Yx/s 

(gdcw.gglycerol
-1) 

µ (h-1) Productivity 

(gdcw.L-1.h-1) 

8.4x101 h-1 0.73 0.11 0.51 

1.1x102 h-1 0.73 0.19 0.67 

1.6x102 h-1 0.77 0.21 0.71 

 

3.2.2. Glycerol feed profiles 

To achieve higher cell densities while avoiding secondary 
metabolites production and accumulation, was used a second 
growth phase, glycerol fed-batch (GFP). The glycerol feed 
strategy for P. pastoris HCDC under glycerol limitation to avoid 
ethanol production inhibitory compounds was developed based 
on the growth and biomass yields from the batch study. The 
ethanol accumulation can be reduced using a constant 𝜇 lower 

that 
1

2
𝜇𝑚𝑎𝑥 [33]. To maintain a constant 𝜇 through the GFP were 

used the kinetic parameter (𝜇 = 0.072 ℎ−1) and yield (0.77). As 
the equipment, did not have a functionality to produce exponential 
feed, it was developed a pseudo exponential feed and a constant 
feed (13.1 mL.h-1). This pseudo exponential used increases in 
steps every two hours (Table 2) 

Table 2 - Volumetric feed flow rate calculated through the use of mass 
balance for µ=0.072 h-1, Yx/s=0,77 gdcw.gglycerol

-1 and initial cell density of 28 
g.L-1 for 12 h feed and feed solution’s glycerol concentration of 50% (w/v). 

Time (h) Flow rate (mL.L-1.h-1) 

0-2 5,6 

2-4 6,6 

4-6 7,7 

6-8 9,1 

8-10 10,7 

10-12 12,6 
 

3.2.3.  P. pastoris two growth phases cultivation 

In second phase of HCDC P. pastoris cultivation, the GFP, was 
used the peristaltic pump installed in the New Brunswick Bioflo® 
115 to introduce the feed solution using the two feed profiles 
developed. The feed rate was thus set to a growth-limited level to 
avoid glycerol accumulation thus ensure derepression of the 
AOX1 promoter [37]. In the GFP experiments were used the same 
medium and conditions as in the batch experiments. To prevent 
nitrogen limitation like in d’Anjou’s medium and at the same time 
avoid ammonium accumulation that can provoke growth inhibition 
[66][102][22] it was used 0.325 g(NH4)2SO4.gglycerol

-1
 in the glycerol 

feed solution 50% (w/m) to keep the same carbon to nitrogen 
ration used in the batch phaseand 15 mLPTM1.Lglycerol solution

-1 for an 
initial volume of 1,5L. 

Figure 4.1 and 4.2 present the profiles for cell growth and glycerol 
concentration in the medium though the fermentation using 
exponential and 13.1 mLfeedsolution.h-1 constant feed, respectively, 
for 12 h period. The GFP phase was initiated at 20 h, after glycerol 
depletion, with both feed strategies achieving high cell densities. 
During GFP the specific cell growth rate, 0.069 h-1 for the constant 
flow rate and 0.085 h-1, were substantially lower to the specific 
cell growth rate, 0.219 h-1, during batch phase since glycerol was 
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Figure 3 - Growth curves bioreactor using BSMm obtain by optical density 

(DO): A) ( ) kLa=8.4x101 h-1, obtain for 1vvm of aeration and 500 rpm; 
B) ( ) kLa=1.1x102 h-1, obtain for 1vvm of aeration and 600 rpm; C) ( ) 
kLa=1.6x102 h-1, obtain for 1vvm of aeration and 700 rpm. Glycerol 
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kLa=1.6x102 h-1 ( ). Temperature:30 ⁰C, inoculum 1 gdcw.L-1 and pH 5.0; 
Broth volume: 2 L. 



fed at growth-limiting conditions. However, both achieved similar 
values to the specific cell growth set in the feed profile. 

When constant feed was initiated cell density was 27.7 gdcw.L-1. 
With this feeding methodology it was achieved 65.8 gdcw.L-1 by the 
end of the 12 h period. Due the constant rate feeding limitations, 
the µ obtained was 0.069 h-1 and with a cell yield (𝑌𝑥/𝑠) of 0.51 

g.gglycerol
-1, which are lower than the values set for the theoretic 

model. This difference is to be expected as the model considered 
growth rate constant. However, with the constant feed rate 
strategy cannot be maintain constant growth rate as in the first 
half of feeding period the glycerol will be fed in a higher rate than 
what should be need to maintain the µset and in the second half it 
will be lower than what’s it is needed to achieve the µset.  Having 
its limitations reflection on a lower yield and cell concentration 
when compared with the exponential feed.  Also, when high cell 
density culture is used the influence maintenance coefficient, 
although small, cannot be ignored. The glycerol consumed by the 
cell for its normal activity, which is reflected on the maintenance 
coefficient, may be much smaller than the glycerol consumed by 
the cells to duplicate. However, when working at high cell density 
cultures the glycerol consumed by the cells to maintain their 
viability increases. 

The pseudo exponential feed rate started after the batch period, 
when the cell density was 24,7 gdcw.L-1. With this feeding 
methodology, it was achieved 68.3 gdcw.L-1.by the end of the 12 h 
period. Although the feeding was started with lower cell density 
that in the continuous feeding rate it achieved similar cell 
concentration by the end of the 12 h feeding period. As the initial 
cell concentration was lower than what was used to construct the 
feed model, the flow rate used was higher than what was needed 
to maintain the µset (0.07 h-1), achieving a growth rate of 0.085 h-

1. Also, with this feed strategy the P. pastoris was able to use 
more efficiently the glycerol that was being fed in an increasing 
rate, as the cell concentration was rising, with a 𝑌𝑥/𝑠 yield of 0.55 

g.gglycerol
-1. Although, there was no oxygen limitation throughout 

the major of the second phase of the fermentation, the last feed 
flow rate showed a small glycerol accumulation (0.2 g.L-1). The 
accumulation indicates oxygen limitation, since the oxygen 
available was not enough to allow all glycerol consumption.  

At the end of the fermentation the ethanol levels were similar on 
both fermentation, with a concentration lower than 0.2 gethanol.L-1. 

3.3. ASNase production in bioreactor 

In this phase of the project, the objective was to induce the 
ASNase production, obtain the kinetic parameters source and 
biomass yields of the recombinant P. pastoris using methanol as 
the sole carbon source at high cell density culture. To ensure 
glycerol e ethanol depletion, the culture was submitted to a 1-2 h 
starvation period between growth and induction phases. The 
induction was carried out at the same agitation speed, aeration 
as the other phases (1 vvm and 700 rpm), using 100% methanol 

solution with 12 mLPTM1.Lmethanol
-1. P. pastoris is able to grow in a 

wide range of pH without show negative influence [ref] on its 
growth. In accordance with data from or lab (data not shown) 
there was no significant difference between growing at pH 5.0 or 
6.0. While in growth phase, pH was maintained at 5.0 to favor salt 
solubility in the induction phase the pH was 6.0 to preserve the 
stability of the newly produced enzyme [34] [68]. 

To access ASNase production levels with high cell density culture 
using a multiage fed-batch mode in BSMm the exponential 
glycerol feed fermentation was subjected to 2 h starvation period 
before ASNase induction. The culture was induced by performing 
methanol pulses (30 mLmetahnol.Linitalmedium

-1), controlled by DO 
(dissolved oxygen) spikes [55][90][108][110]. The methanol 
addition was performed after a sudden DO increase.  

Figure 5 presents the profiles for cell growth (gdcw.L-1), periplasmic 
ASNase activity (U.gdcw

-1) and glycerol concentration in the 
medium. The GBF started with an initial glycerol concentration of 
40 g.L-1 for 20 h, followed by the GFP with the exponential feed 
rate for 12 h. The glycerol and ethanol were totally consumed 
after the starvation period. Was obtained 70 gdcw.L-1 at the end of 
the starvation period.  

At 34 h of fermentation the culture was induced for 34 h. During 

the induction phase, low growth rate was observed and by the 
end of which the ASNase levels reached 25.4 (U.gdcw

-1) with a cell 
density of 82.5 gdcw.L-1.. The low ASNase productivity in shake 
flasks was improved greatly in bioreactor fermentation. When 
compared, ASNase activity obtain in bioreactor more than double 
the amount detected in shaker for the induction with two pulses 
(30 mL.L-1). 

Figure 4 - Growth curves of P. pastoris ( ) in 3L bioreactor to achieve high cell density culture using BSM modified medium and glycerol consumption 
( ). Temperature: 30°C, inoculum 0.82 g.L-1, pH 5.0, aeration 1 vvm of and 700 rpm (kLa=1.6x102 h-1), and initial volume 1,5 L. A) Glycerol batch 
phase with 40 g.L-1 glycerol for 20 h; B) Glycerol fed-batch phase with glycerol solution 50% (w/m) with 0.325 g(NH4)2SO4.gglycerol

-1
 and 15 mLPTM1.Lglycerol 

solution
-1 for 12 h. B1) Glycerol fed-batch phase with pseudo exponential feeding (average flow rate 13 mL.h-1) and B2) Glycerol fed-batch phase at 

constant feed (13 mL.h-1) 
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Figure 5 - Kinetic profile for ASNase production ( ) by recombinant P. 

pastoris ( ) HCDC in bioreactor using BSMm and glycerol consumption 
( ). Temperature: 30°C, inoculum 0.82 g.L-1, pH 5.0, aeration 1 vvm of 
and 700 rpm and initial volume 1,5 L. A) Glycerol batch phase with 40 
g.L-1 glycerol for 20 h; B) Glycerol fed-batch phase at constant feed (13 
mL.h-1)with glycerol solution 50% (w/m) with 0.325 g(NH4)2SO4.gglycerol

-1
 and 

15 mLPTM1.Lglycerol solution
-1 for 12 h; C) Starvation period of 2h to ensure 

total glycerol depletion; D) Induction fed-batch phase at 20°C, pH 6.0, 
with methanol fed by two pulses (30 mL.L-1) controlled by DO spikes. 
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3.3.1. ASNase production and kinetic parameter – pulses 
feeding 

To obtain the kinetic parameters and biomass yields of the 
recombinant P. pastoris with methanol as the sole carbon source 
and inductor was performed induction with multiple methanol 
pulses after high cell density was achieved. Were used two small 
methanol  pulses (5 mL.L-1) so that the P. pastoris got used to the 

methanol, four medium methanol pulses (10 mL.L-1) controlled by 
DO spikes followed by two large pulses (30 mL.L-1) [55]. The 
growth condition selected from the previous experiments was 
maintained. Although the previous experiments to evaluate the 
feed profile showed small improvement, when used the 
exponential feed, in this experiment phase the GFB was carried 
out with constant flow rate (13.1 mL.L-1) as the equipment did 
allow for automatic and programmable flow rate profiles. The 
induction conditions were selected to promote ASNase 
production and stability, at 20 °C that is the optimum for ASNase 
production, in accordance with data from our lab (data not shown) 
and controlled pH 6.0 [9][34].  

Figure 6 presents profiles for cell growth (gdcw.L-1), periplasmic 
ASNase activity levels (U.gdcw

-1), glycerol and methanol 
concentrations (g.L-1) in the medium. The GFP was initiated at 20 
h, after glycerol depletion and with cell concentration of 27 gdcw.L-

1. After the 1 h of starvation period was not detected any glycerol 
or ethanol and the culture achieved 61 gdcw.L-1 before induction. 

Through the induction, it was achieved 24 U.gdcw
-1 and 90 gdcw.L-

1. When the first methanol pulse was introduced in the bioreactor 
was observed a 2 h period when barely any methanol was 
consumed. This period is in accordance with reported P. pastoris 
adaption period to methanol metabolism. With the multiple pulses 
was observed µ that ranged from 0.006 (in the first pulse) to 0.039 
h-1 and with overall µ of 0.033 h-1 trough out the induction phase. 
After every methanol pulses the dry biomass detected dropped, 
confirming the substrate toxicity. Also, due to high methanol 
concentration in the moments after the pulse and the high oxygen 
demand for the methanol metabolism [40] it was observed a 
sudden DO drop, to values below 10%. Even with oxygen 
limitations in the induction phase, the ASNase levels detected 
were higher than in shaker, being around the same of what was 
detected with only two pulses of methanol. (30 mL.L-1). Even with 
higher induction period and more pulses there was no 
improvement in activity levels, which indicates that oxygen plays 
an important role in the proteins induction and that the high 
density culture allows for higher levels of expression [77][31][48].  

The use of pulses does not allow for the methanol to be fed in 
limiting concentrations. Due to the nature of this feed strategy it 
is added excess methanol that is toxic and may hinder cell growth 
and viability [31][70][16][38]. Other important factor in 

heterologous protein expression is oxygen availability. When DO 
drops below 15 % production there is practically no heterologous 
protein production [76]. When methanol pulses are used, due to 
high oxygen consumption, its levels drop to very low levels 
through part of the induction period, reduction the production 
period and limiting ASNase obtain.  

To evaluate the ASNase presence in the extracellular medium 
was performed SDS-PAGE of supernatant samples at the end of 
each pulse, just before the introduction of following pulse Figure 
7. S. cerevisiae’ ASNase II is a tetramer formed by four identical 
subunit presents 362 amino acid residues with a 38686 Da [78]. 
The Saccharomyces cerevisiae ASNase II, after electrophorese, 

should be detected in its monomeric conformation with molecular 
mass bands between 44.6 and 48.6  [79] due to protein 
glycosylation [18].It was detected a band around 45 kDa in every 
sample taken after the induction, that is in accordance with 
Ferrara et al 2010 [80][7]. 

The recombinant ASNase produced had a histidine tail, which 
was used for its purification through fast protein liquid 
chromatography (FPLC). The purified enzyme solution obtained 
had no ASNase activity detected. The ASNase may have been 
denaturated due to protease activity or could have not been 
properly excreted to the extracellular medium.  

3.3.2. ASNase production and kinetic parameter – 
continuous methanol feeding 

Methanol concentration is a critical parameter in P. pastoris 
cultivation [22] since it affects both growth and heterologous gene 
expression under AOX promoter [81]. The use of continuous 
methanol feeding at limiting conditions ensured no oxygen 
limitation occurred. Also, the level of transcription initiated from 
the AOX1 promoter is 3 to 5 times higher in P. pastoris cells at 
growth-limiting methanol feed [12] which could led to higher 
heterologous protein production [86][134][83].  

The optimum µ for heterologous protein production with P. 
pastoris that should be used in the methanol induction phase is 
not clear. Some authors suggest the use of µmax [35] while others 
reported that the use of µmax isn’t necessary for high expression 
levels. The use of DO in the broth, however, seems to be widely 
accepted as control parameter for the methanol feed. To compare 
the specific growth rates obtain with the pulses strategy, where 
oxygen limitation occurred, and continuous methanol feed without 
oxygen limitation, the feed rate was controlled by the DO. The 
feed rate started as 2.6 mL.h-1 and was increased in such way as 
to maintain DO in the medium above 15% all the time and in 
media around 20-25% [31][63][76]. 

Were used the same condition for the two growth phases, 
including the glycerol feed at constant rate (13 mL.h-1). In the 
induction phase was done the same temperature reduction, to 20 
⁰C, and the pH was adjusted a control at 6.0 to promote ASNase 
production. 

Figure 6 - Kinetic profile for ASNase production ( ) by recombinant P. 
pastoris ( ) HCDC in bioreactor and glycerol consumption ( ) with 
BSMm. Growth temperature: 30°C, inoculum 0.91 g.L-1, pH 5.0, aeration 
1 vvm of and 700 rpm and initial volume 1,5 L. A) GBP with 40 g.L-1 initial 
glycerol for 20 h; B) GFP with constant feed (13 mL.h-1)with glycerol 
solution 50% (w/m) with 0.325 g(NH4)2SO4.gglycerol

-1
 and 15 mLPTM1.Lglycerol 

solution
-1 for 12 h; C) Starvation period of 1 h; D) MFP at 20°C, pH 6.0, with 

methanol ( ) solution fed by pulses: two small pulses (5 mL.L-1), 4 
medium pulses (10 mL.L-1) and 2 large pulses (30 mL.L-1) controlled by 
DO spikes.  

Figure 7 -SDS-Page with blue comassie staining of supernatant samples. 
1) commercial E. coli ASNase; 2) supernatant sample just before 
induction; 3-9) Supernatant samples after induction. The samples were 
taken just before it was induced with the next pulse. 3) first pulse; 4) 
second pulse; 5) third pulse; 6) fourth pulse; 7) fifth pulse; 8) sixth pulse; 
9) eighth pulse. 
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Figure 8 presents profiles for cell growth (gdcw.L-1), periplasmic 
ASNase activity levels (U.gdcw

-1), glycerol and methanol 
concentrations (g.L-1) in the medium. The GFP was initiated at 20 
h, after glycerol depletion and with cell concentration of 28.6 
gdcw.L-1. After the 1 h of starvation no glycerol or ethanol were 
detected with a biomass of 60.2 gdcw.L-1 before induction. The 
methanol feed was initiated at 2.6 mL.h-1, for 12h. After the first 
12 h of induction was performed a DO spike to verify methanol 

limitation, however toke a longer period than what it should to 
produce the DO spike [16], indicating some level of methanol 
accumulation, may due to the adaptation period. The flow rate 
was adjusted to 2.4 mL.h-1 for 6 h to ensure methanol limitation, 
later confirmed by gas chromatography that did not detected 
methanol in the supernatant, and to keep DO always above 15%. 
After which, at 24h of induction was again adjusted to 2.6 mL.h-1 
for 6 h. Then the methanol feeding rate was adjusted as describe 
in Table 3 

Table 3 - Methanol feeding rate used in the methanol limiting continuous 
feed. 

Induction period (h) Methanol feed (L.h-1) 

0-12 2.6 
12-18 2.4 

18-24 2.6 

24-30 2.8 

30-48 3.1 

48-66 3.5 

The growth rate on methanol was lower than what was observed 
with the pulses experiment, 0.005 h-1. The obtain µ varied from 
0.004 to 0.011 (the bigger feed flow rate). It was achieved a 
cellular concentration of 89,4 gdcw.L-1 at the end of the 73 h 
induction period. Also, the activity levels detected achieved 37,1 
U.gdcw

-1 , 36 % higher than when pulses strategy was applied. 
This result, confirms that µmax is not necessarily the optimum for 
ASNase production. Rather than that, the availability of oxygen 
seems to have played an important role in the ASNase levels 
increase, by allowing the cell to metabolize all the methanol 
presented in the medium without letting it reached toxic levels 
[70][78][122]. With the last adjustment of feed flow rate to 3.5 
mL.h-1 was observer a bigger growth rate and ASNase levels 
increased at a higher rate than the previous feed rates. So, finding 
the optimum growth rate where it is fed methanol in limiting 
conditions high enough to induce protein production and at the 
same time not accumulate or deprive the medium of oxygen 
should increase ASnase production. 

To access the production of ASNase extracellular throughout the 
fermentation was performed a SDS-PAGE of the supernatant 
samples every 12h after induction Figure  and the purified 
enzyme.  

The pH change to 6.0 caused some degree of precipitation, which 
could cause cell disruption and contamination of secreted 
products with intracellular products with intracellular materials. 
[27]. This phenomenon could also explain the presence of 
ASNase in the supernatant, even when in shaker none was 
detected and the lack of activity. Also, the use methanol limiting 
feed ensured that the methanol did not reach toxic levels. Thus, 
it can be hypnotized that this caused lower cell death and that 
was the reason for the lack of mass bands in the unpurified 
samples while they were present for the purified concentrated 
sample and in the SDS-PAGE from the pulses experiments, i.e., 
the ASNase in the extracellular medium may be due to cell lyses. 

Enzyme yield per dry cell mass reached 37 U.gdcw
-1 with no active 

enzyme detected in the supernatant, resulted in a volumetric yield 
3315 U.L-1 and global volumetric productivity of 31 U.L-1.h-1. 
Despite the relatively  lower ASNase to biomass yield than that of 
nitrogen de-repressed strain of S. cerevisiae ure2 dal80 (106 
U.gdcw

-1) [10], the ability to reach high cell density during the 
fermentative growth allowed a higher volumetric productivities.  

4.  Conclusions 

The product levels of 37 U.g-1 in periplasmic activity were 
achieved by the production process designed, representing a 
volumetric yield 3315 U.L-1 and global volumetric productivity of 
31 U.L-1.h-1. 

In the first approach, flask cultures were used with two separate 
study phases: medium evaluation and selection, and medium 
modification. BSM medium allowed for a higher biomass to 
carbon yield with around 0.84 gdcw.Cmol while the complex media 
had around 0.55 gdcw.Cmol. As P. pastoris is able to grow in a 
large pH, ranging from 3 to 7 [39][40] the lack of buffering power 
in the defined medium did not pose a problem to the growth in the 
shaker experiments. However, the low pH greatly influenced the 
ASNase activity, that was fully inactivated at pH lower than 3.2 
[68]. The supplementation with of casein and CSP did not improve 
the ASNase periplasmic activity levels detected.  

The modified version of BSM where ammonium sulphate 
replaced the volatile ammonium hydroxide as nitrogen source did 
not present any toxic effect due to ammonium concentration in 
the tested range. The use of the lower ammonium concentration 
(13 g.L-1) was selected to decrease reagent costs as it showed 
similar results to the higher concentration tested, demonstrating 
that no nitrogen limitation occurred. 

The process developed was separated in four phases were the 
kinetic parameter and biomass yields were obtained: I) In the kLa 

experiments were determined the optimum aeration and agitation 
conditions for the recombinant P. pastoris with glycerol (40 g.L-1) 
as 700 rpm and 1 vvm. II) Development of glycerol feed strategy 

to achieve high cell densities under glycerol limitation to avoid 
secondary metabolites accumulation. III) Methanol induction of 

ASNase production to obtain the kinetic parameters that will allow 

Figure 8 - Kinetic profile for ASNase production ( ) by recombinant P. 
pastoris ( ) HCDC in bioreactor BSMm and glycerol consumption ( ). 
Growth temperature: 30°C, inoculum 0.95 g.L-1, pH 5.0, aeration 1 vvm 
of and 700 rpm and initial volume 1,5 L. A) GBP with 40 g.L-1 glycerol for 
20 h; B) GFP at constant feed (13.1 mL.h-1) with glycerol solution 50% 
(w/m) with 0.325 g(NH4)2SO4.gglycerol

-1
 and 15 mLPTM1.Lglycerol solution

-1 for 12 h; 
C) Starvation period of 1 h; D) MFP at 20°C, pH 6.0, with continuous 
methanol ( ) feed. 

Figure 9 - SDS-Page with blue coomassie staining of supernatant 
samples and purified enzyme. 1) Purified ASNase supernatant sample at 
30 h of fermentation; 3) sample taken every 12h after 34 h fermentation ; 
4) sample taken at 46 h; 5) sample taken at 58 h; 7) sample taken at 70 
h; 8) sample taken at 82 h; 9) sample taken at 94 h; 10) sample taken at 
106. 6) standard molecular weight. 

0

10

20

30

40

50

0

20

40

60

80

100

0 40 80

[S
] 

g g
ly

ce
ro

l.L
-1

; A
:U

.g
d

cw
-1

; 
[M

] 
g m

et
h

an
o

l.L
-1

[X
] 

g d
cw

.L
-

1

time (h)

A B C D 



for further process development, by developing an optimum 
methanol feed strategy and control. 

The glycerol batch experiments allowed to selected the conditions 
for higher biomass productivity, that corresponded to the 
condition with better medium oxygenation. At optimum 𝑘𝐿𝑎 the 

specific growth rate obtain was 0.21 h-1 with a biomass yield of 
0.77%. By assuming these values constants in exponential 
microbial growth was developed two strategies for limiting 
glycerol feed. Both strategies proved successful in achieved high 
cell density, with 68.3 gdcw.L-1 and 65.8 gdcw.L-1 for the exponential 
feed rate and for the constant feed rate respectively. With the 
glycerol limiting feeding rate ethanol production was very low, 
with concentration lower than 0.2 g.L-1. However, as the glycerol 
feed profile developed did not take in account the maintenance 
coefficient that at high cell densities cannot be ignored, were 
obtained lower yields (0.51 g.gglycerol

-1 for the constant feed rate 
and 0.55 for the exponential feed rate) than the theoretical yields 
(0.77 g.gglycerol

-1). 

By using the starvation period before methanol feed, was ensured 
that there was no AOX repression due to the presence of ethanol 
or residual glycerol left from the GFP, which was confirmed by off 
line measurements. 

The use of methanol pulses presented to be a simple strategy for 
recombinant protein production and allowed to obtain the kinetic 
parameters with methanol as sole carbon source as reported by 
Dietzsch et al 2011 [84]. Using methanol pulses was obtained the 
maximum of growth rate of 0.013 for the conditions used, with no 
methanol limiting concentrations. At the same time was observed 
adaptation period of 2 h to methanol feed, when there was low or 
no methanol consumption. The growth rate values obtain under 
oxygen limitation might increase by increasing the kLa in the 
induction phase. 

The use of continuous methanol feed allowed better control of 
methanol concentration in the medium. The use of DO spikes to 
ensure methanol limitation and the use of DO in the medium to 
indicate the methanol feed rate increases in such way that the 
methanol was always the limiting substrate. As there was no 
oxygen limitation, the methanol metabolism was not hindered, 
which reflected in higher ASNase levels detected. In accordance 
with the literature, this leads to the conclusion that not only 
methanol concentration but also the oxygen availability in the 
induction phase is crucial for high recombinant protein production 
under the AOX regulation. 

On both methanol feed strategies were detected ASNase in the 
supernatant, indicating its extracellular production. However, in 
both cases there was no activity detected. The lack of activity 
might be speculated that was due to incorrect protein secretion, 
protease activity or even due to cell lyses. 

With the limiting methanol continuous feed was achieved higher 
volumetric yield (3315 U.L-1) in comparison to that of nitrogen 
derepressed strain of S. cerevisiae ure2 dal80 (265 U.L-1) 
[10].However, even with the 3 times increase in activity levels 
detect in bioreactor, it was not enough to reach the value range 
of Ferrara et al 2006 (800 U g−1) [34]. This great difference was 
already evident at the shaker scale and was greatly amplified in 
the bioreactor, which indicates use of different recombinant P. 
pastoris may be behind this difference. To achieve better ASNase 

yields, the strain used should be improved. However, these 
values are not fully comparable since assay conditions were 
different. 

The development of processes for microbial high cell density 
cultivation are challenging in this system and further optimization 
of the relevant bioprocess variables, such as methanol feed, 
dissolved oxygen levels by using control methodologies to 
maintain optimum conditions and different induction strategies 
might increase ASNase levels. 
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