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ABSTRACT 

Author: Binkley, Robert, M. MSABE 

Institution: Purdue University 

Degree Received: August 2019 

Title: Bi-Variate Growth Model of Pichia Pastoris including Oxygen Considerations and its 

Importance in Recombinant Protein Production  

Committee Chair: Dr. Michael Ladisch 

 

The methylotrophic yeast, Pichia pastoris (recently reclassified as spp. Komagatella) has long 

been regarded as a useful host organism for the production of recombinant proteins, particularly 

when using the AOX system which utilizes methanol as both the inducing agent as well as the 

primary carbon source for growth and energy. Significant historical work has shown that growth 

rate and protein productivity can be correlated to methanol concentration. However, the 

relationship between oxygen and protein productivity are less consistent. While with many 

variations models having been developed and used for analyzing culture kinetics, these models 

have only been applied to methanol concentration. Furthermore, while results for methanol are 

fairly consistent, oxygen considerations have been far less consistent.  

 

This work presents various bi-variate models which includes considerations for growth and 

inhibition for both methanol and oxygen with this expanded model showing strong alignment to 

previous works to both oxygen and methanol data. While more work is necessary to fully confirm 

and validate which form of the bivariate model is most appropriate, this work provides a 

framework necessary to expand analysis to include oxygen considerations. This framework has 

the potential to be used to further inform selection of feeding methodology as well as direct 

investigations into metabolic studies.   
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CHAPTER 1: INTRODUCTION 

The microbial conversion of chemicals, a term more broadly termed as fermentation, is one of the 

oldest technologies utilized by humans. Applications of applied protein fermentations can date 

back to ~500BC, where Chinese texts describe the application of mold (Aspergillus oryzae) in the 

product of rice wine; these molds produced a mixture of enzymes and amylases required for rice 

fermentation. Microbial protein production can trace its roots back to birth of modern 

biochemistry, where Louis Pasteur (1822-1895) and Eduard Buchner (1860-1917) used cell free 

extracts of yeast in order to study the effects of fermentation, with the extracts serving as crude 

protein mixtures. One of the earliest applications of submerged bacterial fermentations for the 

production of proteins was that of Auguste Boidin and Jean Effront, (US Patent 1, 227, 374) who 

grew cultures of Bacillus subtilis and B. mesentericus for the production of amylase. Microbial 

production of recombinant proteins has become even more significant, with microbes being used 

industrially to produce a wide array of proteins, from pharmaceuticals, such as antibodies, growth 

factors, and interferons/interleukins, to industrially enzymes [Lakowitz 2018, Safder 2018]. 

 

The production of rProteins in a commercially relevant fashion often involves production in large 

scale reactors, and therefore scale up considerations are imperative to their economic viability. 

Fed-batch processes are often used for fermentations when compared to batch processes for a 

multitude of reasons, including; A) they often allow for increased concentration of final products 

due additional substrate being added and B) they allow for precise control of operational factors, 

such as pH or substrate concentration, since additional material can be added which affect these 

parameters. For microbial fed-batch fermentations, the feed is often a concentrated carbon source 

(typically a sugar) and may contain other trace nutrients or other defined chemicals. The method 

in which this feed is added to the process however can have a significant impact on culture 

performance, from production formation rates, to yield and byproduct formation, to biomass 

formation. Since microbial production of proteins, especially recombinant proteins, is not directly 

connected with natural (inherent) metabolic functions, like ethanol and lactic acid, production can 

range over orders of magnitude, from the µg/L to 100 g/L, making it is difficult to predict and 

model production kinetics. Even if it is difficult to predict for a specific protein, considerations on 
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growth in general can be valuable tools when directing experiments effectively to lead to a final 

product 

 

Having long been regarded as one of the most important cell factories for the production of 

recombinant proteins and bio-pharmaceutical products, the yeast Pichia pastoris (Komagataella 

spp) has been used in the production of various proteins, from antibody fragments for syncytial 

virus (RSV) infection treatment to recombinant proteins for animal feed nutrient additives [Safder, 

2018; Pichia.com, 2018]. While many promoters and expression systems have been developed, 

the AOX1 gene and PAOX1 promoter (generally called “the AOX system”) is widely used for 

recombinant protein production due to tight regulation, strong induction by methanol, and 

historically high protein production [Potvin 2012, Emenike 2018]. Since achieving maximum 

productivity is paramount to developing economic and cost effective processes, substantial effort 

has been made in order to optimize fed-batch production, from development of various feeding 

methods [Looser 2015] to utilizing mixed substrate feeds [Cos 2006]. 
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CHAPTER 2: GENERAL PRODUCTION OF RECOMBINANT PROTEINS 

IN YEASTS 

With the advances in molecular biology tools, microbial production of targeted recombinant 

proteins is possible in many different species, from bacteria to insect and mammalian cultures. 

While each system has their advantages and disadvantages, yeast systems, being eukaryotes, allow 

for more complex protein formation than prokaryotes (i.e. bacterial systems) while also generally 

having faster growth rates than mammalian systems. Furthermore, resistance of yeast to shear due 

to beta-glucans in the cell membrane, can allow for increased agitation rates (and subsequently 

high oxygen transfer) while still maintaining cell viability. 

 

Specifically, this work will focus on the yeast Pichia pastoris; however, in order to help motivate 

the context of rProtein expression in Pichia, it is important to identify unique features of Pichia 

within yeast as a whole. One method of differentiating between various yeast species is 

categorizing them based on their metabolisms, particularly the metabolic pathways associated with 

glucose assimilation and overflow metabolism; this overall process is more commonly known as 

the Crabtree effect. Crabtree positive yeast are often characterized by high glucose uptake rates 

and metabolic flux of the central carbon metabolism toward the production and secretion of ethanol 

[Christen 2011]. Heterologous protein production has been performed in both Crabtree negative 

and positive yeasts (Table 1). However, in terms their potential to produce protein products, 

Crabtree negative yeasts are thought to have an inherent advantage over Crabtree positive species: 

due to their lack of overflow metabolism, there is less opportunity for carbon to be directed towards 

chemical byproducts and metabolites (such as ethanol) so that carbon flux is conserved in the TCA 

cycle for energy production (Figure 1). While this results in generally faster growth rates for 

Crabtree negative species [Christen 2011] it requires the cell be maintained in an aerobic 

environment (i.e. oxygen must be available). Pichia pastoris falls into this second group and is 

considered to be Crabtree negative [Porro 2005, Heyland 2011]. 
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Figure 1: Quantitative flux distribution in seven yeast species (Crabtree-postitive (left) and 

aerobic (right)) grown on glucose; thickness of the arrows indicates glucose uptake normalized 

flux distribution; from [Christen 2011] 
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Table 1: List of recombinant proteins produced in various Crabtree negative and Crabtree 

postitive yeast systems 

 

  

Crabtree 

Status Organism Protein Expression level Citation 

Crabtree 

Positive 

Saccharomyces 

cerevisiae 

      

Human serum albumin 150 mg/L Sleep 1991 

Tetanus toxin fragment C 1 g/L Romanos 1991 

Glucose oxidase 9 g/L Park 2000 

Hirudin 460 mg/L Sohn 1995 

Human proinsulin 1.5 g/L Tøttrup 1990 

Schizosaccharomyces 

pombe 

      

Neurokinin NK2 1.16 pmol/mg Arkinstall 1995 

D2S-Dopaminergic 14 pmol/mg Sander 1994 

D2-Dopaminergic 1 pmol/mg Presland 1998 

Antithrombin III 85 mg/L  Broker 1987 

Borderline 

Crabtree  
Kluyveromyces lactis 

      

ovine β-lactoglobulin 

40-50 mg/L 

(supernatant) Rocha 1996 

Human Serum Albumin 3 g/L Fleer 1991 

Crabtree 

Negative 

Pichia pastoris 

      

Synthetic Insulin Precursor 

(codon optimized) 

3.075 g/L total; 

3.84 supernatant Gurramkonda 2010 

HBsAg 
7 g/L total;        

2.3 g/L soluble Gurramkkonda 2009 

Porcine Insuline Precursor 0.9 g/L Chen 2017 

Lipase 3.3 g/L Wang 2012 

Fab fragment 2.116 g/L Buchetics 2011 

Tetanus toxin fragment C 12 g/L Clare 1991 

Mab 1.6 g/L Ye 2011 

Ogataea polymorpha 

      

Phytase 13.5 g/L Mayer 1999 

Hirudin >1 g/L Weydemann 1995 
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Pichai pastoris is also classified as a “methylotrophic yeast”, in that it has native metabolic 

pathways necessary for utilizing methanol as a carbon source for biomass production and energy 

synthesis [Hartner 2006]. This methanol utilization (MUT) pathway is tightly regulated at the 

transcription level. The enzymes required for the first step of the MUT pathway (alcohol oxidases, 

EC 1.1.3.13) are controlled by the AOX1 and AOX2 promoter [Cereghino 2000] which has been 

successfully utilized as an inducible promoter for the production of recombinant proteins [Ahmad 

2014].   

 

 

Figure 2: Methanol utilization pathway in methylotrophic yeasts; AOX: alcohol oxidase (EC 

1.1.3.13), CAT: catalase (EC 1.11.1.6), FLD: formaldehyde dehydrogenase (EC 1.2.1.1), FGH: 

S-formylglutathione hydrolase (EC 3.1.2.12), FDH: formate dehydrogenase (EC 1.2.1.2), DAS: 

dihydroxyacetone synthase (EC 2.2.1.3), TPI: triosephosphate isomerase (EC 5.3.1.1), DAK: 

dihydroxyacetone kinase (EC 2.7.1.29), FBA: fructose 1,6-bisphosphate aldolase (EC 4.1.21.13), 

FBP: fructose 1,6-bisphosphatase (EC 3.1.3.11), MFS: methylformate synthase; DHA: 

dihydroxyacetone, GAP: glyceraldehyde 3-phosphate, DHAP: dihydroxyacetone phosphate 

F1,6BP: fructose 1,6-bisphosphate, F6P: fructose 6-phosphate, Pi: phosphate, Xu5P: xylulose 5-

phosphate, GSH: glutathione, PYR: pyruvate; PPP: pentose phosphate pathway, TCA 

tricarboxylic acid cycle from [Hartner 2006] 
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It is interesting to note that the chemical intermediates of the methanol assimilation pathway 

include hydrogen peroxide as well as formaldehyde, two highly reactive chemical species which 

are known to be toxic for microbes; due to their highly reactive nature, these highly reactive 

chemical, as well as the enzymes that interact with them are generally contained in the peroxisome, 

which can account for a significant portion of the cellular volume during growth on methanol 

[Rußmayer 2015]. 

 

Due to its significance as a protein producing system, significant work has been performed looking 

at the effects of methanol concentration on the growth and protein producing capabilities of Pichia. 

Consistaently, methanol concentration has been shown to affect culture growth rate, which has led 

to the development of unstructured growth models used for experimental analysis [Zhang 2000, 

Barrigon 2015]. While exact values vary, growth increases steadily as methanol concentration 

increases, with maximum grow rate typically occurring at a critical methanol substrate 

concentration between 2-5 g/L, after which growth rate decreases at higher methanol 

concentrations. This type of growth rate dependence on methanol is conserved across different 

expressed protein targets (Figure 3). Recent works have confirmed the assumption that methanol 

transport is diffusion limited, giving further acceptance to methanol concentration dependent 

growth of Pichia [Singh 2019].  

 

 

Figure 3: Methanol concentration dependence of growth rate in Pichia pastoris; A: unstructured 

growth model for P. pastoris expressing the heavy-chain fragment C of botulinum serotoxin 

serotype A [BoNT/H(Hc)] from [Zhang 2000], B: unstructured macrokinetic model for P. 

pastoris producing a Rhizopus oryzae lipase (ROL) from [Barrigon 2015]; points represent 

experimental data while lines represent model curves. 

 

A B 
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Furthermore, growth rate has been shown to correlate to protein productivity in Pichia, especially 

for protein production utilizing the AOX promoter and methanol. However, for AOX based 

systems, highest protein productivity is typically found at a growth rate well below the maximum 

(Figure 4). 

 

 

Figure 4: Growth rate dependence of protein productivity in Pichia pastoris; A: specific protein 

productivity for Pichia an IgG1 heavy and light chain from [Potgieter 2010], B: from [Zhang 

2005] 

 

While growth rate has been shown to correlate to protein production, the role of oxygen is less 

consistent. Early works involving protein production in Pichia suggest that a dissolved 

concentration level of 30% is required for protein production, which has resulted in many protocols 

for recombinant protein production of Pichia utilizing the AOX promoter listed 20%-40% DO as 

the target the methods [Higgins 2007, Invitrogen 2002]. Oxygen is particularly important for 

Pichia grown on methanol, as alcohol oxidase has a high demand for oxygen for the oxidation of 

methanol [Hartner 2006]. However, some works have demonstrated that decreased oxygen levels 

and even hypoxic conditions (where oxygen is supplied in limiting quantities) can enhance protein 

productivity [Baumann 2010]. Furthermore, while some works are able to maintain a constant 

dissolved oxygen (DO) concentration throughout the fermentation, other works can have increased 

oxygen demand that surpass the maximum oxygen transfer capabilities of the system and the DO 

concentration can deviate from this set point [Gurramkonda 2009].   

B 
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CHAPTER 3: LITERATURE REVIEW 

A review of previous works was performed in order to explore what has previously been 

investigated, with specific attention given to works that utilized Pichia pastoris to generate 

recombinant and/or heterologous proteins using a bioreactor. While continuous cultivations can 

be used to study production kinetics, the nature of continuous cultivations requires that there be a 

limiting substrate in order that the dilution rate be matched to growth rate.  

 

In order to find the most appropriate works, the following were used as criteria for selection: 

 

1. Must be performed in Pichia pastoris or a strain formerly known as Pichia pastoris: 

 

While there are many yeast strains available for the production of heterologous proteins, as well 

as many methylotrophic yeast strains, this analysis will primarily focus on Pichia pastoris system, 

with reference to other yeast systems as appropriate. Pichia pastoris was selected due to having 

significant experimental history as well as a reputation for being a strong producer of proteins. 

However, with the advancement of molecular genetic tools, a phylogenetic analysis of Pichia 

pastoris resulted in its proposed reassignment to the genus Komagataella [Yamada 1995]. Further 

analysis led to the strain commonly described as Pichia pastoris being identified as multiple strains 

of Komagataella, including K. pastoris, K. pseudopastoris, and K. phaffi [Kurtzman 2009]. For 

this study, any strain that has been given the designation of Pichia pastoris or any reassignment 

thereof, can be used for analysis. 

 

2. Must be producing a protein with the protein itself being the main product 

 

While a majority of this work will investigate simple biomass production of P. pastoris, the 

purpose of this work is for the application towards protein production. Recombinant and/or 

heterologous protein production can be engineered in order to enable cellular production of various 

chemicals and molecules, such as organic acids and alcohols. Enabling biosynthetic pathways 

often require cells to synthesize proteins, however, works in which the final target is not protein 

will not be considered with the same intensity as works where proteins are the final product target. 
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Protein production can be either intracellular or extracellular, as long as it is the final protein that 

is the main target product. In some cases, proteins that are produced are enzymes, and the interest 

is not only in the total amount of protein produced, but also protein that is synthesized (folded) 

correctly in order to ensure that the protein is in the active form. In order to measure enzyme 

activity, often these works will quantify production based on the active form of the enzyme, not 

total protein, and typically use some kinetic unit for quantitative comparison. While these works 

will be considered, this study will focus more on works that have correlation values that allow for 

correlating between units per volume to grams per volume (when units are reported).  

 

3. The concentration of methanol in culture/bioreactor needs to be controlled 

 

Growth models are used to relate growth rate to substrate concentration, and therefore accurate 

measurement of substrate is absolutely necessary. When methanol is used as a substrate, 

continuous measurement of methanol can be performed via multiple methods; typical methods 

include automated sampling of fermentation broth and enzymatic measurement of methanol via 

an offline equipment or, due to the high vapor pressure of methanol, sampling of off-gas via mass 

spectrometry or IR detection and correlating the amount of methanol in the off-gas to the 

concentration of methanol in the culture. Any method can be used to monitor methanol; however, 

the method of methanol data acquisition should be well described in the materials, particularly in 

terms of temperature and gas flow rate (for off-gas analysis/measurement). 

 

While it is possible for the concentration of methanol to change, depending on feeding 

methodology, it can be difficult to acquire methanol concertation in sufficient timescale resolution 

to enable calculations of model parameters under non-steady state conditions. Therefore, for 

simplicity of calculation, papers in which the concentration of methanol is held constant will be 

given more attention. This concentration can be zero (i.e. methanol is the limiting factor), but it 

should remain constant over the entirety of the production phase.  
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4. For oxygen data to be included in the analysis, there should be sufficient information 

regarding oxygen kinetics  

 

This study seeks to investigate the role/impact of oxygen on Pichia growth; therefore, having 

information on oxygen during growth is necessary. This includes both measurement of oxygen, 

both in terms of dissolved oxygen as well as oxygen transfer kinetics, and the setup of oxygen 

control (i.e. aeration rate, gas mixing, method of mixing, agitation range, etc.).  

 

Just as with methanol concentration, oxygen concentration should be measured. While Dissolved 

Oxygen measurement is typically performed via either polarographic electrode or optical 

(fluorescing chromophore) probe. While concentration is typically measured in mass per unit 

volume (such as mg/L or ppm), many factors can affect the oxygen holding capacity of culture 

media, from osmotic effects to temperature, so it can be difficult to directly measure the 

concentration of dissolved oxygen. As such, DO is typically measured in terms of percentage 

dissolved oxygen from a calibration point. While this calibration point is typically the saturation 

amount of oxygen when ambient air is sparged through the vessel, variations in process conditions 

such as vessel pressure or gas mixing can shift this calibration point; as such, the description of 

this calibration point needs to be defined. 

 

While not absolutely necessary for model development, oxygen transfer rate data can also be a 

valuable metric to capture and include in analysis. Oxygen transfer rate and oxygen uptake rate 

are important criterion that can be used not only to look at scale up feasibility of limitations, but 

also to compare between works as OUR is a way to “normalize” the impact of difficult to model 

variations systems can have on oxygen kinetics, such as reactor geometry, impeller diameter, 

sparger shape, etc. Should OTR/OUR data be presented, the method for calculation should also be 

included, particularly if oxygen supplementation is being used. Variations in OTR calculations, 

like temperature compensation or normalizing mass flow against nitrogen, are important to 

incorporate in the methods so that consistent calculations can be performed. For example, since 

OTR can be reported in units of mmol/hr, mmol/(L*hr), or L/hr, specific description of the 

calculation methods are required to accurately compare works using different units. 
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5. Timecourse data should be available for the process parameters, such as Biomass, 

protein, and substrate concentrations, culture volumes, oxygen transfer rates, 

temperature, pH, etc. 

 

In order to calculate production and consumption rates or yields, specific data is necessary. This 

information can include, but is not limited to, biomass and protein concentration (in g/L), total 

volume of culture, total volume of feed added, culture or supernatant methanol concentration, 

dissolved oxygen concentration (either in % ambient or ppm), and oxygen transfer/uptake rates (in 

units g/(L*hr) or mol/(L*hr)). Furthermore, sufficient description should be presented on how the 

instruments were calibrated to obtain the online information, or how the calculations and 

considerations used to obtain calculated values.  

 

It is of note that capturing this data, while being valuable for process development, may not be 

within the scope of the original work or is difficult to capture and as such many of these values are 

not included in the data or figures of the manuscripts (even in the supplementary material available 

online). While this does not detract from the scientific merit of these works, including this data 

would enable more profound and robust investigations into the impact of process parameters on 

rProtein production. 

 

6. Works can include multiple stages; i.e. a stage where a non-inducing carbon source is 

added to increase biomass prior to induction   

 

The most “simple” form of cell culture for production in terms of operation is often considered 

“batch culture” where the culture is in a “production phase” when the process is initiated and 

nothing is added to the culture until termination; this is due to the minimal intervention by the user. 

Performing fed-batch culture increases the complexity as this requires additional equipment for 

adding materials as well as consideration of material addition schema/methods. Fed-batch allows 

for continuous addition of carbon source, increasing the amount of carbon that can be converted 

to product. This is particularly important for carbon sources or nutrients that can be harmful for 

microbial fitness at increased concentrations, such as ethanol and methanol.  

 

With fed batch culture, it is possible to change the addition schedule/pattern and shift carbon 

source, such as initially feeding with a non-inducing carbon source and then shifting to an inducing 
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carbon source. For Pichia using the AOX promoter system, the non-induced “biomass production” 

phase is typically accomplished by feeding either glucose or glycerol and then the culture is shifted 

to a “production” phase where methanol is added. This “dual-phase” production scheme can be 

particularly useful when protein production or the protein being produced negatively impacts 

microbial fitness, as this allows for more biomass to accumulate and be available before switching 

to production.  
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CHAPTER 4: DEVELOPMENT OF BI-VARIATE MODEL FOR GROWTH 

RATE IN PICHIA PASTORIS 

Multi-substrate models have been developed and implemented for other organisms and protein 

production; including hybridoma cells utilizing glucose and glutamine as substrates producing 

immunoglobulins (IgG) [Bree 1988] and Pseudomonas putida grown on phenol and oxygen [Şeker 

1997]. While these models were developed for carbon and nitrogen components, Pichia growth 

and production models could be updated to incorporate both methanol and oxygen, which would 

allow for application to both methanol and oxygen. Dual substrate models for Pichia on glycerol 

and oxygen have been applied previously in order to improve controller performance [Oliveira, 

2005] as well as for Pichia grown on methanol/glycerol mixtures [Canales 2018]. Applying this 

same methodology to methanol and oxygen as substrates, the model becomes Equation 1. 

 

Equation 1 (E1): 

𝜇 = 𝜇𝑚𝑎𝑥 ∙ (
[𝑀𝑒]

𝐾𝑀𝑒 + [𝑀𝑒]
) ∙ (

[𝑂2]

𝐾𝑂𝑥 + [𝑂2]
) 

 

While kinetic data on oxygen requirements in Pichia is limited, work by [Ponte 2016] 

demonstrates the dependence of on growth rate and protein production on oxygen concentration, 

as well as the potential impact of increase levels of oxygen on recombinant protein production. 

However, other modeling factors have been proposed based on various biological phenomena and 

considerations, including maintenance coefficients (a term used to describe substrate that is used 

for neither biomass production nor product formation) as well as substrate inhibition. The apparent 

shift in the growth kinetics can be accounted for by incorporation of maintenance coefficient term; 

at increased biomass concentrations, maintenance coefficient can equal 10%-15% of the substrate 

yield. Accounting for maintenance coefficient (as a threshold substrate, [Frame 1991]) for oxygen 

results in the Equation 2: 
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Equation 2 (E2): 

𝜇 = 𝜇𝑚𝑎𝑥 ∙ (
[𝑀𝑒]

𝐾𝑀𝑒 + [𝑀𝑒]
) ∙ (

[𝑂2] − [𝑂2,𝑡]

𝐾𝑂𝑥 + [𝑂2] − [𝑂2,𝑡]
) 

 

 

Furthermore, the model can also include terms for substrate inhibition (when the substrate is at 

increased levels and causes a decrease in cellular growth) such as for the observed inhibitory 

effects of increased concentrations of methanol [Barrigon 2015] as well as oxygen [Ponte 2016]; 

however, multiple forms for substrate inhibition have been proposed. A nonlinear equation was 

proposed by Levenspiel accounted for the influence of product ethanol on growth rate [Levenspiel 

1980]. Incorporating this form of for both substrates as well as including the substrate threshold 

term for maintenance for oxygen, the model then becomes Equation 3: 

 

Equation 3 (E3): 

𝜇 = 𝜇𝑚𝑎𝑥 ∙ (
[𝑀𝑒]

𝐾𝑀𝑒 + [𝑀𝑒]
) ∙ (1 −

[𝑀𝑒]

𝐾𝐼2,𝑀𝑒
)

𝑛𝑀𝑒

∙ (
[𝑂2] − [𝑂2,𝑡]

𝐾𝑂𝑥 + [𝑂2] − [𝑂2,𝑡]
) ∙ (1 −

[𝑂2] − [𝑂2,𝑡]

𝐾𝐼2,𝑂2
)

𝑛𝑂2

 

 

However, this equation is based on ethanol being formed as a product. Furthermore, this model 

implies that there is a critical substrate value at which any further increase in substrate results in 

full retardation of growth; while this phenomena may be appropriate for alcohol substrates, such 

as methanol and ethanol, typical dissolved oxygen concentrations seen during a Pichia 

fermentations are not high enough to fully stop growth. A non-monotonically increasing function 

for growth rate incorporating inhibition based on substrate inhibition was proposed and 

successfully applied specifically to Pichia and methanol [Barrigon 2015]. This form the inhibition 

term has also been attributed to describing the inhibitory effect of high O2 concentrations on cell 

growth during anaerobic digestion [Villadsen 2011]. Utilizing this non-monotonic form of the 

inhibition term factor instead results in Equation 4: 
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Equation 4 (E4): 

𝜇 = 𝜇𝑚𝑎𝑥 ∙ (
[𝑀𝑒]

𝐾𝑀𝑒 + [𝑀𝑒] +
[𝑀𝑒]2

𝐾𝐼,𝑀𝑒

) ∙

(

  
 [𝑂2] − [𝑂2,𝑡]

𝐾𝑂𝑥 + [𝑂2] − [𝑂2,𝑡] +
[[𝑂2] − [𝑂2,𝑡]]

2

𝐾𝐼,𝑂𝑥 )

  
 

 

 

Furthermore, both forms of inhibition terms can be applied combinatorially, similarly to a model 

applied to the production of ethanol by Scheffersomyces stipitis from xylose [Farias 2014]. 

Integrating both terms results in the growth equation for each substrate leads to Equation 5 and 

Equation 6. Table 2 contains a summary of these equations. 

 

Equation 5 (E5): 

𝜇 = 𝜇𝑚𝑎𝑥 ∙ (
[𝑀𝑒]

𝐾𝑀𝑒 + [𝑀𝑒] +
[𝑀𝑒]2

𝐾𝐼,𝑀𝑒

) ∙ (
[𝑂2] − [𝑂2,𝑡]

𝐾𝑂𝑥 + [𝑂2] − [𝑂2,𝑡]
) ∙ (1 −

[𝑂2] − [𝑂2,𝑡]

𝐾𝐼2,𝑂2
)

𝑛𝑂2

 

 

Equation 6 (E6): 

𝜇 = 𝜇𝑚𝑎𝑥 ∙ (
[𝑀𝑒]

𝐾𝑀𝑒 + [𝑀𝑒]
) ∙ (1 −

[𝑀𝑒]

𝐾𝐼2,𝑀𝑒
)

𝑛𝑀𝑒

∙

(

  
 [𝑂2] − [𝑂2,𝑡]

𝐾𝑂𝑥 + [𝑂2] − [𝑂2,𝑡] +
[[𝑂2] − [𝑂2,𝑡]]

2

𝐾𝐼,𝑂𝑥 )

  
 

 

 

Experimental data would be required to validate which form of the bi-variate equation is more 

closely correlated to Pichia growth, however, plotting the bivariate inhibitory model for growth 

rate utilizing the Levenspiel Inhibition form for methanol and the Substrate Inhibition form for 

oxygen (E6) as well as using arbitrary values for the constant terms produces a surface (Figure 5a, 

Figure 5b) where multiple combinations of parameters result in similar growth rate (Equation 2). 

The values used for constants in creating this curve were selected based on their correlation to 

previous works [Barrigon 2015, Ponte 2016] and will be discussed more extensively in Chapter 6. 
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Figure 5: Surface plot of bivariate Pichia growth model against methanol and dissolved oxygen; 

A) 3-dimension surface plot and B) 2-dimensional projection of surface; black lines indicate 

culture conditions that theoretically would result in equivalent growth rates. Values for this 

image were calculated using Excel (Microsoft, 2013) and the images generated using Origin 

Imaging Software (OriginLab Corp, 2018) 
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Again, previous works have often correlated/attributed growth rate as an influential factor in 

protein production in Pichia with many discussions and analyses of protein production by Pichia 

utilizing the AOX promoter report optimal protein production based on growth rate alone 

[Barrigon 2015, Looser 2015, Prielhofer 2018, Peebo 2018] or utilize growth rate as the control 

variable for metabolic studies [Rebnegger 2014]. However, under multidimensional design space, 

multiple combinations of parameters with dramatically different operational requirements could 

result in equivalent growth rates that do not translate into equivalent protein production. 

 

This model encourages the multiple questions: Is protein production solely a function of growth 

rate, or do similar growth rates under various component/nutrient limitation result in varied protein 

production? Furthermore, does the cell respond to various nutrient limitations in a way that could 

inform which type of nutrient limitation (and therein, which type of feed profile) would be most 

effective for the protein being produced? Lastly, once more data is available, which form of the 

inhibitor term is more appropriate, can the selection of an inhibitory term further inform the 

mechanism of inhibition by methanol and oxygen? 
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Table 2: Summary of variations of bi-variate growth equations for Pichia pastoris on methanol and oxygen 

Equation Methanol Term 

Method 

Oxygen Term 

Method 

Equation 

E1 Monod Monod 
𝜇 = 𝜇𝑚𝑎𝑥 ∙ (

[𝑀𝑒]

𝐾𝑀𝑒 + [𝑀𝑒]
) ∙ (

[𝑂2]

𝐾𝑂𝑥 + [𝑂2]
) 

E2 Monod Monod 

Threshold 
𝜇 = 𝜇𝑚𝑎𝑥 ∙ (

[𝑀𝑒]

𝐾𝑀𝑒 + [𝑀𝑒]
) ∙ (

[𝑂2] − [𝑂2,𝑡]

𝐾𝑂𝑥 + [𝑂2] − [𝑂2,𝑡]
) 

E3 Monod 

Levenspiel 

Inhibition 

Monod 

Threshold 

Levenspiel Inhibition 

𝜇 = 𝜇𝑚𝑎𝑥 ∙ (
[𝑀𝑒]

𝐾𝑀𝑒 + [𝑀𝑒]
) ∙ (1 −

[𝑀𝑒]

𝐾𝐼2,𝑀𝑒
)

𝑛𝑀𝑒

∙ (
[𝑂2] − [𝑂2,𝑡]

𝐾𝑂𝑥 + [𝑂2] − [𝑂2,𝑡]
)

∙ (1 −
[𝑂2] − [𝑂2,𝑡]

𝐾𝐼2,𝑂2
)

𝑛𝑂2

 

E4 Monod 

Substrate Inhibition 

Monod 

Threshold 

Substrate Inhibition 

𝜇 = 𝜇𝑚𝑎𝑥 ∙ (
[𝑀𝑒]

𝐾𝑀𝑒 + [𝑀𝑒] +
[𝑀𝑒]2

𝐾𝐼,𝑀𝑒

)

∙

(

  
 [𝑂2] − [𝑂2,𝑡]

𝐾𝑂𝑥 + [𝑂2] − [𝑂2,𝑡] +
[[𝑂2] − [𝑂2,𝑡]]

2

𝐾𝐼,𝑂𝑥 )
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Table 2 continued 

E5 Monod 

Substrate Inhibition 

Monod 

Threshold 

Levenspiel Inhibition 

𝜇 = 𝜇𝑚𝑎𝑥 ∙ (
[𝑀𝑒]

𝐾𝑀𝑒 + [𝑀𝑒] +
[𝑀𝑒]2

𝐾𝐼,𝑀𝑒

) ∙ (
[𝑂2] − [𝑂2,𝑡]

𝐾𝑂𝑥 + [𝑂2] − [𝑂2,𝑡]
)

∙ (1 −
[𝑂2] − [𝑂2,𝑡]

𝐾𝐼2,𝑂2
)

𝑛𝑂2

 

E6 Monod 

Levenspiel 

Inhibition 

Monod 

Threshold 

Substrate Inhibition 

𝜇 = 𝜇𝑚𝑎𝑥 ∙ (
[𝑀𝑒]

𝐾𝑀𝑒 + [𝑀𝑒]
) ∙ (1 −

[𝑀𝑒]

𝐾𝐼2,𝑀𝑒
)

𝑛𝑀𝑒

∙

(

  
 [𝑂2] − [𝑂2,𝑡]

𝐾𝑂𝑥 + [𝑂2] − [𝑂2,𝑡] +
[[𝑂2] − [𝑂2,𝑡]]

2

𝐾𝐼,𝑂𝑥 )
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CHAPTER 5: CURRENT FEEDING METHODS; IMPACT OF PROCESS 

CONDITIONS ON GROWTH AND PROTEIN PRODUCTION 

Since growth rate has been shown to affect recombinant protein production, fed-batch have the 

advantage of  allowing for control of carbon addition rates which can be used to directly control 

growth rates. However, there are numerous types of feeding methodologies, each with its own 

degree of complexity to implement and necessary equipment to perform. Many fermentation 

feeding methods were developed on non-product forming strains, where biomass is the target 

product. As such, product formation can have a significant impact on culture kinetics, such as 

carbon allocation or product toxicity, and lead to growth cessation independent of feeding 

methodology. While product formation can and often does affect culture kinetics, it is important 

to consider the developmental origin of a feed strategy in order to consider if other strategies may 

be appropriate.  

 

As stated before, the feed of the fed-batch processes consist of a concentrated source of carbon 

that is fed into the reactor. Feeding methodologies typical fall into two categories: feed-forward 

methods (also called open loop control) and feed-back methods (also called closed loop control). 

Selection of feeding methodology for a fed-batch process can be based on any number of 

parameters; the increased price and limited availability of costly sensors can limit the usability of 

feed-back methods, while lack of growth and product formation kinetic data can limit the 

prediction capabilities and usability of feed-forward methods. Feed strategies can also be selected 

based on preceding works or based on demonstrated success in previous growth and production 

trials. 

 

The following sections provide an overview of select feeding methods common to fermentation 

operations. This list is certainly not exhaustive, but is meant to serve as a starting point for further 

discussion on feeding methods as well as concise ‘inspiration’ for other feeding methods that can 

be explored. While other works have specifically investigated the growth kinetics of industrially 

standard protocols [Looser 2015] this work will look at general feed strategies that have been 

applied to a wide range of organisms which may be of interest for Pichia fermentations. 
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6.1: Feed-Forward methods: 

Feed-forward methods control action from a controller independently of process outputs; typically 

in the form of a pre-programmed feed schedule. Often, these feeding methods can be implemented 

without the need for complex and expensive sensors and probes. Furthermore, since these feeding 

methods are open-loop (preprogrammed), the feeding schedule, and therefore the overall feeding 

rate and feed amount, are not influenced by culture conditions and can be consistent, removing a 

possible source of variability across experimental treatments in terms of feed input. 

 

The most straightforward fed batch operation is the ‘constant flow’ feeding method [Parashar, 

2016, Kim 2018, Liu 2018]. In this feeding method, constant feed rate is maintained. Once the 

batch carbon is completely utilized, this feeding method limits growth rate. As constant feeding 

continues, the biomass increases, resulting in more substrate requirement, limiting the specific 

growth rate. As such, specific growth rate decreases over the course of a constant fed batch growth. 

 

The next feeding method is the ‘linear increasing’ feeding. In this feeding method, an initial feed 

rate is selected, but the feed is allowed to constantly increase over time [Hou 2017]. Since feeding 

rate is able to increase over time, growth rate is also able to initially increase (as compared to 

constant feed). However, due to the linear nature of the feed combined with the exponential nature 

of cell growth, the growth rate will plateau and then begin to decrease over time.  

 

Similar to the linear increasing feed method is the stepped increasing feed method [Chen 2017, Li 

2018]. With this feeding method, the feed rate is not increased constantly over time, but increased 

in larger steps after a certain periods of time. When the feed rate increases, there is a sharp increase 

in growth rate followed by a steady decrease in growth rate during each period of constant feeding. 

However, the overall growth rate trend is similar to that of the linear increasing feed, but with 

sharp jumps in growth rate.  

 

The ‘timed pulse’ feeding method is a form of intermittent feeding, where large bolus amounts of 

feed are added to the reactor based on a pre-determined schedule in evenly space intervals [Sun 

2016]. This feeding method is different in that feed is not added constantly over the entire duration; 

the feed is added such that excess substrate is added, which is consumed in the period between 
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pulses. During this type of feeding, cells grow at maximum growth rate in the presence of excess 

substrate until all the substrate is consumed. Once the substrate is consumed, cells will move into 

endogenous metabolism in order to survive until the next bolus of substrate (this can be 

accompanied by a decrease in biomass due to maintenance nutrient requirements). As biomass 

increases, the amount of time the culture experiences starvation condition increases, until the point 

where all the substrate is consumed during the feeding of the bolus. 

 

Another form of feeding method is the “exponential” feeding method. This feeding method takes 

advantage of the exponential characteristic of microbial growth. Substrate feeding is increased in 

an exponential rate, which allows for cells to grow at a constant specific growth rate. While this 

feeding method can give a fairly constant growth rate, precise considerations of substrate 

requirements, such as cellular maintenance terms [Vos 2016] or volume changed associated with 

culture sampling, must be included in order to accurately control specific growth rate. As stated 

before, growth rate can have a profound impact on culture kinetics and as such, exponential type 

feeding can be a powerful feeding method [Singh 2012]. It can be used to generate increased 

biomass without accumulation of metabolic byproducts, or to maintain an optimum growth rate 

for protein production. This type of feeding can be programmed directly (using an equation where 

the starting feed is multiplied by an exponent over time) or by simply varying the feed rate directly 

with the volume (i.e. Feed rate = X “mL/L/hr”) [Yu 2017].



 

 

 

3
2

 

 

 

 

 

 

 

Figure 6: Feed rate with hypothetical Biomass, and growth rate of various feed-forward feeding methods. While the units of these 

graphs are arbitrary, in the event sufficient data is known correlating growth rate and protein productivity, these trends can be useful 

for selecting a feeding strategy for investigation. These trends were developed in the Maple computing environment [Maplesoft, 

2018]. The equations and code used to create these can be found in Appendix A  
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Since substrate feed rate is calculated/defined prior to growth occurring if sufficient information 

is known about the growth characteristics of a strain, such as yield and maintenance constants, 

predictions can be made about the culture kinetics. While there are limitless combinations of 

process parameters that can result in unique growth rates and trends, exploring general trends of 

biomass formation prior to experimentation can be beneficial. The trends in Figure 6 were 

developed based on the feed forward profiles, growth kinetic equations, and various (arbitrary) 

growth parameters. The MAPLE math engine software was used to combine Ordinary Differential 

Equations for feed and growth information and approximated using 4th-5th order Runge-Kutta-

Fehlberg method. While these trends are artificial and do not take into account the effects of protein 

production on culture growth, they demonstrate the general effect of various feeding methods on 

growth rate.  

 

For example, if a specific growth rate has been shown to produce that maximum protein 

production/productivity, the exponential feed strategy (Figure 6: Exponential) could be 

advantageous as this feeding methods maintains a constant growth rate over the course of the 

fermentation (at least until a substrate becomes limiting). Linearly increasing feeding is also a 

commonly used feeding method (Figure 6: Linearly Increasing), but the operator should be aware 

that there will be an initial increase in growth rate as the linearly increasing feed over takes the 

exponentially increasing cells; in the event higher growth rates are disadvantageous to culture 

performance, this phenomena should be considered and mitigated if need be. 

 

Feed-forward feeding methods, by design do not respond to culture conditions and can be 

performed invariable in regards to feeding kinetics. However, this does not mean that culture 

response will be consistent. Any change in carbon utilization or metabolic flux can lead to 

fluctuations biomass in carbon availability. Variations in cell culture genetics can lead to variation 

in cell performance (product formation, metabolic overflow, byproduct formation, etc.) when 

treated with the same feed rate. Thus, using pre-defined feed-forward methods between different 

strains, constructs, or products can produce biased results. This consideration should be taken into 

account when using feed-forward methods for construct screening. Furthermore, the trends listed 

in table 1 are based on the feeding substrate being the limiting substrate; as growth proceeds, other 

nutrients may become the limiting substrate that is not the fed substrate. Limitations such as 
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Oxygen Transfer, batch media nutrient exhaustion, and even simple volume limits can cause 

deviations from these predicted trends. Once these limits are reached, a different feed strategy may 

be required or the fermentation be terminated. These limits can become even more pronounced 

during scale up efforts and therefore should be considered when selecting a feed method at smaller 

volume/scale. 

6.2: Feed-Back methods: 

Feed-back methods control feeding action based on process outputs, typically from signals 

outputted from sensors monitoring process parameters to some type computation unit. Since these 

methods respond to process outputs, they all require some type of sensor as well as some form of 

signal conditioning unit, such as a PID controller or logic controller, in order to take the feed signal 

and make modifications to the feed. For all Feed-Back methods, control theory is directly 

applicable where control systems engineering can result in a more predictable and/or robust (or 

desired) response. Furthermore, a detailed understanding of the sensor capabilities and limitations 

(such as sample rate, chemistry interactions, calibration drift, etc.) is necessary for accurately 

interpreting the response signal. 

 

Likely the most straightforward feed-back method is the direct sensing of substrate and modifying 

the feed based on this signal. Many different types of sensors have been developed and are 

available, from direct sensing in culture media [Pimentel 2018)] or offgas [Güneş 2016], 

withdrawing sample for analysis [Chongchittapiban 2016], or sensing via spectroscopy [Goldfeld 

2014], each with its own chemistry and sampling method. This form of fed-batch control is the 

most straightforward application of control theory, with major factors including sample time and 

sensor delay as well as the algorithm applied. Furthermore, by the nature of the probe sensing a 

substrate, this control requires that substrate must be excess in the culture media, or else the probe 

will simply read a null value. Depending on the logic of the controller, this “bottoming out” of the 

parameters can cause complications in terms of smooth operations, leading to dramatic swings or 

“kick back” in substrate concentration. 

 

Next to carbon, oxygen is the second most common molecule in biomass and is therefore an 

important molecule for fermentation, especially for aerobic fermentation. Since oxygen is a vital 
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component of biological processes, dissolved oxygen levels during fermentation can be a key 

process parameter. Ambient air and/or mixtures of pure oxygen are sparged into the reactor. Only 

oxygen dissolved in the aqueous media is considered bio-available however and since oxygen has 

a very low solubility (when compared to other chemicals), its maximum dissolved concentration 

is typically on the level of mg’s/L. In aerobic fermentations, carbon consumption is generally 

accompanied by dissolve oxygen uptake. When oxygen uptake is greater than oxygen transfer, 

dissolved oxygen levels decrease. Oxygen uptake is typically a function of cellular metabolic 

functions while oxygen transfer is a function of control parameters, such as air flow, impeller and 

tank geometry, agitation speed, etc. Once carbon (or any substrate) is fully utilized, oxygen 

requirement and subsequent uptake decrease, resulting in an increase in dissolved oxygen level. 

DO-stat or DO-pulse feeding methods are triggered by these sudden increases in oxygen (typically 

by a level threshold) as an indication that substrate has been utilized and the more substrate is 

added to the reactor. Typically the timescale of DO-stat response, from substrate exhaustion to 

substrate replenishment, is much faster than pH-stat methods. As stated before, longer periods of 

starvation are associated with shifts in metabolic profile; this may be a consideration when 

selecting a feeding method. Furthermore, consideration must be given to oxygen transfer 

capabilities of aerobic functions. OTR at 20% dissolved oxygen level at 400rpm is significantly 

different than 20% dissolved oxygen and 1500rpm. DO based feeding has been successfully used 

in producing proteins from a wide range of organisms, including Pichia pastoris [Picotto 2017, 

Ferreira 2012]. 

 

Beyond oxygen, analyzing various system gasses can be also be analyzed to gain further insight 

into the status of the fermentation, as well as become a method for controlling a fermentation. As 

stated with DO-stat feeding, Oxygen Transfer rate can be calculated from oxygen concentrations 

from inlet and outlet. Equivalent CO2 measurements can be to calculate Carbon Dioxide Evolution 

Rate (CER), a parameter which can be used to track carbon allocation and obtain data about 

oxidative balances within the cell. For processes that use or produce volatile species, such as 

alcohols, the concentration of these volatile species in the fermentation media can often be 

determined based on the concentration in the exhaust gas. All of these measurements /calculations 

can be used to modify feed. Overall, feedback methods are powerful in that they are responsive to 

the system; this feature can enable each individual cell lines constructs to respond individually to 
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as process, but still maintain consistent process parameters. However, these feeding methods can 

also be unstable; should the probe malfunction or an unforeseen event occur, the culture will 

respond to these errors, possibly to a detriment to the experiment which can require a repeat and 

further used of time and resources.  

6.3: Combined and Advanced Methods: 

One powerful aspect of fed-batch control is the ability to separate the process into different phases 

and have different feeding methods for each phase. For example; for production proteins that have 

a detrimental effect on cellular functions, such a proteases and lipases which can destroy key 

cellular parts, initiating protein synthesis from the start of a process could lead to overall decreased 

productivity as cells fitness is negatively impacted by the protein produced. As such, it may be 

beneficial to separate the process into two phases, a first phase where biomass is accumulated and 

a second phase where protein is produced. Since the two phases each have a different purpose, two 

different feeding methods can be used to target the different objectives of the two phases.  

6.4: Manually adjusted Feeding: 

It is worth mentioning that many works utilize a “manual feeding” method, where a feed is 

modified based on the user’s discretion [Zhang 2017]. While circumstances may necessitate the 

use of this feeding method, it is the opinion of the author that this method be avoided. Factors such 

as variable time between samplings, variations in human judgment, and varying levels of user 

experience can lead to lack of reproducible results. Unless the methodology for sample analysis 

and result response is clearly defined and strictly adhered to, manual feeding can cause 

discrepancies between treatments.  Should manual feeding be required, sufficient explanation or 

discussion should be given in order to allow for reproducible results (or another feeding method 

should be utilized). 

  



37 

 

CHAPTER 6: ALIGNMENT OF BI-VARIATE MODEL WITH PREVIOUS 

WORKS 

Significant work has been performed in order to model the growth of, and subsequent production 

of proteins, by Pichia with unstructured models, often based on or combinations of equations 

developed by Monod, Haldale, Pirt, and Ludeking-Piret. Growth rate in particular has been shown 

to regulate many aspects of yeast physiology, including genome wide regulatory changes and 

stress response [Rebnegger 2014]. Furthermore, protein productivity has been shown to be related 

with growth rate, particularly for the AOX promoter, in which optimal protein production occurs 

at a growth rate below µmax [Zhang 2005]. An unstructured macrokinetic model was developed 

for Pichia producing a Rhizopus oryase lipase (ROL) [Barrigon 2013, Barrigon 2015], which 

demonstrated the growth rate dependence of recombinant protein production under AOX. This 

model included values for accounting for saturation kinetics as well as values accounting for cell, 

substrate, and product inhibition (non-monotonically increasing function).  

 

Due to the toxic and growth inhibitory nature of methanol as a substrate at increased 

concentrations, protein production is often performed using fed-batch operations. The feeding 

methodology of fed-batch productions of recombinant proteins using Pichia pastoris typically fall 

into one of three schema; A) feeding rate is modified in order to maintain a steady target 

concentration of methanol in the culture [Gurramkonda 2009] B) the feed rate is controlled to 

maintain a constant growth rate C) the feed rate is modified based on other parameters, such as 

dissolved oxygen [Ferreira 2012, Picotto 2017] or temperature [Jahic 2003]. The first two are 

direct applications of the developed growth models; a concentration of methanol is selected to 

target a growth rate or methanol is fed at an exponentially increasing rate in order to maintain a 

target growth rate with the growth rate such that it results in maximum protein production and 

productivity. A mathematical model of Pichia was successfully applied to optimize substrate-

feeding method [Ponte 2018] allowing for a 2.2 fold increase in final protein production compared 

to pre-programmed exponential feeding methods demonstrating the value of these models. 

 

While significant efforts have been made to model the inhibition kinetics of alcohol on yeasts 

[specifically ethanol, Luong 1985] as well as to model the effects of methanol on Pichia growth 
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and protein production [Barrigon 2015, Looser 2015, Zhang 2000], few works could be found that 

look specifically targeted modeling the effects of oxygen on Pichia. Previous models have already 

demonstrated interesting potential using previous generated data [Barrigon 2015, Ponte 2016] but 

were only applied for methanol. This work proposes various models and modelling terms in order 

to encourage the exploration of oxygen effect on growth and protein production in Pichia. Data 

for growth rate based on oxygen and methanol concentration for Pichia grown is available 

[Barrigon 2015, Ponte 2016]. These works were able to be confidently combined as both the same 

strain (P. pastoris X-33), expression vector (pPICZαAROL), and target protein (lipase from R. 

oryzae) were the same between both works. Using the data from these works simultaneously, 

Equation 6 of the bivariate model was applied to incorporate both oxygen and methanol data: 

Table 3: Macrokinetic Models parameters for Pichia growth on methanol for various growth 

models 

  

Bi-Variate 

model (Eq. 6) 

Non-monotonically 

increasing function 

Monotonically 

increasing function 

Model Parameter Units This Work Barrigon 2015 Barrigon 2015 

µmax hr-1 0.17 0.069 0.042 

KMe g/L 0.2 0.4 0.1 

KI,Me g/L ---- 8.85 ---- 

KI2,Me g/L 15 ---- ---- 

nMe ---- 0.4 ---- ---- 

O2,t % 5 ---- ---- 

KOx % 30 ---- ---- 

KI,Ox % 17.5 ---- ---- 

 

 

While sufficient data is not available to fully validate which form of the equation would be most 

accurate, the values selected here show strong alignment with the empirical data obtained 

previously. Based on these considerations, Equation 6 was ultimately selected for investigation as 

having the most potential to accurately model both methanol and oxygen. As such, Equation 6 was 

used as the basis for this works investigation platform and therefor these terms were optimized in 

order to demonstrate its potential; this single, bivariate, dual-substrate model shows strong 
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consistency with both methanol and oxygen data from both works simultaneously (Figure 7a, 

Figure 7b). 

 

Further investigations which include both oxygen and methanol in the growth model could lead to 

insight into Pichia growth and production as the various forms of the model and their factors are 

validated. First off, the “Levenspiel” form of inhibition (Equation 3) is such that ultimately there 

is a critical substrate value after which the inhibition is so strong that growth in completely 

inhibited. While this phenomena can be expected for high alcohol concentrations, growth in Pichia 

has been consistently observed well up to complete oxygen saturation. This means that the 

“Levenspiel” form of inhibition is not appropriate for the oxygen inhibition considerations for 

Pichia growth models. Conversely, the non-monotonic, substrate inhibition form, while applied in 

Barrigon, may in fact not be an accurate model term. In work by Barrigon, this non-monotonic 

form for methanol inhibition was shown to be more accurate in predicting growth and protein 

production in Pichia when comparted to monotonically increasing function (i.e. the Monod 

equation). However, when this non-monotonically increasing function is expanded to higher 

methanol concentrations than what were used experimentally, the term predicts that there will 

never be a high enough concentration of methanol that completely inhibits growth, which in highly 

unlikely.  

 

Equation 6 includes a term which accounts for the maximum concentration of methanol at which 

growth ceases (KI2,Me). While the value used in this work (15 g/L) is lower than what has been 

shown for growth in other studies ([Zhang, 2000] demonstrated growth in methanol greater than 

25 g/L), this discrepancy could be an artifact of the different proteins being produced between the 

different works. Clearly, the limited number of data is not sufficient for definitely validating which 

version of the bivariate inhibitory model is most appropriate, however this uncertainty can 

motivate further investigation into Pichia physiology and protein production mechanisms: does 

Pichia have mechanisms to withstand higher methanol concentrations? Is this mechanism 

disrupted by protein production?  Etc. Further testing would be required in order to validate the 

model and in validating this model, a more profound understanding of Pichia physiology and 

metabolism would be gained. Furthermore, there is only enough data to model growth rate and not 

protein production. However, as stated in Chapter 4, this work is an effective starting point to truly 
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identify if growth rate alone dictates protein productivity, or there are in fact other biological 

phenomena that are more influential in protein productivity.  

 

Figure 7: Bi-variate growth model approximations superimposed on other works; Black line: Bi-

variate growth Equation 6 [This work] utilizing model parameters from Table 3; Black Circles: 

Empirical data from [Barrigon 2015]; Dotted line: Non-monotonically increasing function from 

[Barrigon 2015]; Black Triangles: Empirical Data from [Ponte 2016] 

B 

A 
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CHAPTER 7: SUMMARY OF POTENTIAL IMPACT ON CURRENT 

PARADIGM AND NEXT STEPS 

While there is insufficient data publically available to definitive identify the most appropriate 

model equation for oxygen considerations, this work and the models and considerations presented 

herein encourage the inclusion of oxygen and oxygen kinetics and as such provide an initial 

framework in which to enable this investigation to occur.  

 

As stated previously, in a two dimensional system, the model development in this work propose 

that numerous combinations of environmental conditions (from methanol and dissolved oxygen 

concertation) will result in similar or comparable growth rates, even under dramatically different 

environments. Based on the current paradigm of recombinant protein production in Pichia pastoris 

using the AOX promoter system (in which protein productivity can be correlated to growth rate), 

any combination of parameters which result in comparable growth rate should also result in 

comparable protein productivity metrics. These combinations of parameters though can vary 

though, and even if they result in similar overall growth rates, it is likely that the metabolic 

processes and overall “state” of the cells will be different, as the cell will be experiencing different 

degrees of nutrient limitation and substrate inhibition. It is also possible that the varied metabolic 

state of the cell, even at similar growth rate, can have a direct impact on protein production and 

productivity. Furthermore, the extent to how protein production is affected could be different 

between various proteins. Prior to investigating how the various combinations of methanol and 

oxygen affect growth and protein production, and therein verifying if protein productivity is solely 

correlated to growth rate, a framework is necessary in order to guide and robustly analyze and 

compare works. Overall, this work encourages a more comprehensive viewpoint for Pichia 

fermentations as well as fermentation investigations as a whole and effectively challenges the 

current paradigm of recombinant protein production in Pichia, where rProtein productivity is 

linked to growth rate. 

 

Not only does this provide the initial framework to investigate combined effects on methanol and 

oxygen limitation/surplus on Pichia metabolism and protein productivity, but the bi-variate model 

can also provide a structure for allowing further investigations into feeding methodologies that are 
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used for AOX based Pichia fermentations. As stated previously, feed forward methods can and 

are often used in order to target specific growth rates and growth profiles, which can be advantages 

for Pichia fermentations where growth rate has been shown to correlate with protein productivity. 

However, extensive pre-investigative work is required in order to identify the necessary growth 

rates and feeding profile for production since protein yields and the impact of protein production 

on growth can differ dramatically between proteins. Feed-back methods have the advantage in that 

the feeding methodology can respond to the various discrepancies between culture performances 

and maintain similar or comparable process parameters. However, current models are only based 

on methanol and therefore only methanol can be used as a process control parameters and 

contextualized using models. Because of this, feed-back methods are generally limited to only 

controlling methanol (typically holding methanol constant); any other derivations cannot be 

accounted for in the model. This is especially significant for oxygen since oxygen transfer can be 

one of the major physical limitations of a system, not only at research level scale, but also at 

industrially relevant scales. Therefore development of a bi-variate model can enable more robust 

control and analysis of fermentation experiments, especially those at that occur near the physical 

limits of the system.  

 

In order to effectively implement the bi-variate model for Pichia including both methanol and 

oxygen, first, growth experiments would need to be performed similar to Barrigon and Ponte, but 

at increased oxygen and methanol concentrations in order to identify the most appropriate form of 

the inhibition term (i.e. non-monotonically increasing function vs. “Levenspiel” form of inhibition 

term). It would also be beneficial to perform these experiments under producing and non-

producing circumstances (non-producing = empty vector) in order to identify the impact of protein 

production on the growth models. Once the most appropriate version of the bi-variate form of the 

growth model can be identified, trails can be initiated which investigate and confirm the correlation 

between growth rate and protein productivity in an expanded design space. This bi-variate model 

could then be used as the framework under which metabolic studies (metabolomics, 

transcriptomics, etc.) could be applied to and aligned with process development work with the 

ultimate goal on enabling enhanced protein production capabilities in Pichia/AOX systems and/or 

decreased experimental timelines.  
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APPENDIX A: SUPPLEMENTARY INFORMATION (COMPUTER CODE) 

Equations used in model generation: 

 

Mass Balance around biomass: 

𝑑(𝑋 ∙ 𝑉)

𝑑𝑡
= 𝜇 ∙ 𝑉 ∙ 𝑋 

Mass Balance around substrate: 

𝑑(𝑆 ∙ 𝑉)

𝑑𝑡
= 𝐹(𝑡) ∙ 𝑆𝑜 − (

𝜇

𝑌𝑋𝑆
+𝑚) ∙ 𝑉 ∙ 𝑋 

Change in volume due to feeding: 

𝑑𝑉

𝑑𝑡
= 𝐹(𝑡) 

General Monod Equation for growth: 

𝜇 =
𝜇𝑚𝑎𝑥 ∙ 𝑆

𝐾𝑠 + 𝑆
 

Equations for various feeding methods (linear –or– exponential feeding with maintenance): 

𝐹(𝑡) = 𝑎 ∙ 𝑡 + 𝑏     − 𝑜𝑟 −      𝐹(𝑡) = 𝑎 ∙ 𝑒𝑑∙𝑡+𝑚 

 

Equations inputted in ODE assistant module: 

 

diff(S(t),t)*V(t)+S(t)*diff(V(t),t) = F(t)*So-(u(t)/Yxs+m)*V(t)*X(t) 

 

diff(V(t),t) = F(t) 

 

diff(X(t),t)*V(t)+X(t)*diff(V(t),t) = u(t)*V(t)*X(t) 

 

F(t) = a*t+b+c*e^(d*t+f*m) 

 

u(t) = umax*S(t)/(Ks+S(t)) 
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Raw code for constant feed trends: 

 

sol1 := dsolve([diff(S(t),t)*V(t)+S(t)*diff(V(t),t) = 700*F(t)-(1.97005516154452*u(t)+.8e-

2)*V(t)*X(t), diff(V(t),t) = F(t), diff(X(t),t)*V(t)+X(t)*diff(V(t),t) = u(t)*V(t)*X(t), F(t) = .283e-

1, u(t) = .26*S(t)/(.2+S(t)), S(0) = .1e-1, V(0) = 2.5, X(0) = 75], numeric); 

plots[odeplot](sol1, 0..10, color = red, view = [DEFAULT, 0 .. .1]); 

 

 

Raw code for linear feed trends: 

 

sol1 := dsolve([diff(S(t),t)*V(t)+S(t)*diff(V(t),t) = 700*F(t)-(1.97005516154452*u(t)+.8e-

2)*V(t)*X(t), diff(V(t),t) = F(t), diff(X(t),t)*V(t)+X(t)*diff(V(t),t) = u(t)*V(t)*X(t), F(t) = .5e-

2*t+.283e-1, u(t) = .260*S(t)/(.2+S(t)), S(0) = .1e-4, V(0) = 2.5, X(0) = 75], numeric); 

plots[odeplot](sol1, [t, u(t)], 0..50, color = red, view = [DEFAULT, 0 .. .1]); 

 

 

Raw code for stepped increase feed trends: 

 

sol1 := dsolve([diff(S(t),t)*V(t)+S(t)*diff(V(t),t) = 700*F(t)-(1.97005516154452*u(t)+.8e-

2)*V(t)*X(t), diff(V(t),t) = F(t), diff(X(t),t)*V(t)+X(t)*diff(V(t),t) = u(t)*V(t)*X(t), F(t) = 

piecewise(t < 0,0,0 <= t and t < 5,.2e-1,5 <= t and t < 10,.4e-1,10 <= t and t < 15,.6e-1,15 <= t and 

t < 20,.8e-1,20 <= t and t < 25,.1,25 <= t and t < 30,.12,30 <= t and t < 35,.14,35 <= t and t < 

40,.16,40 <= t and t < 45,.18,45 <= t,.2), u(t) = .26*S(t)/(.2+S(t)), S(0) = .1e-4, V(0) = 2.5, X(0) = 

75], numeric, method = rosenbrock_dae); 

plots[odeplot](sol1, [t, u(t)], 0..50, color = red, view = [DEFAULT, 0 .. .1]); 
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Raw code for Timed Pulse feed trends: 

 

sol1 := dsolve([(diff(S(t), t))*V(t)+S(t)*(diff(V(t), t)) = 700*F(t)-(1.97005516154452*u(t)+0.8e-

2)*V(t)*X(t), diff(V(t), t) = F(t), (diff(X(t), t))*V(t)+X(t)*(diff(V(t), t)) = u(t)*V(t)*X(t), F(t) = 

piecewise(t < 0, 0, 0 <= t and t < 1, 1, 1 <= t and t < 5, 0, 5 <= t and t < 6, 1, 6 <= t and t < 10, 0, 

10 <= t and t < 11, 1, 11 <= t and t < 15, 0, 15 <= t and t < 16, 1, 16 <= t and t < 20, 0, 20 <= t and 

t < 21, 1, 21 <= t and t < 25, 0, 25 <= t and t < 26, 1, 26 <= t and t < 30, 0, 30 <= t and t < 31, 1, 

31 <= t and t < 35, 0, 35 <= t and t < 36, 1, 36 <= t and t < 40, 0, 40 <= t and t < 41, 1, 41 <= t and 

t < 45, 0, 45 <= t and t < 46, 1, 46 <= t, 0), u(t) = .26*S(t)/(.2+S(t)), S(0) = 0.1e-4, V(0) = 2.5, X(0) 

= 75], numeric, maxfun = 10000000); sol1(0.); plots[odeplot](sol1, [t, X(t)], 0 .. 50, color = red, 

view = [DEFAULT, 0 .. 300]) 

 

 

Raw code for exponential feed trends: 

 

sol1 := dsolve([diff(S(t),t)*V(t)+S(t)*diff(V(t),t) = 700*F(t)-(1.97005516154452*u(t)+.8e-

2)*V(t)*X(t), diff(V(t),t) = F(t), diff(X(t),t)*V(t)+X(t)*diff(V(t),t) = u(t)*V(t)*X(t), F(t) = .283e-

1*2.71828182^(.5e-1*t+.8e-2), u(t) = .26*S(t)/(.2+S(t)), S(0) = .1e-4, V(0) = 2.5, X(0) = 75], 

numeric); 

plots[odeplot](sol1, [t, X(t)], 0..50, color = red, view = [DEFAULT, 0 .. 300]); 

 


