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Pichia pastoris is a widely used host for the production of heterologous proteins. In this
case, high cell densities are needed and oxygen is a major limiting factor. The increased air
pressure could be used to improve the oxygen solubility in the medium and to reach the
high oxygen demand of methanol metabolism. In this study, two P. pastoris strains produc-
ing two different recombinant proteins, one intracellular (b-galactosidase) and other extracel-
lular (frutalin), were used to investigate the effect of increased air pressure on yeast growth
in glycerol and heterologous protein production, using the methanol AOX1-inducible system.
Experiments were carried out in a stainless steel bioreactor under total air pressure of 1 bar
and 5 bar. The use of an air pressure raise of up to 5 bar proved to be applicable for
P. pastoris cultivation. Moreover, no effects on the kinetic growth parameters and methanol
utilization (Mut) phenotype of strains were found, while an increase in recombinant
b-galactosidase-specific activity (ninefold) and recombinant frutalin production was
observed. Furthermore, the air pressure raise led to a reduction in the secreted protease
specific activity. This work shows for the first time that the application of an air pressure of
5 bar may be used as a strategy to decrease protease secretion and improve recombinant pro-
tein production in P. pastoris. VC 2014 American Institute of Chemical Engineers Biotechnol.
Prog., 30:1040–1047, 2014
Keywords: increased air pressure, P. pastoris GS115, P. pastoris KM71H, recombinant
b-galactosidase, recombinant frutalin

Introduction

The methylotrophic yeast Pichia pastoris is currently one
of the most effective and versatile systems for the production
of heterologous proteins. The increasing popularity of P.
pastoris is attributed to: (1) its powerful and tightly regulated
methanol-inducible alcohol oxidase 1 promoter (pAOX1) that
is used to drive the expression of the foreign gene; (2) it can
be easily manipulated at the molecular genetic level (e.g.
gene targeting, high-frequency DNA transformation, cloning
by functional complementation); (3) its ability to produce
foreign proteins at high levels, intracellularly or extracellu-
larly; (4) its capability of performing many eukaryotic post-
translational modifications, such as glycosylation, disulfide
bond formation, and proteolytic processing; (5) the ability to
grow on defined media at high cell densities; and (6) its
strong preference for respiratory rather than fermentative
mode of growth.1–3 As a result of these characteristics, to
date, a large quantity of recombinant proteins have been
cloned and produced in P. pastoris systems.

During the induction phase, Pichia pastoris cells utilize
methanol through the oxidative pathway only when oxygen
is non-limiting. The oxidation of methanol with molecular
oxygen is the first step of both energy production and carbon
assimilation.4 The literature reports the high oxygen demand

of methanol metabolism and presumes that the oxygen limi-
tation generally has a detrimental effect on the expression of
foreign genes.5 Thus, is crucial to keep dissolved oxygen
(DO) levels above critical levels, which is achieved through
agitation feedback control and by varying the oxygen content
in the inlet air stream.3 However, these approaches are lim-
ited by one or more problems, such as increased cost of
operational processing. Other strategies to reduce the impact
of high oxygen demand during the induction phase include:
(1) DO-stat processes that control the methanol feed to main-
tain DO concentration at a constant optimal level in the cul-
ture medium;3 and (2) low cultivation temperatures.6,7

Goldfeld et al.8 reported that methanol single dose additions
maintains low oxygen consumption and reduces the oxygen
transfer requirements typically associated with high cell den-
sity methanol-fed processes.

An alternative strategy that could be used to reach the
large oxygen transfer rates (OTR) required at the high cell
densities normally achieved in P. pastoris cultivation is the
use of increased air pressure. This is particularly important
for heterologous protein production where high cell densities
are reached. The OTR from the gas phase into the medium is
controlled by the oxygen solubility and the volumetric
oxygen mass transfer coefficient (KLa). The oxygen solubil-
ity in the liquid medium can be raised by increasing the total
air pressure in the cultivation system, since this parameter is
affected by the oxygen partial pressure and, consequently, by
the total pressure.9,10
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Published works have reported the use of increased air
pressure as a way of improving OTR that can be applied to
the cultivation of yeast species such as Yarrowia lipolytica,11

Saccharomyces cerevisiae,12 Kluyveromyces marxianus,13

Candida utilis,14 and non-recombinant P. pastoris.10

However, the effect of increased air and oxygen pressure is
strongly dependent of the species and strains as described
elsewhere.15

Although P. pastoris has become a popular host for the
production of industrial proteins, few studies are available
on the application of air pressure increase for the cultivation
of this yeast and for the production of heterologous proteins,
and only slight pressure increase has been applied, namely
1.2 bar,16 1.5 bar,17 and 1.9 bar.18 Thus, this work aimed at
studying the effect of higher air pressures (5 bar) on the pro-
duction of two recombinant proteins by P. pastoris: the
Escherichia coli b-galactosidase (produced intracellularly by
the GS115 strain) and the plant lectin frutalin (secreted by
the KM71H strain). In previous works, recombinant frutalin
produced from the P. pastoris KM71H strain19 showed a
remarkable capacity as biomarker of human prostate cancer20

and as apoptosis-inducer of human cervical cancer cells
in vitro.21 Therefore, it would be interesting to study new
strategies to improve recombinant frutalin production to
facilitate its further biomedical application. In order to
achieve the goal of this work, it was important to first under-
stand the effect of increased air pressure on the growth of
the two different P. pastoris strains and then to address the
effect on the production level of the recombinant proteins
(one produced intracellularly and the other extracellularly)
and on the protease release to the medium. To our knowl-
edge, this is the first report on the production of recombinant
proteins by P. pastoris under increased air pressure up to 5
bar. Moreover, there are no other studies about the effect of
increased air pressure on protease release to the culture
medium by recombinant or non-recombinant P. pastoris
strains.

Materials and Methods

Strains

The recombinant strains P. pastoris GS115/pPICZ/lacZ
(His-/Mut1) (Invitrogen), producing b-galactosidase intracellu-
larly, and P. pastoris KM71H/pPICZaA/frutalin (Arg1/Muts),19

producing frutalin extracellularly, were used. The production of
both proteins was under the control of alcohol oxidase 1 gene
promoter (AOX1) by methanol induction. The construction of
the P. pastoris strain KM71H secreting recombinant frutalin is
described elsewhere.19

Batch growth assays

P. pastoris GS115/pPICZ/lacZ and P. pastoris KM71H/
pPICZaA/frutalin strains were pre-grown overnight in
250 mL Erlenmeyer flasks filled with 100 mL of BMGH
(1.34% YNB, 1% glycerol, 4 3 1025 % histidine, 400 mM
potassium phosphate buffer pH 6.0), and BMG (1.34%
YNB, 1% glycerol, 4 3 1025 % biotin, 400 mM potassium
phosphate buffer pH 6.0), respectively, at 30�C and
200 rpm. Batch cultivations of each yeast strain were carried
out using a 600 mL stainless steel stirred tank bioreactor
(PARR 4563, Parr Instruments, USA), with 300 mL of
BMGH or BMG medium, at 30�C and 400 rpm. The bio-
reactor was equipped with a temperature probe, a sparger

tube for aeration and a pressure transducer (PARR 4842,
PARR Instruments, USA). The values of air absolute pres-
sure studied were 1 bar and 5 bar and the compressed air
was continuously sparged into the culture at an aeration rate
of 1 vvm.

Each experiment was replicated twice to ensure the repeat-
ability and the reproducibility of the results.

Induction assays

The recombinant yeasts were cultivated overnight in
BMGH (P. pastoris GS115/pPICZ/lacZ) and BMG (P. pasto-
ris KM71H/pPICZaA/frutalin), harvested and resuspended in
fresh BMMH (same composition as BMGH but glycerol is
replaced with 0.5% (w/v) or 1% (w/v) methanol) and BMM
(same composition as BMG but glycerol is replaced with
0.5% (v/v) methanol) medium, respectively. The induction
assays were performed in the same stirred tank bioreactor
used for batch growth assays, at 400 rpm, filled with
300 mL of medium, and at 30�C for b-galactosidase and
15�C for frutalin.19 Fresh methanol (100%) to a final concen-
tration of 0.5% (w/v) or 1% (w/v) was added to the medium
every 12 h to maintain induction. The values of air absolute
pressure studied were 1 bar and 5 bar with an aeration rate
of 2 vvm. pH and DO was monitored offline due to the lack
of pH and oxygen probes in the pressurized bioreactor.

Each experiment was replicated twice to ensure the repeat-
ability and the reproducibility of the results.

Analytical methods

Culture samples were collected for analyses of cell con-
centration (optical density at 600 nm and converted to dry
cell weight per litre), carbon source concentration and
recombinant proteins production.

Cell viability was evaluated by the methylene blue stain-
ing method.22 Glycerol and methanol were quantified by
HPLC with a Metacarb 67H column (Varian, Palo Alto, CA)
and a RI detector (Knauer K-2300, Germany). The eluent
was H2SO4 0.005 mol/L at 0.5 mL/min and the column tem-
perature was 60�C, maintained with a column thermostat
(Chrompack, Brasil).

b-galactosidase intracellular enzyme activity was meas-
ured after cell disruption and dialysis of cell extracts, as
described elsewhere.13 The b-galactosidase activity was
determined using 8.3 mM oNPG (ortho-nitrophenyl-b-D-gal-
actoside) in Z buffer (100 mM potassium phosphate buffer
pH 7.0 and 0.04 M b-mercaptoethanol) as the substrate. The
release of o-NP (o-nitrophenol) was measured by following
the increase in the absorbance at 405 nm for 16 min at
37�C. One unit of enzyme activity was defined as the
amount of enzyme that release 1 lmol of o-NP per minute
under the conditions described. Total protein was determined
by Bradford’s method.23

Protease in cell-free samples, during frutalin induction,
was quantified using 0.5% azocasein in acetate buffer as sub-
strate at pH 5.0, at 37�C for 40 min. One unit of activity
was defined as the amount of enzyme that causes an increase
of 0.01 of absorbance relative to the blank per minute under
assay conditions.

For the evaluation of the recombinant frutalin production,
supernatants from methanol-induced cultures were separated
from yeast cells by centrifugation (10 min at 4000g and
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4�C). The pH of the supernatants was increased to 7.5 by
adding 10 N NaOH to precipitate salts, which were removed
by centrifuging twice for 10 min at 4000g and 4�C. Treated
supernatants were analyzed by SDS-PAGE with 12% gels,
as described by Laemmli.24 Bands were visualized by stain-
ing with Coomassie Brilliant Blue R250. In all cases,
samples were analysed in triplicate.

Results and Discussion

Effect of air pressure on cellular growth and glycerol
consumption

Two recombinant P. pastoris strains were chosen for this
work: a P. pastoris GS115 strain, producing intracellular
E. coli b-galactosidase, and a P. pastoris KM71H strain,
secreting the plant lectin frutalin.

In order to understand the effect of increased air pressure
on cellular batch growth on glycerol of each yeast strain,
several experiments were carried out in a pressurized bio-
reactor under total pressure of 1 bar (equivalent to atmos-
pheric pressure) and 5 bar. Regardless of the yeast strain, the
increase of air pressure had a small effect on cellular behav-
ior in glycerol medium with no relevant pH changes (less
than one pH unit decrease with time). Thus, no inhibitory
effects were observed in the cellular growth under air pres-
sure of 5 bar as compared to 1 bar. In fact, for the two pres-
sure conditions used, similar values of specific cellular
growth rates were obtained for both strains (Table 1).

The effect of increased air pressure on cellular growth of
several microbial cultures has been reported by various
authors and is dependent on the microorganism and strain.
While in this work no relevant effect on biomass production
was observed, Charoenrat et al.18 reported a 12% enhance-
ment on recombinant P. pastoris Y-11430 final biomass
under 1.9 bar of air pressure. Concerning non-recombinant
yeast strains, such as Candida utilis CBS 62114 and P. pasto-
ris CBS 261210 these were also successfully cultivated with
hyperbaric air, resulting in improved final biomass. However,
above certain limits the increased air pressure had detrimen-
tal effects on microbial cell activity. Belo et al.25 observed
an inhibition of S. cerevisiae cell mass production in the
range of 6–15 bar of air pressure.

No relevant differences in the biomass yield per glycerol
consumed were also observed in this work with the raise of
air pressure up to 5 bar compared to 1 bar (Table 1). The
specific glycerol consumption rate (qs) was calculated by the
ratio between the maximum specific growth rate and the bio-
mass yield. There was no effect of increased air pressure in
this parameter for both strains and a value of 0.2 g g21h21

was obtained for all experiments (Table 1). These results

may be explained by the probably high OTR at 5 bar, that
may exceed the oxygen demand in this substrate for the cel-
lular density present in the culture. For instance, and accord-
ing to the qO2 on glycerol (128 mg O2 g21 h21) reported in
literature for the P. pastoris GS115 strain,26 for the cell den-
sities reached in this work (around 5 g/L of cell dry mass),
the OTR needed to equal the oxygen uptake rate of the cul-
ture (640 mg O2 L21 h21) would be between the values
attained in the pressurized bioreactor at 1 bar and 5 bar
(Table 1). Nevertheless, no inhibitory effects were observed
in the cellular activity under 5 bar as compared to the atmos-
pheric pressure.

Effect of air pressure on recombinant protein production

Foreign proteins expressed in P. pastoris are affected by a
variety of factors, such as temperature, pH, methanol feed
strategy for AOX inducible promoters and, particularly, the
dissolved oxygen in the medium. The optimization of the
use of increased air pressure as a way to improve oxygen
mass transfer in Pichia cultures can represent an advantage
in industrial recombinant protein production. Since stainless
steel bioreactors, designed to withstand moderate pressures,
are intensively applied in chemical industry, and published
works have reported that the pressurization up to 5 bar can
improve the energy efficiency of a STR reactor,9 the adapta-
tion of pressurized bioreactors to microbial cultures and het-
erologous protein production should be not difficult.

In order to study the effect of increased air pressure on
recombinant protein production, the levels of intracellular
(using b-galactosidase as a model) and extracellular (using
frutalin as a model) recombinant proteins produced by the
respective host strains was monitored during the induction in
batch cultures with methanol pulses carried out in pressurized
bioreactor at 1 bar and 5 bar. Additionally, the effect of the
increased air pressure on the methanol consumption rate was
evaluated. According to the literature,3,27 Mut1 strains grow
in methanol at the wild-type rate, requiring large quantities of
it during the induction, and Muts strains have a slow methanol
utilization rate. Our results are in line with this knowledge,
since the methanol consumption rate by the GS115 strain
(Mut1) under 5 bar of air pressure was 0.43 g L21h21, while
for the KM71H strain (Muts) this parameter was 0.32 g L21

h21. Thus, increasing the air pressure up to 5 bar did not
change the behavior of the strains. It is also worth of noting
that no relevant effect on the biomass concentration of each
recombinant strain was observed with increased air pressure
up to 5 bar during the induction phase (Figure 1). Moreover,
the medium pH remained above 5 and 4.5, respectively, for
b-galactosidase and frutalin induction cultures, indicating that
cells were not stressed due to low pH.

Table 1. Specific Growth Rate (l) at Exponential Growth Phase, Biomass Yield (Yx/s), and Respective Specific Substrate Consumption Rate (qs)

for P. pastoris Strains Grown in Glycerol, in a Pressurized Batch Bioreactor Under 1 bar and 5 bar. Values are Average 6 Standard Deviation

of Two Reproducible Fermentations

GS115/pPICZ/lacZ KM71H/pPICZaA/frutalin

Kinetic parameters 1 bar 5 bar 1 bar 5 bar

l (h21) 0.12 6 0.01 0.12 6 0.01 0.16 6 0.01 0.16 6 0.01
Yx/s (g g21) 0.58 6 0.02 0.60 6 0.02 0.79 6 0.03 0.73 6 0.02
qs (g g21 h21) 0.21 6 0.01 0.20 6 0.01 0.20 6 0.01 0.22 6 0.01

1 bar 5 bar
OTRmax (mg O2/L h21)* 384 1152

*The values of OTRmax were obtained from Lopes et al. [10] for the same hyperbaric bioreactor used in this work.
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For the GS115 strain, the induction assays were first per-
formed with the addition of 0.5% (w/v) methanol every 12 h.
As the accumulation of methanol in the medium remained

lower than 5 g L21 and 3 g L21 in assays conducted at 1 bar
and 5 bar (Figure 1A), respectively, experiments with the
addition of 1% (w/v) methanol every 12 h were also per-
formed (Figure 1B). Figure 2 shows the b-galactosidase-
specific activity (U/g protein) profiles during the induction
phase with both methanol concentrations.

An improvement in the enzyme specific activity was
observed when the oxygen transfer rate was increased in the
bioreactor due to the increased total air pressure. Raising
fivefold the oxygen solubility in the medium at 5 bar,
allowed to keep the dissolved oxygen concentration in the
medium at least 100 % saturated (measured offline at atmos-
pheric pressure) instead of the DO values lower than 20% of
saturation observed at 1 bar. At 5 bar, a 9- and 5.8-fold
improvement in b-galactosidase specific activity was
reached, respectively, in experiments with 0.5% (w/v) and
1% (w/v) methanol.

The methanol feed rate in pAOX1-regulated systems is
one of the most important factors to control, as the residual
methanol concentration directly influences the rates of pro-
duction of heterologous proteins.3 In this work, the increase
of methanol addition from 0.5% (w/v) to 1% (w/v) to P. pas-
toris GS115 cultures led to an increment of b-galactosidase
specific activity. A 1.9- and 1.2-fold improvement in enzyme
specific activity was achieved in the 1% (w/v) methanol
experiments at 1 bar and 5 bar, respectively, compared to
the assays with 0.5 % (w/v) methanol. It seems that the
expression of foreign genes is hampered when more than

Figure 1. Biomass concentration (black symbols), methanol concentration (grey symbols), and pH (white symbols) during induction
phase of (A) P. Pastoris GS115/pPICZ/lacZ with 0.5% methanol and (B) 1% methanol and (C) P. Pastoris KM71H/
pPICZaA/frutalin with 0.5% methanol in pressurized bioreactor under 1 bar (�,�,w) and 5 bar (•,•,�) of air pressure.

Values are average 6 standard deviation of two independently run fermentation experiments.

Figure 2. b-galactosidase-specific activity profiles in the cell-
free intracellular extracts of P. pastoris GS115/
pPICZ/lacZ cultures induced with 0.5% (w/v) meth-
anol (close symbols) and 1% (w/v) methanol (open
symbols) in the pressurized bioreactor at air pres-
sures of 1 bar (�, w) and 5 bar (•, �).

Values are the average 6 standard deviation of two independ-
ently run fermentation experiments.
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one limiting condition is present, i.e., simultaneous limitation
of methanol and oxygen.28

Recombinant frutalin was successfully expressed in P.
pastoris as a secreted protein under the two air pressure con-
ditions tested and could be observed in SDS-PAGE as a sin-
gle band, presenting a molecular weight of about 17 kDa, as
expected (Figure 3B).

Before induction, no extracellular proteins were detected
in the cultures supernatants (Figures 3A, B), while the total
protein concentration increased gradually until the end of the
cultivation time, reaching the maximum concentration after
96 h of methanol induction, either at 1 bar or 5 bar of air
pressure (Figure 3A). The amount of extracellular total pro-
tein released to the medium was considerably higher under
increased air pressure (Figure 3A). A 3.5-fold improvement
in the extracellular total protein was achieved at the end of
induction phase (96 h) with the raise of air pressure from 1
bar to 5 bar. This enhancement of protein release to the
medium was not associated to the cell lysis, once viability
analyses were performed and cells remained intact and via-
ble. The method used for the cell viability determination, the
methylene blue staining method, depends on the membrane
permeability, giving low viabilities as the membrane perme-
ability increases. In this work, the cell viability remained
above 90%, which indicates that the raise of air pressure did
not change the membrane permeability. Moreover, previous
works with Y. lipolytica,11 P. Pastoris,29 and C. utilis14 cells
demonstrated that, for this range of pressure values, no sig-
nificant differences were observed in cell viability and cell
size distribution.

The major advantage of producing heterologous proteins
as secreted proteins in P. pastoris is that it secretes very low
levels of endogenous proteins. Since its culture medium con-
tains no added proteins, the secreted heterologous protein
constitutes the vast majority of the total protein in the
medium.5 In this work, SDS-PAGE analyses (Coomassie
Blue staining) showed that recombinant frutalin was secreted
into the culture supernatant, being the main protein at 5 bar
(Figure 3B). Moreover, the higher intensity of recombinant
frutalin bands in the denaturing gels of the experiments
under 5 bar of air pressure confirmed the increase of protein

secretion comparatively to trials at 1 bar. For the experimen-
tal conditions used, the increased air pressure up to 5 bar
proved to be applicable as a way to enhance the recombinant
frutalin production in pressurized bioreactor.

Besides the work of Charoenrat et al.18 that reports a two-
fold increase on recombinant b-glucosidase production yield
by P. pastoris Y-11430 in a moderate pressure process (1.9
bar), no other studies on the effect of increased air pressure
on heterologous protein secretion by P. pastoris can be
found in the literature. In this work, the use of 5 bar resulted
in a more pronounced effect on recombinant b-galactosidase
production (ninefold).

The increased air pressure has already been successfully
applied in the production of homologous proteins by other
yeast strains. Lopes et al.11 reported an increase of 3.7-fold
in the lipase productivity by Y. lipolytica W29 at 5 bar, com-
pared with the experiments under 1 bar. Pinheiro et al.30

showed that it is possible to use the air pressure raise up to
6 bar as an optimization parameter for b-galactosidase pro-
duction by K. marxianus CBS 7894. Furthermore, it was
reported the enhancement of heterologous proteins produc-
tion by recombinant E. coli strains under increased air pres-
sure. Belo and Mota31 reported that for E. coli TB1/pUC13
cells a fourfold increase in the final productivity of
cytochrome b5 was achieved by an air pressure increase of
4.8 bar.

Methanol metabolism utilizes oxygen at a high rate2 and it
is well known the influence of oxygen supply on heterol-
ogous gene expression by P. pastoris. Some authors reported
an improvement in the secretion of different heterologous
proteins by maintaining sufficient oxygen levels during the
induction phase. Lee et al.32 indicated that in the induction
phase, maintaining a higher DO set point could significantly
enhance elastase inhibiting peptide (EIP) production. Jin
et al.33 stated that with oxygen-enriched air (50% O2), the
effective porcine interferon-alpha (pIFN-a) production period
by recombinant P. pastoris KM71H (IFNa-pPICZaA) could
be prolonged, resulting in a further enhancement in pIFN-a
antiviral activity, comparatively to the strategy without DO
control. An increase of the oxygen mass transfer rate, by
raising the air pressure inside the bioreactor, is an interesting

Figure 3. Extracellular total protein (A) and SDS-PAGE analyses (B) of supernatants from the P. pastoris KM71H strain expressing
recombinant frutalin in pressurized bioreactor under 1 bar (�) and 5 bar (•) of air pressure.

Values in (A) are the average 6 standard deviation of two independently run fermentation experiments. The arrow indicates the recombinant
frutalin.
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alternative to overcome oxygen limitation.34 For instance,
and according to the qO2 on methanol (64 mg O2/g h21)
reported in literature for the P. pastoris GS115 strain,26 for
the cell densities reached in this work (around 15 g /L of
cell dry mass), the OTR needed to supply to the culture
(960 mg O2/L h21) is significantly higher than that obtained
at 1 bar (Table 1).

In this work, we proved that the raise of air pressure from
1 bar to 5 bar, as a way to increase OTR in bioreactors, led
to an enhancement of recombinant protein production, both
intracellularly and extracellularly. This strategy is an alterna-
tive to the use of pure oxygen, which is costly and requires
special handling. Moreover, Lopes et al.29 observed that P.
pastoris cells can cope with possible oxidative stress caused
by increased air pressure up to 5 bar by inducing antioxidant
enzymes, such as superoxide dismutase and catalase.

Effect of air pressure on protease production

One of the major drawbacks of P. pastoris expression sys-
tems is the post-secretory proteolytic degradation of
recombinant products.35 Some secreted proteins are unstable
in the P. pastoris culture medium because they are rapidly
degraded by proteases, which are over-expressed to the
medium as a response of stress caused by methanol itself or
by the transition from a given carbon source to methanol
during the induction phase of pAOX1-regulated cultures.36

Protease specific activity (U/g protein) profiles over the
induction of recombinant frutalin production from the P.
pastoris KM71H strain are shown in Figure 4. The protease
specific activity increased with time throughout the entire
induction process, for both atmospheric and increased air
pressure experiments. A similar result was reported by Sinha
et al.37 for a recombinant P. pastoris producing ovine
interferon-s at atmospheric pressure, and where the protease
activity of the culture supernatant enhanced along the time
and reached a maximum value (approximately 900 U/mL)
after 72 h of induction. However, Kobayashi et al.38 reported
that, in a culture of P. pastoris producing the recombinant
human serum albumin at atmospheric pressure, no protease

activity was detected in the medium until approximately 100
h, after which the activity strongly increased to approxi-
mately 500 U/mL. This data demonstrates the variation in
protease activity profiles over the course of induction in P.
pastoris cultivation, and have been related to the cultivation
conditions, especially nitrogen starvation and methanol accu-
mulation in the medium.3,38

The highest value of protease specific activity was found
for the assay conducted at 1 bar, whereas in the experiment
at 5 bar its activity level in the medium was lower. More-
over, the protease specific activity profiles show that 5 bar of
air pressure retards the production of protease. The presence
of protease in the culture medium can influence the stability
of secreted frutalin and might contribute to its higher degra-
dation at atmospheric pressure. To our knowledge, there are
no studies about the effect of increased air pressure on prote-
ase release to the culture medium by P. pastoris strains.
However, for other yeast species, Lopes et al.11 reported that
for a wild Y. lipolytica strain, the protease specific activity in
supernatant decreased fourfold by increasing the air pressure
from 4 bar to 8 bar.

It was reported that proteolytic degradation of recombinant
proteins increases with protease over-expression and secre-
tion when yeast cells are subjected to methanol-induced
stress or nutrient-deficiency.3 However, in this work, the
methanol concentration (Figure 1C) was negligible in any
time point of the protease activity measurements for both air
pressure experiments. Probably, the increase of oxygen avail-
ability at 5 bar reduced the stress caused by the O2 limitation
that occurred at 1 bar, leading to a decrease on the protease
released to the medium. The correlation between proteases
release and stress conditions is well reported in literature.3,36

There are reports in the literature about strategies that
have proven to be effective in minimizing the proteolytic
degradation of recombinant proteins, namely: addition of
amino-acid rich supplements, such as peptone or casamino
acids;39 adjust the pH of the culture medium to one that is
not optimal for the problem protease and reduction of induc-
tion temperature;6,40 and the use of a protease-deficient P.
pastoris host strain (e.g., SMD1163, SMD1156, and
SMD1168).2 However, in an industrial scale, the use of spe-
cific protease inhibitors has been proven to be cost-prohibi-
tive.41 Furthermore, protease-deficient strains exhibit lower
specific growth rates and viability5 and the use of these
strains is not always applicable as proteases may be required
for correct processing and activation of certain proteins.3

This work shows that the use of increased air pressure up
to 5 bar is a feasible way to increase recombinant protein
production by P. pastoris strains. This is a “friendly” pres-
sure that combines several advantages, namely (a) does not
relevantly affect cell viability; (b) increases oxygen mass
transfer rate and, consequently, the dissolved oxygen, which
is a key factor for protein production in P. pastoris; and (c)
reduces the stress caused by oxygen limitation occurring at
atmospheric pressure, which may be reflected as reduced
protease secretion.

Conclusions

The P. pastoris expression system has gained acceptance
as an important host organism for the production of foreign
proteins, as illustrated by the large number of proteins syn-
thesized in P. pastoris. Several strategies were developed in

Figure 4. Protease-specific activity profiles in P. pastoris
KM71H/pPICZa/frutalin culture supernatants, dur-
ing the induction phase, in the pressurized bioreac-
tor at different air pressures: 1 bar (�) and 5 bar
(•).

Values are the average 6 standard deviation of two independ-
ently run fermentation experiments.
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order to overcome the lower protein secretion and the high
oxygen demand in methanol-induced cultures.

For the first time, air pressure up to 5 bar was applied for
recombinant protein production improvement in P. pastoris.
The production of intracellular (b-galactosidase) and extrac-
ellular (frutalin) heterologous proteins were performed in P.
pastoris GS115 and KM71H strains, respectively. The raise
of air pressure had similar positive effects on the production
of both recombinant proteins, which indicates that pressure
can be an important factor in recombinant protein production
and can be used as a control parameter for heterologous pro-
tein production optimization.

The production of intracellular and extracellular recombi-
nant proteins was enhanced by increased air pressure up to
5 bar, contrarily to what happened with cellular growth,
which is an indirect evidence that oxygen demand played a
greater role for recombinant protein production than for
cellular growth. Furthermore, the results reported herein
showed that recombinant frutalin, a lectin with a high diag-
nostic/therapeutic potential application, can be produced
under increased air pressure in the heterologous P. pastoris
system in higher amounts than that obtained using atmos-
pheric pressure.
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