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allowed cells to adapt to oxygen transient limitations 
that often occur at industrial scale with reduced effect on 
pAOX1 induction. The optimal feeding rate tested here was 
6.6  mmol  C  (DCW  h)−1 at an OTR of 8.28  g  O2(L  h)−1 
with over fivefold pAOX1 induction (probably directly 
associated with target protein productivity) compared with 
previous work.
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feeding · Chemostat · Process optimization

Introduction

The methylotrophic yeast Pichia pastoris has become over 
the years one of the most extensively used expression sys-
tems for heterologous proteins production [9]. It presents 
many advantages over other yeast systems, such as avail-
ability of engineered strains capable of human-like glyco-
sylation [7, 11], ability to grow in defined media at high 
biomass densities, and existence of strong promoters, e.g. 
pAOX1, tightly regulated by methanol. There are three 
types of P. pastoris host strains available that differ from 
their ability to metabolize methanol and thus from their 
oxygen consumption rate. These are the Mut+ phenotype 
(wild-type strain, high oxygen consumption), MutS (metha-
nol utilization slow, resulting from AOX1 deletion, interme-
diate oxygen consumption) and Mut- (methanol utilization 
minus, resulting from the double AOX1-AOX2 deletion, 
low oxygen consumption) [9]. The Mut+ phenotype is 
mainly used for recombinant protein productions, although 
the MutS phenotype has been used in some other cases. 
However, the use of methanol as sole carbon source during 
the induction phase for protein production poses one major 
drawback for Mut+ strains (and MutS in a lower extent): 
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contrast, when dissolved oxygen was completely depleted, 
methanol accumulated, causing a 30 % decrease of pAOX1 
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as a high-degree reductant with high heat of combustion, 
methanol catabolism requires a high oxygen consumption 
in aerobic condition accordingly leading to a huge amount 
of heat production. To solve this problem, methanol co-
feeding strategies have been developed to partially replace 
or at least complement methanol with other carbon sources 
such as glucose [22], glycerol [15, 28] or sorbitol [3, 26]. 
Among these, sorbitol was found the most promising co-
substrate because it is not only a lower degree reductant 
than methanol but also a non-repressive carbon source for 
AOX1 promoter induction unlike glycerol or glucose [25]. 
The benefits of methanol/sorbitol co-feeding have been 
reported in regard to reducing oxygen consumption with-
out loss of protein productivity [12]. Although some studies 
have been performed to quantitatively analyze cell metabo-
lism, they only focused on the measurements of final prod-
ucts, i.e. secreted proteins, without any direct insights on 
quantifying the pAOX1 regulation [4, 16]. Recently, we 
have quantitatively characterized the pAOX1 induction of 
P. pastoris as well as the intracellular metabolic flux dis-
tributions during the methanol/sorbitol co-feeding process 
[20]. In detail, it was performed with chemostat cultures 
using a Mut+ strain in which the pAOX1-lacZ construct 
served as a reporter gene. Our results demonstrated that 
decreasing methanol fraction in the feeding media reduced 
the cell-specific oxygen consumption by 30  %. More 
interestingly, maximal β-galactosidase cell specific activi-
ties, and thus optimal pAOX1 induction, were achieved 
and maintained in the range of 0.45–0.75 C-mol/C-mol of 
methanol fraction.

As a follow-up, this work aimed to optimize the fer-
mentation and protein production processes, i.e., mainly to 
achieve higher cell density, higher induction level and to 
characterize the effects of dissolved oxygen level in the co-
feeding process [13, 18]. Anoxia management is one of the 
main challenges during the induction phase of pAOX1 due 
to limited oxygen transfer capacity of bioreactor. Moreo-
ver, inefficiency in mixing capacity could promote, espe-
cially at industrial scale, transient heterogeneities in the 
fermentation broth thus leading to transient anoxia as well 
as nutrient starvation. Accordingly, an improved under-
standing of the methanol/sorbitol co-feeding process, espe-
cially in respect of carbon feeding rate, oxygen limitation 
and pAOX1 induction, is of the utmost importance in the 
process optimization. Therefore, our strategy was to per-
form different chemostat cultures with increasing carbon 
concentrations in the methanol/sorbitol mixed feed while 
keeping dilution rate constant to exclude the variation of 
dilution effects amongst different experimental condi-
tions. Traditional fermentation processes have OTR values 
ranging from about 100 mmol//(L h) (easy) through about 
150–200 mmol//(L h) (average) to more than 300 g//(L h) 
(difficult) [2]. Correspondingly, the KLa values should 

be from 340  h−1 (easy) through 515–685  h−1 (average) 
to over 1030 h−1 (difficult) at 0.5 bar gauge pressure and 
DO = 30 %. In this work, we assume that the achievable 
values of KLa in large fermenters are in the range of 400–
800  h−1 and accordingly typical values of oxygen supply 
are in the range of 4–8 g/(L h). The oxygen supply in bio-
reactor was kept in the range of typical values in large fer-
menters to provide experimental data for future industrial 
scale-up. Methanol and sorbitol uptake rates, cell growth 
and pAOX induction level were determined against carbon 
concentration (methanol and sorbitol) in the feed and oxy-
gen level (oxygen limited or not).

Materials and methods

Strain and medium composition

A P. pastoris strain GS115 transformed with pSAOH5 vec-
tor bearing a pAOX1-lacZ construct was used [17]. The 
medium and feeding solutions were (per liter): YSG+ (6 g 
yeast extract, 5  g soy peptone, 20 g glycerol); BG (batch 
glycerol medium, 38 g glycerol, 25 mL H3PO4 85 %, 1.05 g 
CaSO4·2H2O, 18.28  g K2SO4, 14.96  g MgSO4·7H2O, 
4.15  g KOH, and 12  mL PTM1 solution); FBG (glycerol 
feeding solution, 330  g glycerol and 12  mL PTM1 solu-
tion). The composition of the different methanol (FBM) 
and sorbitol (FBS) feeding solutions were (per liter) 12 mL 
PTM1 supplemented with different amounts of methanol 
(364, 459, 546 or 634 g) and sorbitol (152, 190, 230 and 
266  g), respectively. PTM1 trace elements solution was 
from Invitrogen.

Culture conditions

Pre-cultures were performed at 30 °C for 24 h in a 1 L flask 
containing 150 mL YSG+ medium. Cultures in bioreactor 
were performed in a 2L Biostat Bplus (Sartorius AG, Ger-
many). The temperature was maintained at 30  °C during 
growth on glycerol and shifted to 25 °C during methanol/
sorbitol feeding phase according to previous work [21]. 
The pH was regulated at 5.8 by addition of 25 % ammonia 
solution. Dissolved oxygen (DO) was tried to maintain at 
30 % of saturation using cascade control of agitation and 
airflow rate, while DO was not successfully maintained at 
the preset 30 % in the cultures with higher feeding rates. 
Culture and 100 % calibration of DO probe were performed 
at atmospheric pressure. Maximum stirring speed was set 
at 2000 rpm and maximum airflow was set at 1.5 L min−1. 
The gauge pressure was set at 0.5 bar during fermentation. 
The MFCS/win 3.0 software (Sartorius AG) was used to 
record the culture history. Cultures started in batch mode 
in 750 mL of the BG medium at an initial OD600 of 0.3. 
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After depletion of the initial glycerol, indicated by a sud-
den increase in dissolved oxygen, the glycerol fed batch 
phase started at a feeding rate of 12  mL  h−1 of the FBG 
solution. After 24 h of glycerol fed batch, feeding with the 
different FBM and FBS solutions started and lasted for 
72 h at a volumetric flow rate of 12 and 18 mL h−1, respec-
tively, to obtain carbon feeding rates (CFRs) equal to 4.4, 
5.5, 6.6 and 7.7 mmol C gDCW h−1 of a 0.6/0.4 C-mol/C-
mol methanol/sorbitol mixture. For CFR calculation, the 
value of biomass obtained at the end of the glycerol-feed-
ing phase. Culture volume was kept at 1.5 l by a pump con-
trolled by a level probe.

Analytical methods

Cell growth was monitored by either optical density at 
600  nm (OD600) or dry cell weight (DCW) as previously 
described [20]. Glycerol, methanol and sorbitol were 
analyzed by isocratic RID-HPLC (Agilent 1100 series, 
Agilent Technologies) using an Aminex HPX-87H ion-
exclusion column (300  ×  7.8  mm Bio-Rad, Hercules, 
USA) with 5  mM H2SO4 as mobile phase at a flow rate 
of 0.5 mL min−1 at 30 °C. Ammonia assay was based on 
the phenol-hypochlorite method [24]. β-Galactosidase 
activities were determined using the Miller method [19]. In 
detail, the cell pellets were suspended in 500 µl of buffer 
Z (100 mM Na2HPO4, 10 mM KCl, 1 mM MgSO4). The 
sample was then diluted 100–8000 times in buffer Z. Cells 
were then permeabilized by adding 30 μl of chloroform 
and 20  µl of 0.1  % SDS before being vortexed for 15  s. 
After 5–10  min, 200  µl of substrate solution was added 
(Z buffer +  4  mg/L ONPG), the samples were incubated 
at 37  °C, and the reaction was timed. When yellow color 
appeared, the reaction was terminated by adding 0.5  mL 
1M Na2CO3 solution. Finally, the sample was centrifuged 
and the optical density at 420  nm (OD420) of supernatant 
was measured. β-galactosidase specific activity (sGal) 
and β-galactosidase activity (XGal) were expressed in 
Miller unit (MU) and U  mL−1, respectively. One unit of 
β-galactosidase activity is defined as amount of enzyme 
releasing 1 μmol of nitrophenol per min in the assay condi-
tions. All analyses were performed in triplicate.

Statistical tests

Statistical tests were performed using GraphPad Prism 6.01 
software (GraphPad software, La Jolla, USA). Homosce-
dasticity of the biomass yield and β-galactosidase activi-
ties was tested using Bartlett’s test [1] and their normal 
distribution was tested using Shapiro–Wilk’s test [23]. 
β-galactosidase activities were compared using analysis of 
variance (ANOVA) followed by Tukey’s test for multiple 
comparisons [27], whereas biomass values were compared 

using Friedman’s test (non-parametric equivalent of the 
repeated measures ANOVA) [10] followed by the Dunn 
multiple comparison test [8]. Statistical significance was 
accepted at p < 0.05.

Calculations at quasi steady states of cultures

The oxygen transfer rate (OTR) was calculated by the fol-
lowing equation:

where CO is the saturation concentration of dissolved oxy-
gen and CL is the dissolved oxygen concentration in fer-
mentation broth. The KLa was estimated to be 712 h−1 from 
the original data from Niu et  al. [21] by Eq.  1. At quasi 
steady states of the cultures, oxygen uptake rate (OUR) 
equals OTR. Accordingly, the specific oxygen consumption 
rate was determined by

where X is the biomass (g DCW L−1)
The specific consumption rates of methanol and sorbitol 

were, respectively, determined by Eqs. 3 and 4,

where Fsorb and Fmeth are the feeding rates for sorbitol and 
methanol, respectively (L h−1); Ssorb_in and Smeth_in are the 
sorbitol and methanol concentrations in the FBS and FBM 
feeding solutions, respectively (g L−1); Ssorb and Smeth are 
the sorbitol and methanol concentrations in reactor, respec-
tively (g L−1).

Additionally, since the macroscopic balance of redox 
degree provided one-degree of redundancy in this study, 
data reconciliation and consistency tests were performed 
according to Niu et al. [21].

Results and discussion

Cell growth in regard to total carbon concentration 
in the mixed feed

In all experiments, the maximum biomass concentra-
tions obtained at the end of the growth phase with glyc-
erol feeding were similar and reached an average value 
of 50  gDCW  L−1 (data not shown). To avoid any cell 
washout, methanol/sorbitol co-feeding was performed at 
a constant dilution rate of 0.03 h−1, which is smaller than 

(1)OTR = KLa(CO − CL)

(2)qo2 =
OUR

X
=

KLa(CO − CL)

X

(3)qmeth =
FmethSmeth_in − (Fsor + Fmeth)Smeth

XV

(4)qsorb =
FsorbSsorb_in − (Fsorb + Fmeth)Ssorb

XV
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the maximum specific growth rate observed either on 
methanol or on sorbitol (i.e., 0.10 and 0.04  h−1, respec-
tively) [21]. In our experimental set-up, CFRs increased 
stepwise in a narrow range of 25  %. In the range of 
4.4–5.5 mmolC g DCW h−1, there was a statistically sig-
nificant increase of biomass (i.e. it increased from 49 to 
56 gDCW L−1, Table 1). However, in the range of 5.5–7.7 
mmol C gDCW h−1, no statistically significant differences 
in biomass were observed.

Promoter induction in regard to carbon feeding rate

Induction levels of AOX1 promoter, quantitatively esti-
mated either by means of β-galactosidase activity (XGal) 
and β-galactosidase specific activity (sGal), were measured 
at different methanol/sorbitol feeding rates. As shown in 
Fig. 1, increasing CFR from 4.4 to 6.6 mmol C g DCW h−1 
resulted in a linear increase of induction levels. At a CFR 
of 4.4  mmol  C  g  DCW  h−1, β-galactosidase specific 
activity and β-galactosidase activity (shown in bracket) 
were around 1.34 ×  104  MU (2.25 ×  106  U  mL−1) and 

increased to 1.49 ×  104  MU (3.32 ×  106  U  mL−1) and 
2.01 × 104 MU (4.75 × 106 U ml−1) for CFRs of 5.5 and 
6.6 mmol C g DCW h−1, respectively (Table 1). By contrast, 
at CFR of 7.7  mmol  C  g  DCW  h−1, over 30  % decrease 
of β-galactosidase activity was observed, i.e., it reduced to 
1.27 × 104 MU (3.23 × 106 U ml−1) from the maximum 
of 2.01 × 104 MU (4.75 × 106 U ml−1). To assess the sig-
nificance of these results, statistical analysis was performed 
on the β-galactosidase activities measured between 42 and 
72  h of feeding to make the assumption of the homosce-
dasticity and normality of the data. ANOVA and Tukey test 
analysis confirmed that CFR of 6.6  mmol  C  g  DCW  h−1 
yielded to a significantly higher level of β-galactosidase 
activities (p < 0.001) and thus pAOX1 induction (Table 1). 
CFR of 6.6 mmol C g DCW h−1 led to a 35 % increased 
level of pAOX1 induction compared to the lower CFRs 
tested.

Cellular metabolism in regard to carbon feeding rate

In our experimental design, airflow, and thus oxygen trans-
fer rate, was limited to be in the range of those applied 
at industrial scale, i.e., 5–10  g  O2/(L  h). In those condi-
tions, increasing the CFR may lead to oxygen starva-
tion and accumulation of carbon sources in the culture 
medium such as the toxic methanol. For CFRs ranging 
from 4.4 to 6.6 mmol C gDCW h−1, methanol was never 
detected in the culture medium, indicating that cells con-
sumed all the methanol fed (Fig.  2). By contrast, at a 
CFR of 7.7 mmol C g DCW h−1, methanol was only con-
sumed partially and stabilized around 10 g L−1 in the bio-
reactor. This higher methanol supply than necessary has 
been linked to the oxygen starvation as indicated by the 
low DO value (Fig.  2). For all the CFRs tested, sorbitol 
was consumed to completion during the first 6 h of feed-
ing. During this period, cells adapted their metabolism 
to methanol, and sorbitol was the main source of energy. 
After this period, sorbitol was only partially consumed. 
At a CFR of 4.4  mmol  C  g  DCW  h−1, residual sorbitol 
concentrations were very low and in the range of those 

Table 1   Mean values of 
biomass, β-galactosidase 
specific activity (sGal) and 
β-galactosidase activity (XGal 
calculated during the methanol/
sorbitol feeding phase at 
different CRFs. Standard 
deviations were less than 10 % 
of the average values) a  Significant difference in biomass between the different CRFs at p < 0.05

b  No significant difference in biomass between the different CRFs
c  Significant difference in sGal between the different CRFs at p < 0.05
d  No significant difference in sGal between the different CRFs

Feeding rate mmol C (DCW h)−1 Biomass g DCW l−1 sGal 104 MU XGal 106 U ml−1

4.4 49a 1.34d 2.25

5.5 56b 1.49d 3.32

6.6 59b 2.01c 4.75

7.7 63b 1.27d 3.23

Fig. 1   β-Galactosidase specific activity (Miller unit) values between 
45 and 72  h of methanol/sorbitol feeding. Boxes represent the 25th 
and 75th percentiles. Whiskers represent the 5th and 95th percentile. 
The “+” sign represents the mean value on eight different samples
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observed previously with this strain [21]. For all the other 
CFRs tested, sorbitol concentration increased in the cul-
ture medium. However and in accordance with previ-
ous reports [3], sorbitol accumulation had no observ-
ably negative effect on pAOX1 induction. Indeed, Jungo 
et  al. [16] reported the highest β-galactosidase activities 
at sorbitol concentration as high as 32  g  L−1. For CFRs 
of 5.5 and 6.6  mmol  C  g  DCW  h−1, sorbitol concentra-
tion stabilized in the range of 13–16  g  L−1 between 24 
and 55  h of feeding (Fig.  2). It then increased at the end 
of the culture to 23 and 32  g  L−1, respectively. For CFR 
of 7.7  mmol  C  g  DCW  h−1, sorbitol concentrations were 
generally in the range of 15–25 g L−1 in reactor for 24 h of 
feeding to the end of the culture (Fig. 2).

To assess the influence of oxygen starvation on sorbitol 
and methanol uptake capacity, qmeth and qsorb were calcu-
lated for the different CFRs. As shown in Table  2, qmeth 
increased almost linearly in regard to CFRs from 0.06 to 
0.077 g(g DCW h)−1. The qmeth values in this work were in 
the range of those previously reported by Jordà http://www.

ncbi.nlm.nih.gov/pubmed/?term=Jord%C3%A0%20J%5B
Author%5D&cauthor=true&cauthor_uid=23845285 (see 
Table 4 in [14]), but a bit higher than the reported values 
in [6]. The qsorb values obtained in this work are compara-
ble to those in [3]. Despite the values of qmeth were nearly 
the same for CFRs of 6.6 and 7.7  mmol  C  g  DCW  h−1, 
significantly different β-galactosidase activities and thus 
pAOX1 induction levels were obtained (Fig.  1; Table  1). 
Kim et  al. [17] reported that oxygen-limited condi-
tions led to a reduced induction level of pAOX1. How-
ever, at CFRs of 6.6 and 7.7  mmol  C  g  DCW  h−1, qO2 
values were higher than those when CFRs were 4.4 and 
5.5  mmol  C  g  DCW  h−1. This suggests that the lower 
value of β-galactosidase activities obtained at CFR of 
7.7 mmol C gDCW h−1 was rather a consequence of meth-
anol accumulation in the bioreactor than a result of an oxy-
gen starvation. This is in accordance with Cregg [5] who 
reported that P. pastoris metabolism is negatively affected 
by the presence of methanol in the culture medium in this 
range of concentrations. However, in our experimental 
conditions methanol accumulation had no negative impact 
on cell growth, i.e., biomass slightly increased from 59 to 
63 g DCW L−1 for CRFs of 6.6–7.7 mmol C (DCW h)−1, 
respectively (Table 1). It was also observed that methanol 
accumulation did not affect oxygen consumption, i.e., qO2 
did not change significantly (0.138 and 0.136 g DCW h−1 
for CRFs of 6.6–7.7  mmol  C  DCW  h−1, respectively). 
Additionally, qO2 was found a 13  % increase from 0.122 
to 0.138 g  (DCW h)−1 from oxygen-sufficient to oxygen-
limited conditions. In this study, average OTR values found 
at industrial scale were used to determine the optimal car-
bon feeding rate (Table 2). As the OTRs felt into the value 
range of large reactors, the results provided a valuable basis 
for future industrial scale-up. The optimal feeding rate 
tested here was 6.6 mmol C (DCW h)−1 at an oxygen trans-
fer rate (OTR) of 8.28 g O2(L h)−1, which can be directly 
used to control co-feeding of the mixture during the induc-
tion phase after slight adjustment with optimized protein 
productivity using the dynamic model developed in our 
previous work [21].

For CFRs ranging from 5.5 to 7.7 mmol C g DCW h−1, 
qsorb and qmeth increased slightly (Table  2) from 
0.036 to 0.044  g  (g  DCW  h)−1 and from 0.066 to 
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Fig. 2   Evolution of dissolved oxygen (DO), methanol and sorbitol 
concentrations in the culture medium during methanol/sorbitol feed-
ing at different CFRs (circles 4.4  mmol  C  g  DCW  h−1, triangles 
5.5 mmol C g DCW h−1, squares 6.6 mmol C gDCW h−1, and stars 
7.7 mmol C g DCW h−1)

Table 2   Specific carbon uptake rates, oxygen transfer rate (OTR), and specific oxygen consumption rate at the different feeding rates

For specific carbon uptake rates, standard deviations were less than 10 % of the average values

Carbon feeding rate 
mmol C (DCW h)−1

qsorb g  
(g DCW h)−1

qmeth g  
(g DCW h)−1

qsorb/qmeth OTR gO2  
(L h)−1

qO2 mg 
(g DCW h)−1

4.4 0.037 0.060 0.61 5.99 122

5.5 0.036 0.066 0.55 6.83 122

6.6 0.041 0.074 0.55 8.28 138

7.7 0.044 0.077 0.57 8.54 136

http://www.ncbi.nlm.nih.gov/pubmed/%3fterm%3dJord%25C3%25A0%2520J%255BAuthor%255D%26cauthor%3dtrue%26cauthor_uid%3d23845285
http://www.ncbi.nlm.nih.gov/pubmed/%3fterm%3dJord%25C3%25A0%2520J%255BAuthor%255D%26cauthor%3dtrue%26cauthor_uid%3d23845285
http://www.ncbi.nlm.nih.gov/pubmed/%3fterm%3dJord%25C3%25A0%2520J%255BAuthor%255D%26cauthor%3dtrue%26cauthor_uid%3d23845285
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0.077  g  (g  DCW  h)−1, respectively. And from the ratio 
of qsorb to qmeth, no significant difference was observed 
between the ratio of sorbitol and methanol consumed. 
For these CFRs, optimal methanol/sorbitol ratio is rather 
0.64/0.36  C-mol/C-mol methanol/sorbitol than the 
0.6/0.4 ratio observed at CFR of 4.4 mmol C g DCW h−1.

For the different CFRs tested, nitrogen concentration 
was estimated after 4, 44 and 72 h of feeding. In all these 
conditions, nitrogen concentrations ranged between 225 
and 425 mM for the different CFRs, indicating that the cul-
tures were never nitrogen-limited in these conditions (data 
not shown).

Conclusions

In this work, it has been demonstrated that the feed-
ing rate of total carbon concentration of an optimized 
methanol/sorbitol mixture influences directly the induc-
tion level of AOX1 promoter and consequently heterolo-
gous protein productivity. In aerobic or pseudo-aerobic 
condition (i.e., when DO > 0), an increase of the feed-
ing rate of the methanol/sorbitol mixture yields to an 
increase of pAOX1 induction. By contrast, in anoxic 
or pseudo-anoxic condition (i.e., when DO is ≈0), 
pAOX1 induction level is decreased by more than 30 % 
from 6.6 to 7.7  mmolC  g  DCW  h−1. This decrease is 
more likely to be lined to methanol accumulation than 
to very low level of dissolved oxygen (DO  <  4  %) by 
analyzing the results. However, there is no evidence 
of β-galactosidase-specific activity, and thus pAOX1 
induction, being strictly lowered by extreme oxygen 
starvation. Nevertheless, this highlights that avoiding 
methanol high-level accumulation seems even more 
crucial than controlling dissolved oxygen at suffi-
cient levels to an optimal process with higher protein 
productivity.

For a bioreactor with a KLa equal to 712  h−1, which 
falls in the range of typical values for large industrial 
fermenters, the optimal carbon feeding rate was deter-
mined by the experimental results in this work to be 
6.6  mmol  C  g  DCW  h−1. However, higher KLa values 
would allow higher carbon feeding rates without or with 
low methanol accumulation, and thus to probably further 
increase pAOX1 induction. Accordingly, the characteriza-
tion of the pAOX1 regulation in regard to KLa and the car-
bon feeding rate is a line of research that is worth study-
ing in the future. However, compared to our previous study 
[20], the maximum biomass and β-galactosidase specific 
activity increased by 2.6 times (23–59  gDCW/L) and 5.2 
times (0.92 ×  106–4.75 ×  106  U  ml−1) with the optimal 
CFR, respectively.
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